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Foreword

The field of soft robotics is at a critical moment. Seven years removed from the
first International Conference on Soft Robotics (RoboSoft) in 2018, I've noticed our
community doing a bit of soul-searching. What are the “killer” applications? When
will we see soft robots out in the real world, and what will they be doing? I get asked
versions of these questions all the time. I usually respond with optimistic visions of
soft robots in medical, wearable, manipulation, and locomotion applications. Given
my own obsession with soft morphing robots, I often go on (and on) about the
potential energetic savings to be gained by optimizing a robot’s morphology and
control policy to match its environment during multi-environment locomotion.

But I get the sense that these responses don’t always land. A colleague recently
pushed back. “But what will your morphing locomotion robots actually do?” they
asked. “Is the morphing really necessary?”

I suppose that answering that question is the scientific journey I’m on right now.
And answering the broader questions that will allow us, as a research community, to
transition our technologies into engineered solutions that support human flourishing
is the journey we are all on. We are at a critical juncture. Soft robotics doesn’t carry
the novelty buzz it once did. So, who are we now, as a soft robotics community?
What are we meant to do? And how are we making the world a better place?

Fortunately, we have an edge. Soft robotics is inherently interdisciplinary. In a
scientific landscape defined by disciplinary boundaries and silos, the field of soft
robotics is breaking the mold. Research at disciplinary intersections, where tools
from one field are applied in novel ways to another, is the heart of our field. This
is our greatest strength. It drives discovery and makes collaboration and community
central to our work.

The chapters in this book capture that spirit. This collection spans research contri-
butions, reviews, and perspectives on fundamental materials science, innovative actu-
ation strategies, modeling frameworks, design methodologies, and application-driven
system design. A recurring theme is the co-design of robot morphology, material
properties, and control policy. Taken together, these chapters exemplify a field that
is maturing, deeply interdisciplinary, and collaborative at its core.
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Enjoy the collection—and our ongoing work to better understand the world
(and beyond), develop creative solutions to critical problems, foster collaborative
approaches, and support one another along the way.

July 2025 Rebecca Kramer-Bottiglio
John J. Lee Associate Professor

of Mechanical Engineering

Yale University

New Haven, CT, USA



Introduction

Softrobotics has evolved from an emerging concept into a rapidly expanding interdis-
ciplinary field that promises transformative impact across science, engineering, and
medicine. This book brings together a diverse collection of contemporary research
that reflects the breadth and maturity the field has reached—and outlines where it
may be heading next.

The motivation behind this collective volume lies in the recognition that soft mate-
rial systems are not only reshaping robotic design but also pushing the boundaries of
what robots can physically achieve in unstructured, complex, or human-centered
environments. The softness, compliance, and adaptability of materials serve not
merely as mechanical features but as integral components in sensing, actuation,
intelligence, and interaction.

A Collective Effort Rooted in a Major Research Programme

This book has its roots in the German Priority Programme SPP2100, a six-year
initiative funded by the German Research Foundation (DFG) with a total budget
of more than 13 million euros. Over two funding periods, 16 research projects
and more than 50 researchers contributed to developing fundamental and applied
knowledge on soft robotics. True to the field’s nature, the programme’s first funding
period fostered strong interdisciplinary collaboration between the 12 participating
projects—across robotics, mechanical engineering, mechatronics, materials science,
chemistry, biology, and medicine. The second funding period with four additional
projects built on these foundational insights, with the new call for proposals focusing
on applications and contributions that leveraged the knowledge accumulated.

But the reach of the book extends beyond national boundaries. A number of
internationally recognized researchers—many of whom have been close collab-
orators or friends of the SPP2100 programme—have contributed chapters. Their
involvement reflects not only the global character of the soft robotics community
but also the collaborative, open, and well-connected spirit that has characterized the

vii



viii Introduction

SPP2100 initiative from the beginning. It was supported by a community character-
ized by shared vision, ongoing dialogue, focused inquiry, teamwork, interdisciplinary
openness, and enthusiasm for experimentation.

Structure and Scope

The book is divided into five parts, each capturing a central aspect of soft material
robotic systems:

1. Materials for Soft Robots
This part explores the latest developments in smart and functional materials,
from humidity-responsive polymers and azobenzene-based photomechanical
compounds, to triboelectric and piezoelectric elastomers, soft magnetic mate-
rials, and flexible printed electrodes. These foundational materials define the
limits and possibilities of what soft robots can sense, do, and become.

2. Design of Soft Robots
A critical challenge in soft robotics lies in how to design and fabricate systems
whose behavior is often nonlinear, underactuated, and highly coupled with their
environment. The chapters here span from automated pneumatic logic circuits
and programmable curved rods, to tendon-driven manipulators, tensegrity struc-
tures, and strain-limiting materials—demonstrating how creative engineering
approaches enable control through morphology, material, and structure.

3. Modelling and Control of Soft Robots
Unlike traditional robots, soft robots defy easy modeling and require new
paradigms for control. This section addresses exactly that, offering insights into
dielectric elastomer modeling, stiffness modulation, continuum mechanics, and
software toolboxes tailored for soft robotic platforms. These contributions reflect
the deep technical complexity required to make soft systems both predictable and
controllable.

4. Applications of Soft Robots
The real-world potential of soft robotics comes to life in these chapters—from
deep-sea sampling devices developed in collaboration with a volcanologist, to
bio-inspired grippers and miniaturized medical robots designed to navigate the
human body. These applications highlight how soft systems can operate safely,
efficiently, and robustly in domains where traditional rigid robots fall short.

5. The Future of Soft Robotics
The final chapter, based on a panel held at the 2025 Symposium on the Future
of Soft Robotics in Hannover, offers a forward-looking view of the field. The
discussion addresses challenges such as scalability, durability, and managing
inflated expectations, while also emphasizing the creative potential and growing
relevance of soft robotics in healthcare, environmental monitoring, and beyond.
Importantly, it highlights that the future of the field lies not in replacing tradi-
tional robotics, but in integrating soft technologies into broader systems. Above
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all, the panel underscores that interdisciplinary collaboration among engineers,
chemists, biologists, and medical researchers will be essential for meaningful
progress.

A Field Defined by Interdisciplinarity

What unites the contributions in this volume is not a single methodology or point
of view, but a shared interdisciplinary ethos. Soft robotics demands expertise that
spans scales—from molecular interactions in smart polymers to full-body control of
multi-segmented robots and from the subtleties of human-robot interaction to the
harsh conditions of the deep ocean. The editors would like to express their sincere
gratitude to all the brilliant researchers with whom they had the privilege to collab-
orate over the past 6 years, to the authors who generously contributed their work to
this volume, to the dedicated students whose efforts powered many of the individual
projects, and to the enduring friendships that grew alongside the science. We hope
this collection serves both as a snapshot of recent progress and as a catalyst for future
collaboration. As soft robotics continues to evolve, it will require not only technical
innovation but also sustained investment in interdisciplinary research, education, and
open exchange. In that spirit, this book is dedicated to the researchers—established
and emerging—who are helping shape the future of robotics, one soft system at a
time.

Annika Raatz
Institute of Assembly Technology
and Robotics
Garbsen, Germany
raatz@match.uni-hannover.de
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Advanced Rheology )
of Humidity-Responsive Functional e
Polymers for Soft Robotics

Dominik Fauser®, Stephan Pflumm, Sabine Ludwigs®), and Holger Steeb

Abstract Functional polymers are advanced soft materials capable of altering their
shape and mechanical behavior in response to external stimuli. Functional materi-
als science seeks to mimic adaptive behavior of biological systems for applications
in soft material robotics, such as smart skin or sensing actuators. A natural exam-
ple of this adaptability is found in the leaves of Ramonda myconi, that undergo
reversible shape changes in response to moisture fluctuations. To tailor-make, under-
stand and predict the complex behavior of synthetically-made functional polymers
and devices thereof, advanced rheological characterization techniques are essential.
These methods determine viscoelastic properties under controlled environmental
conditions, capturing time-dependent responses through oscillatory measurements.
By analyzing the complex modulus in the frequency domain, the shear and Young’s
modulus can be systematically evaluated under varying temperature and humid-
ity. A major focus of this chapter is the rheological characterization and predic-
tion of moisture-sensitive materials, including shape memory polymers, hydrogels
and moisture responsive bilayer structures. The influence of humidity on material
programmability and mechanical response is explored, demonstrating the predictive
capabilities of rheological analysis. This study provides a comprehensive framework
for the characterization of functional polymers, paving the way for their optimized
integration into soft robotics, smart skins, and bioinspired sensor-actuator systems.
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Fig.1 aPhotograph of the plant Ramonda myconi and response of a cut-off leaf from the wet to dry
state (scale bar 1 cm). Adapted with permission under the terms of the CC-BY 4.0 license. Copyright
2018, Kampowski, Demandt, Poppinga, and Speck, published by Frontiers [6]. b Structural formula
of PU-SMP (DiAPLEX, SMP Technologies Inc.) (upper center), PNIPAM-based hydrogel (lower
left) and PEDOT:PSS (lower right). ¢ Schematic representation of the actuation mechanism in a
bilayer actuator, illustrating the temperature- and moisture-responsive behavior of the composite
structure

1 Introduction

Functional polymers are materials capable of altering their shape [1] and mechanical
behavior in response to external stimuli such as heat [2], moisture [2, 3], light [4],
magnetic fields, or electric fields. Inspired by biological systems, the field of func-
tional materials science seeks to replicate natural adaptive mechanisms to develop
responsive materials for applications such as soft robotics [5].

An illustrative example of nature’s dynamic adaptability is found in Ramonda
myconi, a resurrection plant that exhibits reversible shape changes in response to
variations in moisture content [6] (see Fig.1la). The leaves of Ramonda myconi
undergo complex folding motions upon dehydration, with both intact and excised
leaves shrinking significantly, and fully recover their initial form upon rehydration,
demonstrating an efficient water-driven actuation mechanism. The leaves can be
regarded as multifunctional and hierarchically assembled layered structures.

Figure 1b shows three exemplary functional polymer materials, poly(urethane)
shape memory polymer (PU-SMP), poly(N-isopropylacrylamide) (PNIPAM)-based
hydrogels and poly(ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS),
all of which exhibit moisture responsiveness, effectively mimicking the natural exam-
ples. This moisture sensitivity can replicate the behavior of Ramonda myconi, as
demonstrated in Fig. 1c, where a bilayer architecture is designed to undergo curvature
changes in response to variations in humidity and temperature.

To understand the intricate material behavior exhibited by functional polymers
for soft robotics, it is imperative to employ advanced rheology characterization tech-
niques (see Fig. 2). These methods determine viscoelastic material parameters under
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Fig. 2 Schematic representation of isothermal frequency measurements using harmonic torsion
and/or harmonic compression/tension excitation, performed under constant temperature and relative
humidity conditions

systematically varied external influences in controlled experiments. The viscoelastic
behavior is rigorously analyzed through harmonic excitation in oscillatory shear- and
tensile-mode measurements, as demonstrated by Dingler et al. [1], Fauser and Steeb
[2] and Pflumm et al. [3]. The time-dependent response of the material, obtained from
these oscillatory measurements, is captured by the complex modulus and complex
compliance in the frequency domain [7].

For each type of deformation, the material response is characterized by associ-
ated complex moduli—such as the complex-valued bulk modulus K*, shear modulus
G*, and Young’s modulus E*—with corresponding complex compliances obtained
from their inverses. These material parameters are inherently dependent on external
influences such as moisture and temperature. The complex representation of mod-
uli, M* = {K*, G*, E*}, physically distinguishes between stored (retrievable) and
dissipated energy via its real and imaginary components (M* = M’ + i M"). This
formulation provides a comprehensive framework for predicting and engineering
functional materials with tunable mechanical properties, essential for soft robotics
applications.

A key approach to describing these material responses is through time-dependent
rheological models, where model parameters vary with moisture content, as detailed
in Fauser et al. [8]. Furthermore, studies have demonstrated that the programmed
shapes of SM polymers (SMPs) are highly dependent on environmental moisture
levels [2]. To advance the application of these materials in soft robotics, it is cru-
cial to understand how moisture influences their programmability and mechanical
performance.

In addition, advanced rheology provides an effective tool for assessing the mois-
ture dependence of hydrogels in situ, as demonstrated by Pflumm et al. [3]. This
approach offers valuable insights into the potential applications of hydrogels in soft
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robotics and smart skins. Similarly, Dingler et al. [1] showcased the predictive capa-
bilities of rheological characterization in a moisture-dependent actuator, consisting
of an active, moisture-responsive layer and a passive layer. Their study successfully
combined experimental measurements with analytical composite beam theory to
analyze and predict complex shape transformations.

In this chapter, advanced rheology is employed to investigate the influence of
moisture on various functional polymer systems, including a PU-SMP, the in-situ
characterization of PNIPAM-based hydrogel patches, and a moisture-dependent
bilayer structure consisting of a PEDOT:PSS layer and a poly(dimethylsiloxane)
(PDMY) layer. The chapter is structured as followed. Section 2 introduces the fun-
damentals of rheological characterization under varying environmental influences,
along with the evaluation methods. The effects of moisture on the PU-SMP sys-
tem are then described in Sect. 3. In Sect.4, the in-situ measurement of the hydro-
gels is discussed. The subsequent section, Sect. 5, provides a detailed exposition of
the two-layer actuator structure. Finally, Sect. 6 summarizes the key findings of the
chapter.

2 Fundamentals of Rheological Characterization

Harmonic characterization of viscoelastic materials are performed by an applied
sinusoidal stress, where the corresponding measured strain of the linear excitation
follows with a phase shifted sinusoidal response as described in [9]. From harmonic
shear stress controlled experiments, the ratio of shear stress 7 to shear strain y gives
the complex shear modulus,

T(1) .
G* = —= = |G*|(cos 85 + i sin 8s), (1)
y(0)

where the real part describes the storage modulus G’ = |G*|cosds, the imag-
inary part the loss modulus G” = |G*|sinds. The absolute value is given by

|G*| = v/G’> + G"*. The viscous losses can be determined with the loss factor
tandg = G”/G’. The complex Young’s modulus,

g o0

= = |E*|(cos 8 +isindy), (2)
e(t)

is derived with the axial stress o and axial strain ¢. In (2) the real-part is obtained
by E’ = |E*| cos 84 and the imaginary part by E” = | E*| sin § 4. The absolute value
and loss factor of the complex Young’s modulus is given by | E*| = v/ E’> + E”? and
tanéy = E"/E’.
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2.1 Dynamical Mechanical Thermal Humidity Analysis
(DMTHA)

In the case of a thermorheologically simple polymer, the chain mobility and the
molecular rearrangement process exhibit comparable behavior with respect to tem-
perature and time [10, 11]. Consequently, Time-Temperature Superposition (TTS)
can be applied to the polymer under consideration, i.e., the frequency measurements
performed at different temperatures can be shifted horizontally in frequency space
with a shift factor to generate master curves at a reference temperature. By varying
the RH at constant levels and measuring the isothermal frequency measurements
(see Fig.2), the time-, temperature- and moisture-dependent material behavior can
be determined as described by [2], by generating master curves at reference tempera-
ture. This method is referred to as Dynamic Mechanical Thermal Humidity Analysis
(DMTHA).
It follows that the determined harmonic generic storage modulus

M'(f, ©,¢) = M'(ar(O) f, O, ¢) 3)

and loss modulus
M"(f, 0,9) =M"(ar(O)f, O, @) “4)

of the generic complex modulus M* = {K*, G*, E*} at a temperature ® and a RH
level ¢ can be represented by a horizontal shift of the frequency a7 (@) f of the
determined harmonic modulus at a reference temperature ©y.

2.2 Master Curve Generation

From isothermal frequency measurements (see Fig. 3a), a master curve is generated to
describe the time-dependent material behavior at the selected reference temperature
®y in the reduced angular frequency range. To reduce the bias of manual master
curve generation, we developed an algorithmic approach to calculate the frequency
shift between two isothermal measurements.

We consider two isothermal measurements at temperatures &, and &, where
Oy =60y +kAO withk =0, 1, ..., p and & represents the reference temperature
used for generating the master curve. For clarity, the Algorithm 1 is described only for
the case where ® > ©,. However, the procedure works similarly for measurements
below the reference temperature, ©® < ©, by simply reversing the direction of the
incremental temperature change (i.e., subtracting instead of adding A®). Based on
the previous shift parameter a7 (®y), Algorithm 1 computes the next shift parameter
a7 (Oy41). Toenable a finer resolution of the overlapping range of the storage moduli,
we first interpolate the measurement data at the two temperatures @) and @
with linear splines, resulting in two functions M, «(w) and ]\;IH] (w), respectively. We
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Algorithm 1 Calculating Shift Parameter a7 (®y.1)

Require: &, O, 1: Measurement temperatures

Require: a7 (Oy): Previous shift parameter

Require: {w;},=1, .. ~: Measurement frequencies

Require: {M ,/( aIn=1....~: Experimental determined storage modulus at frequency w, and temper-
ature Oy

Require: {M ,/c +1,n}’1=l«-~« ~: Experimental determined storage modulus at frequency w, and

temperature G |

M1 (@) < interpolate [ {(@n, My, =t |
shift < 0, counter < 0
fOI‘Kn:O,...,MdO
M,y <~ (M —m) M,Q,l +m Ml/<+1,N)/M
W <~ Mgminwle — My (w)|
@ < argmin, |My, — My (0)]
shift < shift + w/w
counter < counter + 1
end for
a7 (Oxy1) < ar(6y) - shift/counter

103 a) 600 1, anstd
90 ) AAA::’,»’
£ 400 22T
80 = A
S 500 ab ’.0
&) o
70 &
— 200 (&
£ 102 60 O 10° 10!
= N
— w (rad/s
i 50 @ )
103 Q\QZ%C) A OéT(@k)
40 . Q ¢ ar(Ok1)
< a1
o Master 30 g 10
101 curve
A E'(6) 107°
o E'Or) 2
107° 1071 103 107 50 100
arw (rad/s) O (°C)

Fig. 3 a Isothermal harmonic uniaxial tensile measurements of PU-SMP at different temperatures
in the dry state (¢ = 0% RH) are represented by gray circles. The reference frequency-measurement
at the reference temperature () is highlighted with blue triangles, while the corresponding master
curve at @g is shown with light blue circles. The frequency measurement at Oy = Oy + AO
is represented by red diamonds. b Comparison of storage modulus values at the two observed
temperatures, highlighting the overlapping region where self-similar values appear. ¢ The frequency
shift between the self-similar storage moduli at both temperatures is used to determine the shifting
parameter, as depicted in the plot
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uniformly sample the overlapping range of the storage moduli and determine for
each sample M,, the corresponding frequencies @ and @, such that M,, = M (@) =
Mk+1 (w), see Fig. 3b. The optimal shift at this sampling point is then given by & /.
The shift a7 (G;4) at temperature @y, 1, is calculated as the mean of the optimal
shift at all sampling points times a7 (&), i.e. the shift at temperature @, see Fig. 3c.
Repeating this procedure for all isothermal measurements in incremental steps toward
the reference temperature results in the full master curve.

3 Humidity Triggered Shape Memory Polymers

In this section we apply the DMTHA to the thermo-responsive PU-SMP. A key
property of PU is their intrinsic SM behavior [2], which is governed by the mobil-
ity of their molecular chains. Above ®g, the increased chain mobility allows PU
to undergo large deformations. When this deformation is fixed and the material is
cooled below ®g, the reduction in chain mobility effectively “freezes” the defor-
mation, programming the material into a new shape. Upon reheating above &g, the
programmed state is released, and the material returns to its initial configuration. This
SM behavior is strongly influenced by the viscoelastic properties of PU both above
and below ®g, which can be characterized and predicted through rheological mea-
surements [2, 8]. Effective material parameters, such as complex moduli and creep
compliances, provide crucial insights into materials behavior of PU under varying
environmental conditions.

The interplay between temperature and moisture significantly affects PU’s
mechanical response. Through DMTHA, it has been shown that increasing RH levels
lead to systematic shifts in time-dependent mechanical properties. One key observa-
tion is the moisture-induced shift in the glass transition temperature, which decreases
from approximately 55 °C in dry conditions to 22.12 °C at 70% RH. This reduction
in ®g is accompanied by an acceleration of relaxation times, while the viscous losses
remain constant. Master curves are generated according to the procedure outlined in
Sect.2.2 and in Algorithm 1. Comparing master curves obtained at different RH lev-
els, a distinct time-frequency shift is observed, emphasizing the strong dependency
of PU’s mechanical response on environmental moisture.

This humidity-dependent transition behavior can be effectively modeled using
rheological methods as described by Fauser et al. [8], enabling precise predictions of
PU’s performance under varying environmental conditions. Since moisture lowers
g, the thermal fixation of PU structures becomes humidity-dependent, requiring a
thermal-humid mechanical cycle for accurate programming (see Fig.4). As a result,
PU structures that are programmed into a temporary shape can be deactivated by
increasing RH at ambient temperatures (Fig.4c), eliminating the need for thermal
activation. This property makes PU highly attractive for applications in soft robotics
and adaptive materials, where moisture-driven actuation can be leveraged for energy-
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Fig.4 a Graphical abstract of the Thermo-Humidity-Mechanical Cycle (THMC) from [2], licensed
under CC-BY 4.0. b The experimental result of the THMC is illustrated in the plot. In the first step, at
atemperature above the glass transition temperature (® > &) and in dry conditions (¢ = 0%RH),
the PU-SMP sample is stretched to a stretch value of A = 1.10. In the second step, the stretch is
maintained while the temperature is reduced to ® = 27 °C (® < ©g), and the axial Cauchy stress
T» is continuously measured. During the third step, the applied force is released (F' = ON), allowing
the sample to move freely. Finally, in the fourth step, the humidity is increased to 70% RH, leading
to water absorption from the surrounding air. The absorption process depends on the diffusion time,
influencing the material’s behavior. The corresponding stretch recovery over time is depicted in
c. The recovery process is governed by the diffusion time, as the absorbed water lowers the glass
transition temperature (®g(¢)). This shift enables the material to gradually return to its original
shape. Figures adapted from Fauser and Steeb [2]
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Fig. 5 a (Upper) Schematic representation of the reversible swelling behavior of PNIPAM-based
hydrogel patches. (Lower) Relative swelling degree as a function of time at 25 °C and varying RH
levels. b (Upper) Storage modulus E’ and (Lower) Loss factor tan § of the complex Young’s modulus
as a function of temperature at different RH levels. ¢ Master curves generated as a function of reduced
frequency, derived from isothermal frequency measurements at varying RH levels. Adapted from
Pflumm et al. [3], licensed under CC-BY 4.0

efficient shape transformations. These adaptive PU behaviors are reminiscent of
the shape transformations observed in Ramonda myconi leaves, where moisture
fluctuations drive reversible morphological changes.

4 Humidity-Responsive Hydrogel Patches

Hydrogels, such as PNIPAM-based materials, as described in Pflumm et al. [3],
exhibit high stretchability and tunable water uptake and release, making them highly
adaptable to evolving environmental conditions. These materials can absorb signifi-
cant amounts of water, reaching up to 39.4% equilibrium water content at 95% RH
(cf. Fig. 5a) and 708 % in water bath at 5 °C. Their mechanical properties vary consid-
erably with moisture content (see Fig. 5b,c). In their dry state, they become brittle and
rigid, whereas under ambient conditions, they maintain an optimal balance between
flexibility and stability. As the RH increases, their stiffness decreases, as shown by
the storage modulus £’ 1 Hz and 25 °C, which decreases from 388.9 MPa in the dry
state (p = 0% RH) to 0.5 MPa at 90% RH. Similarly, the glass transition temperature
decreases from 59 °C in dry conditions to 21 °C at 50% RH, demonstrating a strong
dependence on moisture content.

By applying DMTHA, master curves can be constructed at a chosen reference
temperature and RH level (see Fig. 5c). Higher water content accelerates relaxation
processes, leading to greater energy dissipation within the glass transition zone. This
behavior differs from PU-SMP, as described in Sect. 3, where no significant variation
in the loss factor was observed at different RH levels.
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In contrast, temperature affects the equilibrium swelling degree, facilitating water
release at elevated temperatures. This phenomenon enables adaptive drug release
kinetics, as demonstrated by Pflumm et al. [3]. The complex material behavior of
PNIPAM-based hydrogels under varying external influences makes them particu-
larly suitable for applications in personalized medicine, smart actuators, and soft
robotics. Their flexibility and exceptional water absorption capacity closely resem-
ble the adaptive behavior of Ramonda myconi, making them promising candidates
for bioinspired designs where environmental responsiveness plays a crucial role.

5 Humidity-Responsive Bilayer Actuators

Simple bilayer structures composed of a hydrophilic PEDOT:PSS as the active layer
and a hydrophobic PDMS as the passive layer exhibit reproducible bending behav-
ior in response to environmental RH (see Fig.6a,b), as described by [1, 12—14].
PEDOT:PSS absorbs water through diffusion, leading to volumetric expansion (see
Fig.6c¢) [15]. This expansion generates internal stresses within the bilayer structure
due to the differential swelling between the active and passive layers, resulting in
bending. Unlike the one-way shape change observed in PU-SMPs, as described in
Sect. 3, the humidity-driven deformation of the PEDOT:PSS-PDMS bilayer is fully
reversible. The structure continuously adapts to changes in environmental RH, mak-
ing it a promising candidate for applications requiring dynamic and autonomous
responsiveness, such as soft actuators and biomimetic devices.

Advanced rheological characterization was conducted to analyze the mechani-
cal behavior of the individual layers under varying RH conditions. Harmonic tensile
measurements revealed that the complex Young’s modulus of PEDOT:PSS decreases
with increasing RH from 130 MPa at ¢ = 10% to 54 MPa at 90% RH (see Fig. 6¢),
indicating its sensitivity to moisture absorption. The volumetric strain increases from
&vol = 0.8% at 10% RH to 6.1% at 90% RH. In contrast, the PDMS passive layer
exhibited no significant dependence on RH, confirming its stability in humid environ-
ments. The material parameters obtained from DMTHA were subsequently utilized
to predict the curvature behavior of the bilayer structure at varying RH levels. This
prediction was based on Timoshenko’s composite beam theory, expressed as

2
= Bl 6 +m) )

d 304+m)2+ (1 +mn)<m2 + —>

1
mn

where d represents the total thickness of the bilayer, m = dpgpor.pss/dppms denotes
the thickness ratio between the active (PEDOT:PSS) and passive (PDMS) layers, and
n = Epgporpss/ Eppms corresponds to the ratio of their (static) Young’s moduli. By
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Fig. 6 a Actuator motion of a PEDOT:PSS/PDMS bilayer (thickness: d = 54 ;um) in response to
changes in RH (scale bar: 1 mm). Circle segments were fitted to the image to extract the curvature
k(¢) as a function of RH, as shown in b. The color coding in a corresponds to that in b. ¢ The
volumetric strain &yo; is shown in blue and the storage modulus of the Young’s modulus E’ of
PEDOT:PSS as a function of RH is shown in green. d Curvature behavior of a bilayer beam for
varying thickness ratios m and stiffness ratios n, derived using Timoshenko’s equation (5). Adapted
from Dingler et al. [1], licensed under CC-BY 4.0

applying these material parameters, the bending response of the bilayer could be accu-
rately predicted, demonstrating how structural curvature can be tailored by adjust-
ing the thickness ratio of the active and passive layers (see Fig. 6d). This approach
provides a foundation for designing adaptive actuators whose deformation can be
precisely controlled in response to environmental humidity variations.

6 Summary and Outlook

In this chapter, we explore the application of advanced rheological characteriza-
tion to understand and predict the material behavior of functional materials for soft
robotics. Using three examples—thermoplastic polyurethane shape memory poly-
mers, intelligent hydrogels, and a bilayer structure composed of a hydrophilic active
and hydrophobic passive layer—we demonstrate how functional materials can repli-
cate complex natural behaviors, such as the moisture-responsive deformation of
Ramonda myconi.
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Advanced rheological characterization involves harmonic excitation of uniaxial
tension/compression or shear measurements, conducted under varying external influ-
ences like temperature and humidity. This approach allows for the determination of
the time-, temperature- and moisture-dependent material behavior, providing valu-
able insight into the material’s response to environmental conditions. We show that
Dynamic Mechanical Thermal Humidity Analysis (DMTHA) is an effective method
for understanding and predicting complex material behaviors.

By employing DMTHA for material characterization and utilizing rheological
models that can be extended into three-dimensional constitutive equations for finite
deformation simulations, complex material behaviors in structures can be effectively
designed and predicted. This methodology advances the field of soft robotics and
opens new possibilities in personalized medicine, facilitating the development of
materials and actuators that dynamically adapt to environmental stimuli such as
temperature and humidity fluctuations.

Acknowledgements This research was funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) under grant no. 498339709.
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Azobenzene-Based Photomechanical )
Materials for Soft Robotics: A Focus e
on Visible Light-Activated Liquid

Crystal Networks

Thore Kliiwer, Sven Schultzke, and Anne Staubitz

Abstract This chapter explores the development and application of azobenzene-
based liquid crystal networks (LCNs) for soft robotics, with a particular emphasis
on visible light-activated materials. The unique properties of tetra-ortho-fluorinated
azobenzenes, including their photoisomerization behavior as well as their extremely
long thermal half-life times in the switched state are discussed in detail. Tetra-ortho-
fluorinated azobenzenes can also be incorporated in liquid crystalline networks. This
chapter highlights the significance of photomechanical and photothermal effects in
these materials and their relevance to soft robotic applications. The focus is on anovel,
visible light-activated liquid crystalline monomer, which overcomes the limitations
of traditional UV-light-activated systems. The implications of this advancement for
soft robotics are explored, along with the challenges and future directions in this
field.

Keywords Azobenzene - Tetra-ortho-fluorination * Liquid crystalline networks -
Photomechanical effect

1 Introduction

Soft robotics [1] has emerged as a transformative field, leveraging soft, flexible,
and adaptive materials to create robots capable of interacting with delicate environ-
ments. A key challenge in soft robotics is the development of intrinsically functional
materials that can be actuated without external mechanical or hydraulic systems.
Photomechanical materials, particularly those incorporating azobenzene, [2] have
gained significant attention due to their ability to undergo macroscopic deformations
induced by light.
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Azobenzene, a molecule that undergoes reversible E to Z isomerization upon light
irradiation, has been widely studied for its potential in photomechanical applications
[2]. The unsubstituted parent molecule has a relatively short thermal half-life time for
the Z-isomer (around 1.4 days at 35 °C) [3] and can only be switched with UV-light.
Tetra-ortho-fluorinated azobenzenes however, can be switched with visible light [4].
This is a significant advantage if the application is underwater or in contact with
living beings [5].

Certain azobenzenes can be incorporated into liquid crystalline polymer networks
(LCNs5s), which then exhibit a bending deformation under light irradiation (photome-
chanical or occasionally photothermal effect), [6] making them ideal candidates for
soft robotic actuators [7]. However, the use of UV light or even blue light, which is
harmful to biological tissues [8] and has limited penetration depth, [9] has restricted
their broader application. Recent advancements in visible light-activated azoben-
zene derivatives have addressed these limitations, enabling safer and more efficient
actuation [10].

This chapter focuses on the development of a visible light-activated liquid crys-
talline monomer [10]. The monomer combines liquid crystalline properties and an
azobenzene with visible light responsiveness, enabling the creation of photomechan-
ical LCNs that can be actuated under safe and efficient conditions. The implications of
this innovation for soft robotics are explored, along with the underlying mechanisms
and challenges.

2 The Chemical Components and Physical Processes
of Light Bendable Polymer Films

2.1 Azobenzene and its Photoisomerization

2.1.1 Azobenzene as a Photomechanical Switch

Azobenzene is a photoswitchable molecule that undergoes a reversible E to Z isomer-
ization upon irradiation with light (Fig. 1). Both the E-and the Z-isomer show two
electronic transitions: a strong symmetry-allowed nrt* transition (Ap,x &~ 320 nm
[E to Z]; Amax =~ 270 nm [Z to E]) as well as a weaker symmetry-forbidden nm*
transition for the E-isomer (Apyx = 450 nm [E to Z]) and a symmetry-allowed nm*
transition for the Z-isomer (Ayx &~ 450 nm [Z to E]) [11]. Due to the poorly sepa-
rated nt* transitions, the E to Z isomerization relies on UV-light, which excites the
well-separated nr* transition. However the downside is that UV-light is harmful to
living beings [8] and has a very low penetration depth in materials and liquids [9].
The isomerization process involves a significant change in the molecular geom-
etry, with the E-isomer being planar and thermally stable, while the Z-isomer is non-
planar and metastable. The distance between the para-position carbon atoms changes
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Fig. 1 Light-induced switching of azobenzene: calculated spectra. The E to Z isomerization results
in a reduction in molecular length by approximately one-third and a transition from a planar to a
twisted geometry [13]. Adapted from the M.Sc. thesis of Hinrich Reller. Copyright Hinrich Reller
[15]

from 9 A in the E-isomer [12] to 5.5 A in the Z-isomer, [13] leading to a substan-
tial alteration in the molecular shape from an elongated, rod-like molecule to a more
bent, three-dimensional structure [14]. This is significant, because, as discussed later,
the geometrical change on the nanoscale can be translated into anisotropic volume
changes in a material and thus a macroscopic volume change resulting in a bending
movement [6]. One challenge with azobenzene is that the metastable Z-isomer slowly
relaxes back to the E-isomer via a thermal pathway (approx. 1.4 days at 35 °C) [3].
This background reaction cannot be prevented, limiting applications since material
in the Z-state is constantly converted to the E-state.

2.1.2 Tetra-Ortho-Fluorinated Azobenzenes: Properties and Syntheses

Tetra-ortho-substituted azobenzenes, particularly those incorporating fluorine atoms,
exhibit remarkable photochemical and thermal properties [4]. The substitution of
all four ortho-positions with fluorine strongly enhances the thermal stability of
the Z-isomer, resulting in significantly extended thermal half-lives compared to
other azobenzene derivatives [4]. Notably, ortho-fluorine substituents stabilize the
Z-isomer to such an extent that thermal half-life time values of up to 2 years at room
temperature have been reported [4]. The mechanism of thermal relaxation is still
discussed and many factors appear to play a role, a discussion of which is beyond the
scope of this chapter [16]. Tetra-ortho-fluorination in combination with the incor-
poration of the azobenzene moiety in a macrocycle has led to the longest reported
half-life times for azobenzenes of 120 years in DMSO at 25 °C (extrapolated) [17]
(Fig. 2).

Another effect is the clearer and wider separation between the nm* transition of
the E-and the Z-isomer, enabling the use of this transition for molecular switching
[4]. Therefore, switching in the visible range becomes possible.
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Fig. 2 I. Isomerization of tetra-ortho-fluorinated azobenzene induced by light II. Illustration of
the measured UV-Vis spectra of the respective E-and Z-isomer IIL. The fluorinated oxygen-bridged
azobenzene macrocycle (2FOAM) exhibits a thermal half-life time of 120 years (extrapolated to
25 °C in DMSO). Adapted from the M.Sc. thesis of Hinrich Reller. Copyright Hinrich Reller [15]

Synthetically, the most common method is an oxidative coupling of 2,6-
difluoroanilines, in which the other desired substituents are already in place or
which contain functionalizable groups. Further strategies for the synthesis of azo
motifs include the diazotization of aromatic amines and subsequent coupling with
electron-rich aromatic nucleophiles. In another method, known as the Mills reaction,
[18] aromatic nitroso derivatives react with anilines to form the corresponding azo
compounds [19].

2.2 Liquid Crystals and their Properties

2.2.1 Liquid Crystalline Molecules

Liquid crystals (LCs) are materials that exhibit properties intermediate between
liquids and crystals, combining the fluidity of liquids with the ordered structure
of crystals. They are classified into several types, including nematic, smectic, and
cholesteric phases, each with distinct ordering characteristics (Fig. 3). Nematic liquid
crystals, in particular, are characterized by their long-range orientational order; they
typically contain a rigid, rod-like molecule to impart the crystal-like properties as
well as a flexible linker. The phase transitions of pure LCs are thermotropic; however,
there are a number of alignment techniques [20] to arrange the LCs with respect to
a desired geometry. Liquid crystals can be used in a vast range of applications, [21]
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Fig. 3 Schematic representation of the liquid crystalline phase categorized into several types
depending on the respective alignment of mesogens. Adapted from the Ph.D. thesis of Sven
Schultzke. Copyright 2024 Sven Schultzke [23]

but in this chapter, we focus on photoresponsive liquid crystals with an azobenzene
core.

2.2.2 Liquid Crystals Fixed in Liquid Crystalline Networks (LCNs)

When the liquid crystal molecules are synthesized with a polymerizable terminal
group, the liquid crystalline phase present at the temperature of polymerization
can be fixed in place and the chosen alignment geometry is by and large retained,
although the post-polymerization LC phase can have a slightly different ordering (i.
e. different LC phase type). The properties of these “solidified liquid crystals depend
on the degree of cross-linking”; low degrees of cross-linking lead to liquid crystalline
elastomers, [22] whereas high degrees result in liquid crystalline networks.

2.3 Photomechanical and Photothermal Effects
in Azobenzene Based LCNs

Azobenzenes are well-suited for functional LCs, due to their rigid, rod-like structure,
which bends upon irradiation. When azobenzene is incorporated into liquid crys-
talline polymer networks, the molecular-level shape change is amplified, resulting in
macroscopic bending or deformation of the material [6]. Upon irradiation, the E to Z



22 T. Kliiwer et al.

Flexible spacer
o O\/\/\/\/\/o\n/\
F. o (0]
N Polymerization
unit

0.
/\n/o\@/\o/@ 0 Rigid core Expansion
s .
o} )))) — Side Ho

/ \% \
47225 B — Side PI
t—7s
Contraction
\/ —Side P1

M — Side Ho

Fig. 4 Illustration of the liquid crystalline monomer that can be polymerized into a photomechan-
ical film. At the bottom, the mechanistic explanation for the direction of bending of the film is
shown: In a homeotropic alignment (Ho), isomerization increases lateral expansion, because the
azobenzenes are perpendicular to the plane of the film. E to Z isomerization increases the thickness
of the azobenzenes to approximately 3 A [13]. On the contrary, in a planar alignment (PI) the lateral
expansion decreases, because the azobenzenes are parallel to the plane of the film and decrease their
length due to E to Z isomerization. Adapted with permission from [10], licensed under CC-BY 4.0

isomerization of azobenzene induces a change in the molecular orientation, leading
to a contraction or expansion of the material [24]. This effect is highly dependent on
the alignment of the azobenzene molecules: If the azobenzenes are perpendicular to
the surface normal, irradiation on this side leads to a surface contraction; however,
if they are aligned parallel to the surface normal an expansion is observed (Fig. 4)
[10, 25].

In addition to the photomechanical effect, photothermal effects also play a role
in the deformation of LCNs. The absorption of light by azobenzene does not always
lead to a switching event, but the depletion of the excited states (S, or S;) can
also occur via vibrational relaxation pathways [29]. In addition, the thermal Z to E
relaxation forms heat. These exothermic processes can cause thermal expansion of the
material, which leads to bending, if only those layers heat up, which are irradiated.
While photothermal effects can complicate the interpretation of photomechanical
behavior, they can also be harnessed to enhance the actuation of soft robotic devices.
In practice, the two effects are relatively difficult to separate. One method is switching
under water, as water serves as an effective heat sink [26].
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3 Visible Light-Activated Liquid Crystalline Monomers

Traditional azobenzene-based LCNs are activated by UV light, which has several
limitations, including potential harm to biological tissues and limited penetration
depth [5, 8, 9].To address these challenges, visible light-activated azobenzene deriva-
tives have gained attention, such as tetra-ortho-fluorinated azobenzenes. However,
despite the flat crystal structure of E-tetra-ortho-substituted azobenzenes, [27] it did
not exhibit any liquid crystallinity (Fig. 5I) [28]. There are methods to overcome this
issue by blending in these light switchable azobenzenes with proven liquid crystal
mixtures, leading to bending effects upon irradiation [28]. The azobenzene loading
in these mixtures is relatively low, which is both an advantage, as the tetra-ortho-
substituted azobenzene tends to be the non-commercial and therefore cost intensive
part. But a disadvantage is the dilution of the dye and lower effectiveness in bending.

To address these issues, a novel liquid crystalline monomer was developed, which
combines the photoswitching properties of azobenzene with visible light responsive-
ness (Fig. 5II) [10]. The design principle was an extension of the rigid core; crystal
structures of model compounds proved however, that this molecule does not possess
an entirely flat core but rather, there are interactions between the fluorine atoms and
neighboring mesogens. The monomer exhibits a highly fluid nematic phase, but upon
polymerization it is fixed into a layered smectic C phase [10]. The resulting films
could be actuated with visible light and exhibited reversible bending behavior, with
bending angles of up to 40° within 30 s. Not only are these very high in comparison
with other known systems (see however porous films: [29]); they are also observed
in the thickest films that were prepared up to date (60 pum). This is of practical
importance, as too thin films are easily mechanically broken.

Furthermore, bending experiments were carried out in water (Fig. 6), with water
serving as the cooling medium due to the higher heat convection coefficient compared
to air. The successful implementation suggests that the cause of the bending is
predominantly photomechanical rather than photothermal. The thermal half-life time
of the polymer was estimated to be roughly 17 h, whereas the monomer exhibited
values of 49 d at 25 °C in toluene. The much shorter half-life time of the polymer

I Work by Ditter et al. [28a] 1I. Work by Schultzke et al. [
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Fig. 5 I. Design of a tetra-ortho-fluorinated azobenzene, which did not exhibit liquid crystalline
properties, used as a crosslinker in combination with LC monomers [28] II. Further development
of the design based on previous reports, combining the tetra-ortho-fluorinated azobenzene motif
with a phenyl and acrylate unit. The expansion of the rigid core results in a reintroduction of liquid
crystallinity. From [10], licensed under CC-BY 4.0
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Fig. 6 The study of Schultzke et al. [10] examines how the bending angles of a polymer film
consisting exclusively of the tetra-ortho-fluorinated azobenzene monomer change in air (top row)
and water (bottom row) depending on the illumination wavelength (525 nm or 420 nm). The angles
shown represent the difference between the initial and final positions (£ = starting angle—ending
angle; see schematic for reference). The sign indicates the direction of change upon illumination,
while the time value specifies how long the film was exposed to light to reach this state. Reprinted
with permission from [10], licensed under CC-BY 4.0

might be attributed to mechanical strain [10]. However, in the literature, much shorter
half-life times of approx. 4 h for light switchable azobenzene containing LCNs were
observed [30].

4 Relevance to Soft Robotics

Soft robotics relies on materials that can be actuated by external stimuli, such as light,
to perform complex movements [31]. The development of visible light-activated
LCNs represents a significant advancement in this field, as it enables the creation of
soft robotic devices that can be controlled with high precision.

The visible light-activated LCNs and LCEs exhibit several properties that make
them particularly suitable for soft robotics: First, the bending is reversible. This
enables repetitive actuation. It is important to note that thermal relaxation can differ
significantly between solution and polymer environments, making it difficult to
predict these differences prior to incorporating an azobenzene switch into a LCN
or LCE. In the case of the discussed example, [10] the half-life time of bending in
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the film was 17 h, whereas the monomer in solution exhibited a thermal half-life time
of 49 days. Also, while thermal relaxation in solution follows a simple first order
kinetic, this is no longer the case for the polymer and therefore, this issue remains to
be explored further.

A very relevant advantage of the visible light switchable film is the actuation under
water: aquatic environments are relatively common in soft robotics [32] because of
the application in biologically relevant systems.

5 Challenges and Future Directions

Despite the significant advancements in visible light-activated LCNs, several chal-
lenges remain. These include the need for improved thermal stability of the Z-isomer,
which can limit the duration of actuation. For this, not only are switches with exten-
sive half-life times required; what also needs to be understood is the anisotropy of the
change in modulus upon switching and how mechanical strain induced is released
mechanistically.

Additionally, the upscaling of the material synthesis and the integration of these
materials into soft robotic devices require further research. With the photomechan-
ical film discussed in this chapter, one challenge is always the processing, which
is delicate and at present can only deliver relatively small pieces of polymer film.
A very promising improvement in this regard is 3D-printing (or 4D-printing as a
functional material is employed) [33]. For example, with this technique a photome-
chanical liquid crystal elastomer (LCE) actuator was printed that was operative in
biologically relevant phosphate-buffered saline (PBS) [33]. A reversible contraction
of 7% of the initial length was achieved under a 1 g load, with half the maximum
contractionreached in just 3 s at 37 °C (human body temperature). Unlike azobenzene
containing hydrogels, which are also discussed as bistable [34] or actuating mate-
rials [35] in biological contexts, these actuators were salt-insensitive and retained
functionality in PBS, where efficient heat dissipation minimized photothermal
effects, enabling a predominantly photochemical response. A 5—-6% photochemical
contraction persisted after UV light was removed and reversibly reset with blue light.

Furthermore, at the moment, most materials are not very sustainable in the sense
that they can only be used once in the shape they have been prepared. One significant
advancement is the use of mere physical cross-links (hydrogen bonds), [33] but more
such techniques are very desirable.

Future directions in this field may include the development of new photoswitch-
able molecules with improved switching properties and the exploration of hybrid
materials that combine the benefits of LCNs with other stimuli-responsive materials.
Materials with the additional function of self-healing or shape-memory effects would
be of interest. Eventually, also the engineering side will need to be addressed: How
can light be delivered in a controlled manner under dynamic bending and in a device?
How can large forces be generated, or, even better, adaptable forces? Eventually, the
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use of photomechanical materials will be an interdisciplinary endeavor, which is a
highly promising undertaking.

6 Conclusion

The development of visible light-activated liquid crystalline polymer networks
(LCN5s) represents a significant breakthrough in the field of soft robotics. These
materials combine the photoswitching properties of azobenzene with the anisotropic
mechanical properties of liquid crystals, enabling precise and efficient actuation
under visible light. Although tetra-ortho-fluorinated azobenzenes were thought to be
not liquid crystalline, the elongation of the rigid core led to a novel liquid crystalline
monomer and, further, polymer with visible light responsiveness. Not only are the
bending angles very high; bending can also be achieved under water with only an
insignificant loss in bending magnitude. This material has much potential for the
design of soft robotic devices, because it enables contactless bending with a high
half-life time. As research in this field continues to advance, the potential applica-
tions of these materials in areas such as artificial muscles, grippers, and locomotion
systems are expected to expand, paving the way for a new generation of soft robotic
technologies.
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Crosslinked Elastomers for )
Triboelectricity and e
piezoelectricity-Driven Tactile Sensors

and Arrays in Soft Robotic Systems

Injamamul Arief®, Anik Kumar Ghosh@®, Andreas Fery(®, and Amit Das

Abstract Tactile sensing is essential for advancements in robotics, wearable elec-
tronics, and human—machine interfaces. Hybrid piezoelectric-triboelectric nanogen-
erators (HPTENGs) have emerged as self-powered tactile sensors capable of convert-
ing mechanical stimuli into usable electrical signals. Despite substantial advance-
ments in materials and device engineering, the integration of commercial rubbers into
HPTENGS offers both exciting opportunities and notable challenges. This review
summarizes the recent findings within the framework of Deutsche Forschungs-
gemeinschaft (DFG) special priority program (SPP2100) highlighting fundamen-
tal principles, materials strategies, fabrication approaches, and unresolved research
questions. By incorporating recent developments and critical insights, this report
aims to facilitate the design of robust, energy-efficient, and cost-effective tactile
sensors optimized for industrial and wearable soft robotic applications.

1 Introduction

Modern robotics, wearable systems, and healthcare devices increasingly require
soft, reliable, and highly sensitive tactile sensors. Traditional rigid sensors typically
lack the mechanical compliance necessary for seamless human—machine interac-
tions, highlighting the necessity for elastomers, often referred to as “commercial
rubbers,” in advanced sensor technologies [1]. Elastomer-based tactile sensors can
accommodate deformations, interface with rough surfaces, and recover from repeated
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mechanical stress within a shorter timeframe. The superior mechanical compliance
of soft robotic systems arises primarily from the exceptional mechano-adaptive and
mechano-electric properties inherent to elastomers [2—6]. Furthermore, compliant
robots equipped with engineered metasurfaces provide high sensitivity to various
stimuli, including pressure and force. However, sensor prototypes derived from ther-
moplastics often encounter issues such as limited mechanical compliance, inadequate
stretchability, poor long-term cyclic performance, and compatibility challenges [5].
Conversely, commercial rubbers demonstrate superior responsiveness, mechanical
stability under sustained stress, and seamless integration capabilities with robotic
segments [6].

To enable precise robotic control, tactile sensors are optimized specifically for
physiological motion detection. Several sensing principles, including piezoresis-
tive, piezoelectric, and triboelectric nanogenerators, have been explored for devel-
oping pressure-sensitive and tactile integrated sensors. In this project, we specif-
ically employed hybrid piezoelectric-triboelectric-piezoresistive modules, along-
side individual sensing components, to develop integrated tactile systems for soft
robotics. Recent advancements suggest that combining triboelectric nanogenerators
(TENGS), piezoelectric nanogenerators (PENGs), and piezoresistive strain sensors
provides an effective approach for developing tactile-sensitive robotic limbs [2—4,
7, 8]. TENGS generate charge via surface contact and separation, whereas PENGs
take advantage of electric polarization under mechanical strain [9]. The integra-
tion of these mechanisms produces hybrid piezoelectric-triboelectric nanogenera-
tors (HPTENGs), which exhibit significantly enhanced power outputs, sensitivity,
and broader frequency responses compared to single-mode sensor devices [10-12].
In this context, commercial rubbers offer significant advantages, including cost-
effectiveness, ease of processing, and excellent mechanical performance, making
them highly suitable for sensor matrices [13].

Despite these advantages, ensuring consistent and sustainable performance, par-
ticularly over thousands of operational cycles in real-world applications, remains a
challenge [14, 15]. Additionally, designing commercial elastomer-based metasur-
faces for cutting-edge electronic skin fabrication requires further control of the pro-
cesses involving nanotechnology, micropatterning and lithography-based processes.
The following sections summarize significant research progress as part of this project
and highlight knowledge gaps and upcoming and current challenges in soft robotic
research.

2 Commercial Rubbers-Based Piezoresistive Strain Sensors
for Soft Robotic Segments

2.1 Hydrocarbon Softener Enabled Ultrasoft Natural Rubber
(NR) Composites for Soft Robots

Since there are certain limitations in producing ultra-soft NR by altering just the
crosslinking densities, strategies were employed to use low molecular weight hydro-
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Fig.1 (al) Torque-time profiles illustrating the curing characteristics of softened NR composites,
with S’ denoting torque in deciNewton meters (ANm). (a2) Softness of NR composites measured in
Shore A hardness compared to silicone rubbers. (a3) Uniaxial stress-strain curves for unsubstituted
and softened NR. Panels (al)—(a3) adapted with permission from Banerjee et al., Appl. Mater.
Today, 2021, 25, 101219 [3]. Copyright 2021 Elsevier. (b1) Tensile modulus at 100% elongation
versus LM content (Wt%), (the dashed line shows Eshelby’s prediction, illustrating an increase in
tensile moduli with soft particle inclusion). (b2) Schematic of the pure shear process for tear fatigue
analysis. (b3) Comparison of fracture properties (crack growth rate vs. tearing energy) for unfilled
NR and NR-LMS50. Panels (b1)—(b3) adapted with permission from from Banerjee et al., ACS Appl.
Mater. Interfaces, 2021, 13 (13), 15610-15620. Copyright 2021 American Chemical Society [5]

carbons that could act as inactive softening agents for crosslinked NR. For this, a
hydrocarbon based softener was used that contained no unsaturated olefins and with
high branching character that had a significant impact on the miscibility of elastomer
and the additives [3]. The resulting composite showed remarkable softness follow-
ing the addition of the softener (Fig. 1al—a3). The alteration of these mechanical
properties by the softener loading could also be associated to the cohesive forces
and chain mobility of polymer networks [3, 16]. We demonstrated that commercial
silicone-based soft robotic body parts can be designed using these state-of-the-art
soft NR composites, marking a significant advancement in soft robotics.

The hydrocarbon-softened NR composites described here were specifically
employed in the development of piezoresistive strain sensors embedded in soft robotic
actuators, as detailed subsequently in Sec. 2.2. This utilization emphasizes the critical
role of the hydrocarbon softener in achieving the necessary softness and mechanical
adaptability required for effective integration in sensors and actuators.
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2.2 Soft Piezoresistive Strain Sensors Embedded on Soft
Robotic Actuators

Piezoresistive soft rubber composites are ubiquitous in strain sensing that manifests
in a dramatic increment of electrical resistivity upon elongation [8, 17]. Embedding a
piezoresistive strain sensor into a soft robotic arm has been a challenging task in terms
of surface compatibility, shape, and dynamics of the soft robotic components. We
demonstrated a super-elastic, ultrasoft NR composite containing multiwalled carbon
nanotubes (MWCNTs) in presence of a softener. The resulting conducting elastomer
offered low electrical percolation, ultra-softness, elastic modulus in the kilopascal
(kPa) range, ultra-stretchability and high tensile strength. We demonstrated the func-
tionality of the sensor with respect to custom developed soft robotic actuator move-
ment. The initial and on-strain values of resistance corroborated with the param-
eters obtained from free-standing sensing analyses. The proof-of-concept sensor-
integrated soft robot studies pave the path to future development of proprioceptive
sensing robots and soft robotic segments [3].

2.3 Development of Super-Tough and Ultra-Stretchable
Liquid Metal-Embedded Natural Rubber for Soft Robotic
Body Parts

Commercial elastomers offer significant advantages but still present challenges,
including complex functionalization processes and relatively poor dielectric
responses [3, 5]. Additionally, typical industrial elastomers rarely achieve soft-
ness comparable to biological tissues or skin. To introduce enhanced thermal and
electrical conductivities into soft elastomeric systems, recent studies have explored
blending functional fluids into elastomers. A prominent example is the incorporation
of liquid metals (LM) into liquid or gel rubbers, yielding composites with markedly
improved properties [18]. Several studies demonstrated excellent compatibility with
polydimethylsiloxane (PDMS). To overcome the limitations associated with PDMS,
we developed liquid metal-embedded NR composites [19]. The optimized balance
between flexibility and improved tear resistance makes these NR-LM composites
highly attractive candidates for constructing soft robotic components, potentially
replacing conventional PDMS-based composites (Fig.1b1-b3) [5]. Consequently,
these LM-based NR composites are ideal for fabricating advanced soft robotic parts.
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3 Commercial Rubber-Based Triboelectric Energy
Harvester for Tactile Application

Stretchable TENGs have been the subject of huge interest for sustainable power
generation and power supply to flexible electronics [6]. The use of flexible elastomers
for TENG fabrication is a relatively new field and is very desirable, as mechanically
robust rubbers could offer a long service life. In this project, we have extensively
investigated commercial rubber-based TENGs and their performance in terms of
energy harvesting and sensing performance [15].

3.1 Robust, Stretchable TENGs Using Commercial Rubbers
for Affordable Energy Harvesting

A typical TENG can convert mechanical motion/friction based static charge into
electricity by electrostatic induction. Elastomers, particularly cross-linked rubbers,
are an important class of materials which offer extreme robustness against friction
and other various mechanical deformations under a wide range of temperature, defor-
mation amplitude, and frequency (Fig. 2) [3-5]. We introduced high-performance
stretchable TENGs comprising 100% amorphous commercial rubbers [6], highlight-
ing their potential for energy harvesting applications. The active components of the
generator had been prepared following the conventional rubber-processing method,
i.e., solid-state mixing and vulcanization. We systematically investigated several
commercial rubbers for their triboelectric output and categorized them based on tri-
boelectric performance, providing a comprehensive evaluation of their efficiency.
In addition to functionalized rubbers, several studies demonstrated the possibility
of generating more charges, when the polymer films are textured or patterned to
generate more friction between them. It was concluded that texturing exhibited a
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mostly positive effect on the triboelectric characteristics. This could be associated
with stronger friction from the textured contact layers, resulting in a large number
of charges developing on the surfaces [6, 20, 21].

3.2 Transfer-Printed TENGs Using Fluororubbers for
Ultrasensitive Tactile Sensor and E-Skin

Self-powered tactile sensor-based electronic skin derived from TENG appeared to
be one of the most worthwhile alternatives for sustainable energy harvesting. Unlike
PDMS, fluoroelastomers (FKM) with particularly high F-content could address
charge generation more effectively [20]. In addition to the micropatterned sub-
strates, high-conductivity electrodes were essential to maximize the overall output of
a TENG. Recent reports on laser-induced graphene (LIG) have opened up a plethora
of possibilities in terms of cost-effective photothermal fabrication of graphene-based
electrodes from a commercial carbon source [22]. We incorporated commercial
FKM with high F-content (~ 70%) for the construction of single electrode TENG
(STENG). For the first time, our work reported direct imprinting-cum-curing of
both the active surface and LIG electrode on a tribonegative fluorinated rubber that
exhibited impressive output power density of 715 mW/m? (Fig. 3al-a3). Several
demonstrations were conducted to validate the direct current (DC) STENG’s use-
fulness in harvesting ambient mechanical energy [20]. The resulting TENG sensor
was shown to have remarkable touch and motion sensitivity and therefore, could be
embedded into soft robotic actuators for potential development in e-skin/bionic skin
applications.

4 Triboelectric-Piezoelectric Hybrid Nanogenerators in
Terms of Tactile Sensing

At their core, TENGS rely on contact electrification (CE), also known as triboelec-
trification, and electrostatic induction [1]. In contrast, PENGs convert mechanical
stress into electrical charges through oriented dipoles in ferroelectric phases [8].
Hybridizing these principles yields HPTENGs with enhanced charge generation,
often surpassing the voltage and current outputs of either approach alone [10, 11,
23]. Additionally, localized charge accumulation on a tribo-surface can influence
the overall charge transfer process [24]. Enhanced charge retention is achievable by
incorporating piezoceramic particles, such as barium titanate (BaTiO3/BTO), into the
TENG matrix [13]. This inclusion creates a synergistic interaction between the tribo-
electric and piezoelectric mechanisms, improving impedance matching and overall
output performance (Fig.3b1-b3) [13]. At resonance, the PENG component offers
high energy conversion efficiency that can be tuned within a TENG framework,
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resulting in reduced output phase differences and superior hybrid performance [13,
25]. Recent computational studies confirm this synergy between triboelectric and
piezoelectric processes, highlighting opportunities for adaptive designs at micro-
and nanoscales [26]. Commercial rubbers, akin to piezoresistive and triboelectric
materials, offer distinct advantages for hybrid nanogenerator sensors. While tra-
ditional triboelectric or piezoelectric materials such as fluoropolymers and lead zir-
conate titanate (PZT) are costly and less flexible, commercial rubbers provide notable
benefits including mechanical durability, chemical and thermal stability, industrial
scalability, and ease of customization [3, 10, 13, 20, 24, 27, 28]. These factors high-
light why commercial rubbers are increasingly favored in HPTENG applications,
particularly in wearable and large-area sensing contexts.

4.1 Key Approaches To Enhance Tactile Sensitivity in Hybrid
Systems

4.1.1 Micro-/Nanopatterning

Improving surface morphology through micropillars, microwells, or hierarchical
porous layers significantly enhances triboelectric charge density and frictional con-
tact [9, 20]. Enhanced surface charge density directly correlates to increased output
charges [2-6]. Micropatterning remains a highly effective technique among vari-
ous approaches [29], with structured textures extensively explored to boost charge
generation [20]. The interplay between surface roughness and contact electrification
must be carefully considered. Several systematic patterning techniques, including
lithography, stamping, imprinting, and 3D printing, have been shown to significantly
enhance triboelectric voltage outputs [2—4]. Advanced methods such as ultraviolet
(UV) lithography and laser ablation further produce structured elastomeric surfaces,
yielding considerable gains in open-circuit voltage [30, 31].

4.1.2 Fillers and Composite Approaches

Incorporating conductive and dielectric fillers such as single-walled carbon nan-
otubes (SWCNTs), multi-walled carbon nanotubes (MWCNTS), carbon black, or
BTO into elastomer matrices significantly enhances triboelectric charge generation
and modulates piezoelectric responses [13]. Such enhancements arise mainly from
increased interfacial polarization, improved dielectric permittivity, and optimized
pathways for charge transport [15, 25]. However, balancing filler loading is crucial
to avoid structural embrittlement, phase segregation, or elasticity reduction, which
compromise mechanical durability [3]. Effective optimization thus depends on care-
ful control of filler dispersion, matrix compatibility, and processing conditions to
maintain structural integrity alongside superior electroactive performance.
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Fig.3 Electrical characterization of rubber-based (FKM, hybrid BTO/silicone rubber) TENGs: (al)
SEM micrographs of transfer-printed microwells on the FKM surface. (a2) Current output shows
a microstructured FKM-TENG with a higher short-circuit current (~ 8 and ~ 10 pA), compared
to the pristine substrate (5 pLA). (a3) Output voltage and power for FKM-TENG. (b1, b2) Tribo-
voltage and current output increase with increasing dielectric BTO layer thickness in the hybrid
BTO/ silicone rubber (SR) TENG. (b3) Frequency-dependent dielectric constants of BTO/SR with
varying dielectric layer thickness. Panels (al)—(b3) adapted from Arief et al., Mater. Horiz. 2022,
9, 1468, under the terms of the Creative Commons Attribution 3.0 Unported License (CC BY 3.0).
(c1) Mechanism of CE in TENG with SR and ENR (epoxidized NR)-IM (imidazole)/4CNTs (4
wt%) under single and dual-electrode mode. (c2) Voltage before and after the healing process. (c3)
Comparison of output power density and voltage as a function of variable resistance for PTENG
(STENG) before and after healing. Panels (c1)-(c3) adapted from Mandal et al. [10], under the
terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0)

4.1.3 Incorporating Self-healing Mechanisms Into Hybrid
Nanogenerator-Sensors

Several recent studies have focused on introducing dynamic crosslinking networks
and reversible ionic bonding to facilitate self-healing elastomeric matrices [10,
24]. These self-healing mechanisms enable the restoration of mechanical perfor-
mance and functionalities by repairing microtears or surface cracks, thereby pro-
longing the device lifespan under continuous operational stress. Ongoing research
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further explores thermally responsive self-healing strategies, where localized heat-
ing -facilitated by triboelectric energy harvesting induces polymer chain mobility
and induce bond reformation [27]. The integration of these self-healing/repairing
functionalities presents a unique opportunity for next-generation wearable and indus-
trial sensors, where long-term reliability against mechanical fatigue are important.
Self-healing rubber allows sensor modules to recover from mechanical tears or pro-
nounced abrasions [10]. In particular, we have reported that reversible ionic bonds
have demonstrated near-complete restoration of triboelectric outputs after damage
(Fig. 3c1—3) [27]. Such modules hold great promise for reliable sensing in scenar-
ios like prosthetics, high-motion robotics, and industrial automation lines prone to
abrasion.

5 Knowledge Gaps and Current Challenges in Soft
Robotic-Integrated Sensors

5.1 Extended Durability, Environmental Compatibility and
Device Integration

Although most studies assess the performance of HPTENGs over a few thousand
cycles, advanced robotic and wearable applications may demand much longer oper-
ational lifetimes, often exceeding a million cycles and exposure to extreme tem-
peratures [23] However, long-term degradation mechanisms, such as triboelectric
charge dissipation, viscoelastic creep, and material fatigue, remain poorly under-
stood. Further studies should incorporate accelerated aging tests and mechanical
fatigue analyses to improve durability under dynamic stress and environmental condi-
tions. Environmental factors such as moisture absorption, airborne contaminants, and
chemical exposure significantly influence triboelectric charge retention over time.
Humidity has shown to reduce triboelectric output by altering surface work func-
tions and promoting charge dissipation [25]. While recent studies explore hydropho-
bic coatings and encapsulation strategies, their long-term efficacy remains unclear.
In addition to these, the effects of temperature fluctuations on charge retention need
further investigation to ensure reliability across diverse operating conditions. In addi-
tion, integrating HPTENGs into soft robotic skins, wearable electronics, and other
flexible systems necessitates robust adhesion strategies that minimize mechanical
compliance mismatches [24]. Key integration challenges include sensor delamina-
tion, substrate wrinkling, and signal drift under repeated motion. To address these,
emerging approaches such as ionic bonding adhesives, flexible hybrid circuits, and
surface-functionalized polymers are being explored to enhance long-term device
stability.

Finally, investigation into the pressure sensitivity, durability, and response time of
the triboelectricity driven tactile array matrix (TTAM) is crucial owing to its broad
application in emulating tactile sensing. Preliminary data indicated that the pressure
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Fig. 4 Tactile sensor array based on commercial rubbers. a A 9-point TTAM based on the tri-
boelectric principle has been shown to operate under mild tactile contact. The figure illustrates a
state-of-the-art self-powered sensor system connected to an interface, demonstrating live contact
force mapping. b Pressure mapping of the 9-point tactile sensor array; the output is expressed in
terms of triboelectric voltage

sensitivity of the micropatterned array was higher than that of smooth sensor and is
attributable to an increase in effective contact area. Following a successful evaluation
of material parameters for optimal TENG performance and subsequent validation
through numerical modeling, we developed the first proof-of-concept TTAM based
on a 9-point tactile array composed of functional elastomers Fig. 4. However, further
investigation into arrays is highly anticipated, as the large amount of acquired data
from wide-area tactile arrays can be effectively fed into predictive algorithms and
machine learning.

5.2 Parameterized Finite Element Modeling (FEM)

Despite numerous efforts aimed at optimizing textured surfaces for TENG applica-
tions, existing shape parameterization methods frequently overlook critical factors
such as precise texture geometry and scale [29]. Additionally, computational sim-
ulations dedicated explicitly to texture optimization remain limited, though such
simulations are essential for the theoretical validation of optimization processes and
for reducing unnecessary experimental iterations [32]. To effectively address these
limitations and enhance the performance of materials in sensing applications, it is
crucial to integrate a diverse range of microstructures and material properties into
a comprehensive parameterized simulation model. Our recent studies emphasize
advancements in modeling contact electrification phenomena using parameterized
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FEM [26, 32]. Nonetheless, current FEM and multiphysics simulations often over-
simplify critical aspects of HTPENGs, particularly triboelectric charge transport,
piezoelectric responses under non-uniform strain conditions, and viscoelastic relax-
ation. Consequently, existing models frequently fall short of accurately capturing
charge retention and redistribution behaviors across prolonged cycles, leading to dis-
crepancies between computational predictions and empirical observations. Future
research should therefore adopt comprehensive, multi-scale modeling techniques
integrating detailed descriptions of contact electrification, viscoelastic deformation,
and real-time charge decay mechanisms to substantially improve predictive accuracy.

6 Conclusion

Given the rapidly expanding market potential of self-powered pressure and tactile
sensors in robotics and electronic skin technologies, and Internet of Things (IoT)
applications, significant progress in the modular TENG embedded within robotic
actuators are highly anticipated. Moreover, the sustainable nature of these energy-
harvesting modules, especially in robotic applications, provides strong commer-
cial incentives that outweigh existing technical and deployment challenges. This
review highlights the growing potential of HPTENGS, piezoresistive, and triboelec-
tric sensors for tactile sensing, focusing on commercial rubbers that deliver sustained
mechanical robustness, convenient scalability, and flexible processing. It emphasizes
significant advances in these technologies, with particular attention to commercial
elastomers renowned for their mechanical robustness, scalability, and processing ver-
satility. Novel approaches, from hierarchical micropatterning to self-healing archi-
tectures, continue to push the boundaries of device performance and reliability. Yet,
translating these laboratory findings into commercially viable products necessitates
deeper insights into long-term reliability, environmental durability, and manufactur-
ing standardization. Advanced computational modeling must evolve to more accu-
rately predict complex material behavior, while machine learning frameworks should
be fine-tuned to manage large volumes of sensory data streams under dynamic opera-
tional conditions. By integrating bio-inspired design principles, advanced filler tech-
nologies, and high-throughput fabrication methods, the next generation of elastomer-
based HPTENGs will likely drive a transformative shift in self-powered sensors
across robotics, consumer electronics, and beyond.
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and Klaus Zimmermann

Abstract A hybrid material, resulting in a thermosensitive elastomer (TSE), which
enables new applications with controllable material properties for the use in soft
robotic systems was developed. Recent advances in soft robotics demonstrate robust
and versatile performance in gripping and manipulation. By manufacturing such
compliant structures using thermosensitive hybrid materials made of polydimethyl-
siloxane (PDMS) and embedded polycaprolactone (PCL) particles, the system design
could obtain higher versatility and additional functionality. In certain investigations,
soft magnetic carbonyliron (CI) particles are also included in order to prove the
compatibility of the two filler particle types within the PDMS matrix and to utilize a
possible symbiotic effect of the particle mixtures. By means of mechanical tests, the
TSE enables shape changes through the simultaneous application of external heat
and stress/force. With a low melting point in the temperature range of 58-60 °C,
PCL as thermoplastic filler offers good application potential. One of the most impor-
tant and application-oriented phenomena of PCL is the shape memory effect (SME).
By adding soft magnetic CI particles, an accelerated heat distribution within the
samples was recognized, which results in a faster occurrence of the corresponding
thermally induced effect and an additional magnetically induced effect. Microcom-
puted tomography (LCT) and scanning electron microscopy (SEM) examinations
indicate a homogeneous distribution of PCL and CIP within the TSE. Moreover, the
influence of an external alternating magnetic field can result in magnetic heating. The
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multiple controllable properties of the developed material open up fields of applica-
tion in the area of gripping and locomotion technology. The focus is thereby on the
adaptive mechanical flexibility of the technical functional elements.

Keywords Thermosensitive hybrid materials + Shape Memory Effect -+ Magnetic
particles + Shape adaption

1 Introduction

The increasing tendency to integrate extensive functions in a single smart mate-
rial instead of separated components with distinct material properties, processing
of energy and information, leads to their steadily growing importance. The devel-
opment results in a wide range of smart materials. In general, these materials are
able to adaptively interact with the environment or can be specifically controlled
by physical, chemical or mechanical internal or external stimuli [8]. Furthermore,
a distinction is made between materials whose (micro —) structure has been modi-
fied and consequently their properties as well as composite materials whose material
properties are characterized by the combination of the individual components. The
latter are the focus of this work.

Photosensitive hybrid materials exhibit physical or chemical changes, e.g. changes
in molecular structure, in volume or in elastic properties, as response to an optical
signal [12, 33]. Such photosensitive materials are often utilized as sensors [5] or even
as drug delivery systems [2] or actuators [11]. The advantages of the stimulation with
light are the controllable spectral range of the light source and thus the adjustable
properties, the precise spatial and temporal control as well as an on-demand interrup-
tion and resumption of the activation. Photosensitive materials can respond quickly
and sensitively to changes in the incident light with a high degree of deformation [30].
Whereas composites such as magnetosensitive elastomer (MSE) or magnetoactive
polymer (MAP) belong to a category of smart materials whose mechanical behavior
can be controlled by applying an external magnetic field [15, 22]. However, the areas
of application are very similar, since MSE are also employed as sensors [6, 10], actu-
ators [1, 9] or for biomedical engineering applications [34], MSE ordinarily consist
of non-magnetic elastic polymer matrices, in which soft or hard magnetic filler parti-
cles are embedded. The common size of these filler particles is generally limited to
the nm to um range [16]. This kind of smart material shows multi-functional field-
dependent properties under the influence of an external magnetic field. Examples are
the elastic and plastic properties of MSE, which may be isotropic or anisotropic and
are magnetically controllable [24]. These externally controllable material properties
are induced by the interaction of both components (magnetic filler and elastomer),
thereby the compound is exceeding the usability and possibilities of each solitary
component. Beyond that these properties can be set during MSE manufacturing by
prior application of magnetic fields, mechanical stresses and preliminary treatment
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of the filler particles [3, 4]. Smart materials consisting of an elastic matrix and elec-
trically conductive fillers, which causes the actual insulator to become electrically
conductive, resulting in the so-called electroactive polymers (EAP) [16]. Conse-
quently, EAP can significantly change their size and/or shape by applying voltage.
In general, a material can be referred to as active if it is able to convert electrical/
magnetical/chemical energy directly into mechanical energy through the response
of the material [13]. Due to these controllable material properties, there is a great
interest especially in the fields of (soft) robotics and medical engineering, etc. [26,
34]. The various fabrication methods are also increasingly being researched. Not only
thermoplastics but also MAP and EAP can now be formed into a certain shape using
3D printing technology [17, 28]. This enables hybrid materials to be produced more
quick and even scalable in different designs and to be tuned individually according
to specific requirements.

1.1 Objectives

After numerous studies in the extensive field of smart materials mentioned above, the
focus of this work is on a practical aspect of thermal induced effects within a polymer
compound and is not restricted on pure polymers. The developed TSE, consisting of a
combination of an elastic PDMS matrix with thermoplastic PCL particles and enables
achange in the material properties of the resulting hybrid material or element through
a temperature influence. Temperature-dependent property changes have advantages
compared to the previously mentioned stimulation, e.g. an unhindered light influ-
ence cannot be guaranteed in every application. Similarly, the generation of strong
magnetic or electric fields often requires a large setup compared to thermal activation.
In addition, the aspect must be considered that magnetic or electric fields may not
be implemented in every application, especially regarding biomedical applications
inside or outside the human body. Furthermore, these magnetic or electric fields are
often not or not easily focusable or precise spatial and temporal controllable. There-
fore, it is possible to unintended influence surrounding non-involved structures or
parts of the application. Thus, these methods of activation are also often problematic
for applications in soft robotics, which are of interest for this work. A further advan-
tage of the TSE is that the resulting composites have to be heated up to a maximum
temperature of 60 °C, caused by the low melting temperature of the PCL filler parti-
cles used. Additionally, these hybrid materials exhibit a Shape Memory Effect SME,
which is of increasing interest in the field of soft robotics. Materials with a SME are
able to change their shape in a predefined and controlled manner when exposed to a
suitable stimulus, such as light or temperature [23, 25].
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1.2 Technical Approach

The main focus is the systematic investigation of the resulting hybrid material, which
includes mechanical analysis such as the measurement of stress-strain curves through
tensile and compression tests of the TSE. Thereby, it is one of the key parameters in
controlling their change of stiffness. Additionally, the SME is examined and thermal
as well as structural analysis of TSE with CI particles were carried out. A particle
combination of thermoplastic and magnetic particles is being discussed in order to
expand application possibilities through a suitable material configuration and to be
able to exploit the advantages of the resulting systems. Therefore, it was necessary
to investigate the compatibility of the material mixtures within the matrix in order
to improve the understanding of the theory. For hybrid materials, polymer blends
and composites with different fillers, the distribution of particles is of significance to
determine their macroscopic properties. Respectively, it is important to analyze the
distribution during and after the temperature treatment due to the thermosensitivity
of the developed material. The resulting hybrid material enables new applications
with a controllable material characteristic for the use in soft robotic systems, espe-
cially on the development of adaptive mechanical compliance of technical functional
elements, such as actuators and sensors. In order to get an idea of the application
potential, applications such as modified hard gripping structures or the extension
of an existing gripping system (robot hand for in-hand manipulation, CO-Design
of Prof. Dr. Oliver Brock from TU Berlin [20]) have already been investigated and
successfully implemented.

2 Experimental Methods and Characterization

The developed material requires a stable, repeatable and optimized manufacturing
process as well as knowledge of synthesizable material combinations. Verification of
the manufacturing process and the homogeneous distribution of the particles as well
as analysis of the internal structure and surface of all sample sets were carried out
using micro-computed tomography (LCT) and scanning electron microscopy (SEM),
as illustrated in Fig. 1.

The polymer blend of PDMS in which PCL particles are embedded shows a
good sample quality when this material combination contains up to max. 20 wt%
PCL particles, while the composites containing additionally CIP have reached a
maximum mixing ratio of about 15 wt% PCL particles and 50 wt% CIP. In order
to measure the effects of temperature on physical (e.g. mechanical properties) and
chemical properties, it is necessary to achieve a uniform heat distribution within the
samples, especially at temperatures around the melting point of PCL. Therefore, a
well-insulated and temperature-controlled heating chamber, shown in Fig. 2, has been
developed, built and verified experimentally through a FEM thermostatic analysis.
The extension of the Zwick/Roell Z005 tensile and compression machine [7, 18]
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Fig. 1 The image on the left side shows variously shaped thermosensitive hybrid material samples
for different investigations including mechanical testing, scanning electron microscopy (SEM), and
micro-computed tomography (WCT). The middle panel presents an SEM image of the material’s
surface, revealing polycaprolactone particles along with embedded soft-magnetic carbonyl iron
particles (CIP). The image on the right displays the results of a micro-computed tomography scan
of these thermosensitive hybrid materials, highlighting the distribution of both particle types within
the structure

incorporating this heating chamber enables the sample temperature to be controlled
during the tests.

Before the results of the tensile and compression tests can be correctly interpreted,
it is important to precondition the samples due to the Mullins Effect and Payne Effect.
The stress-strain curve of the polymer blend depends on its historical maximum load,
consequently, if the same load test is performed several times in sequence, a softening
of the material can be recognized. The preconditioning procedure consists of repeti-
tive steps of heating, loading and cooling and is intended to ensure that standardized
conditions are established for the samples allowing the results of different samples to
be compared with each other adequately. An example for the preconditioning process
within the tension test at room temperature is given in Fig. 3 for PDMS with 20 wt%
PCL.

80 Max [°C]

i
[ — ES—]
o050 a0

Fig. 2 Thermostatic simulations (FEM) of the heat distribution within the heating chamber for
tension and compression tests (left), construction and experimental verification of the set up
(middle), measurement set up for tension and compression tests (right)
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PDMS with 20wt% PCL

Force [N]

Displacement [mm]

Fig. 3 Force-displacement-characteristic and preconditioning process of the thermosensitive
hybrid material (PDMS with 20 wt% PCL) within the tension test at room temperature

During the preconditioning procedure it can be observed that the force at the
maximum strain decreases between each loading cycle. The hysteresis can be
explained by the typical material behavior of the elastomer. This characteristic is
displayed more clearly when the maximum load is hold up for a few seconds before
the sample is unloaded. The difference between the force curves and the maximum
force becomes smaller with the subsequent load cycles, thus the measurement result
becomes more stable. For this reason and for better comparability with the compres-
sion samples, the third loading cycle is utilized for the evaluation of both tests. This
applies to all subsequent static or dynamic mechanical and thermal investigations.

As shown in Fig. 4, a change in temperature leads to a change in the mechanical
properties, such as the stiffness (“modulus of elasticity” tension/compression) and
dynamics (“eigenfrequency”’, damping) of the material. The melting of the PCL
particles in a small temperature range around the PCL melting point (switching
characteristic) within the elastomer matrix causes a decrease in the stiffness of the
TSE of up to 60% depending on the particle concentration. This revealed a difference
between tensile and compressive stress, with the force required to stretch the samples
being lower than the force required to compress them [35].

In addition, soft magnetic particles (e.g. CIP) influence the heat transfer rate and
the specific heat capacity of the material mixtures. The reaction time of the material
to temperature changes can be reduced by up to 30% by adding CIP, depending on
the geometry and dimensions of the samples [14, 19].

Furthermore, a shape memory effect (SME) was observed. The melting of PCL
particles enables the reshaping of the material (e.g. compression, bending, “textur-
ing”) for temporary local or global morphological changes. After cooling, the shape
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Fig. 4 Temperature-dependent mechanical response of the thermosensitive hybrid material
containing 20wt% PCL. The left panel shows the results of tensile and compressive tests at
different temperatures of selected samples. The right panel presents the dynamic analysis, including
eigenfrequency and damping behavior of TSE

is maintained in the modified state by external deformation until reheating above the
PCL melting point. This process is completely reversible and repeatable. However,
the material retains its elastic behavior even in the deformed states, as illustrated in
Fig. 5. The SME results from the internal stresses between the molecular chains of
the elastomer and the PCL particles, while the external shape results from the balance
of all internal forces [29]. Consequently, the material mixtures can be described as
both thermosensitive elastomers and shape memory polymers.

Neither a shift in the melting temperature nor similarly striking differences
between the various material mixtures and the pure PCL particles were found. As a
result, it can be assumed that the thermoplastic particles only have physical bonds to
the matrix.

These results were confirmed by thermogravimetric examination methods such
as differential scanning calorimetry (DSC), shown in Fig. 6 and thermogravimetric
analysis (TGA), illustrated in Fig. 7.

Fig. 5 Demonstration of the shape memory behavior of thermosensitive elastomers. The images
on the left show samples with and without embedded carbonyl iron particles (CIP), illustrating
reversible shape changes under thermal influence and a clear recovery to the original geometry after
repeated the temperature stimulation. The middle and right images demonstrate shape adaptation
(shape imprinting). The imprinted shape can remain stable as long as the material is not exposed to
elevated temperatures again
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Fig. 6 Differential Scanning Calorimetry (DSC) analysis of the thermosensitive hybrid material for
selected samples (PDMS with 20 wt% PCL) . The temperature-dependent phase behavior and
corresponding thermal transitions of the material are illustrated
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Fig. 7 Thermogravimetric analysis (TGA) of the thermosensitive hybrid material for selected
samples (PDMS with 20wt% PCL). The graph shows the sample weight as a function of temperature
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Fig. 8 Experimental procedure and results of shape memory effect (SME) tests on the thermosen-
sitive hybrid materials containing polycaprolactone (PCL) particles of different sizes. The left
image (a) illustrates the deformation and recovery sequence of cylindrical samples (initial height:
12 mm) subjected to mechanical loading and thermal stimulation, comparing particle sizes: ps <
600 pwm, ps < 100 pm and ps < 30 wm. The right image (b) presents the corresponding quantitative
results, showing the sample height at different states (original, during heating and deformation, and
after modification) for TSE with 20 wt% PCL of varying particle sizes, highlighting the influence
of particle size on shape memory performance

Further investigations have revealed that the shape memory effect is more or
less pronounced depending on the average particle size, compared Fig. 8. Thus, the
extent of the SME of the material mixture with PCL particles < 30 pm is weaker
than the SME with PCL particles < 600 pm. One possible approach explaining why
the particle size is relevant in this case could be the fact that a sufficiently large area
of the soft segment must be present at various points in the network in order to force
the matrix to fix its shape. It appears irrelevant whether the rigid segment is formed
exclusively by the polymer matrix itself or by additional materials, such as the soft
magnetic CI particles.

Stretching the samples may cause air inclusions, which are subsequently the
reason why the PCL particle no longer fills the space between the network alone.
The SME would therefore be weakened. Whereas this effect does not occur when the
samples are subjected to compression, as the network is not expanded but compacted.
The possibility of creating space for possible air inclusions is in this case eliminated.

In addition, TSE with PDMS of different shore hardness (AO and A13) were
utilized. After the cooling process and removal of the external load, the indentation
into the sample was measured at different points. The mean values of the results are
illustrated in Fig. 9., which indicates that the TSE of lower shore hardness requires
a lower intrinsic height to enable an imprint that corresponds to the actual height of
the imprinted structures. A clear correlation between the quality and accuracy of the
SME with the respective shape adaption possibilities and the sample geometry as
well as the shore hardness of the matrix can be observed.

A suitable combination of silicone-based composite materials with thermoplastic
particles and silicone-based composite materials with soft or hard magnetic particles
results in a thermally/magnetically controllable element. Figure 10. shows a beam
made of two different layers, the bending of which results from the effect of a static
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Fig. 9 Height of the imprinted shape as function of the thermosensitive elastomer containing 20wt%
PCL with different shore hardness of the PDMS matrix

magnetic field and a temperature above 60 °C. The deformation of the beam is
reversible and can be repeated as often as required in all directions.

Not only the targeted control of the thermosensitive hybrid material is possible
through the effect of an external magnetic field, but also the heating of the samples
from the inside of the sample. Magnetic heating is mainly based on the principle that
the filler particle system absorbs energy when it is exposed to an alternating external
magnetic field [21].

3 Application Possibilities

Due to its high flexibility and compliance, the TSE consisting of PDMS with 20 wt%
PCL is suitable as a soft material, generally utilized for gripping fragile and sensitive
objects of irregular shapes and sizes, as illustrated in Fig. 11. In addition to the
numerous advantages, many challenges exist as soon as soft materials are employed
for gripping objects. The challenges include not only the necessary rigidity but also
sufficient gripping force, which is required to lift and hold objects and move them
to their intended position. Especially pneumatic soft actuators expand radially when
pressurized, which reduces the efficiency of the actuator performance [27, 31, 32].
A two-finger gripper was developed as part of a collaboration between TU Ilmenau
and TU Berlin, drawing inspiration from a co-design project. The gripping surfaces
that come into direct contact with the object consists of pure, blue-colored silicone.
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Fig. 10 Bending of a TSE beam; 1. Original state (0.s.), 2. o.s. of the fixed beam, 3. Applying an
external magnetic field and a temperature of 70 °C, 4. Removing the external magnetic field and
cooling down to 25 °C, 5. Modified state, 6. o.s. after heating the beam up and cooling down again

Since this part has negligible impact on the overall deformation behavior, PCL parti-
cles are omitted, resulting in reduced stiffness. At the mounting end of the gripper, a
rigid base is integrated, featuring a threaded section for attachment and a tube connec-
tion for the pressure regulation system. To ensure structural stability, thin layers of
temperature-resistant polycarbonate are applied to both the inner and outer sides of
the base. The gripper is installed on a motorized linear actuator, enabling adjustable
movement along the z-axis, and is part of a multi-axis test platform that ensures
precise alignment with test objects or measurement devices. Pneumatic actuation is
controlled using a manually operated mini pump and valves, while thermal energy
is provided through a heating wire embedded in the TSE.

To evaluate the potential forces that can be exerted by the gripper design, the
gripper and a force sensor are brought into direct contact, with no initial load applied
to the sensor in the resting state. The pneumatic activation does not cause a gripping
motion but instead generates a force directly. The force sensor is aligned perpendic-
ularly to the expected force vector, allowing it to measure forces across all spatial
directions. The resulting total force is recorded. The corresponding experimental
setup is illustrated in Fig. 12. Test results compare the original PneuFlex gripper
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Gripper

Fig. 11 The shown setup of the designed two-finger gripper consists of a motor-driven actuation
system connected to flexible gripper elements, demonstrating controlled gripping of an object

with the TSE-based gripper in both its unmodified and modified forms. Overall, the
data indicates that all gripper versions demonstrate similar performance. Both the
original and the TSE variants show a slightly degressive pressure-force relationship,
attributed to the internal pressure developed by the polymer mixture. This effect
becomes more noticeable at elevated pressure levels.

Due to its considerably higher stiffness, the TSE gripper shows a less favor-
able pressure-to-force ratio compared to the original PneuFlex gripper. As a result,
achieving the same gripping force with the unmodified TSE gripper requires a higher
input pressure. The modified TSE gripper displays a slightly progressive force-
pressure characteristic. Modifications to its shape influence not only the gripping
motion but also the resulting gripping force. While the underlying mechanisms are
not experimentally investigated in detail, it is assumed that the increased external
surface area and reduced wall thickness of the modified gripper allow for more
efficient conversion of air pressure into force, with lower energy losses.

To measure the forces at a defined point during the gripper’s motion, the sensor is
aligned with the movement trajectory of the gripper tip in a subsequent experiment,
as depicted in Fig. 12. According to the force measurements shown in the figure,
the curved tip of the modified TSE gripper contacts the sensor at a pressure of
0.1 bar. Initially, the pressure-force relationship displays a progressive trend, followed
by a degressive curve. In contrast, the original silicone gripper makes contact at
0.4 bar and exhibits a primarily degressive response. The overall behavior of both
gripper types is consistent with prior experiments, with the key distinction being
the pronounced degressive pattern above 0.8 bar in both cases. It is assumed that
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Fig. 12 Force development of the original silicone gripper (TU Berlin) compared to the original
as well as modified state of the TSE gripper (TU Ilmenau)

the pneumatic pressure contributes to both motion and force generation. As a result,
the force output is lower compared to earlier tests. This is due to the fact that larger
elastic deformations consume more energy, causing the force component to diminish
proportionally with increased deflection. Additionally, the contact area between the
sensor and the gripper tip shifts during deformation. As the gripper bends, the share
of frictional force increases while the direct compressive force decreases, altering
both the direction and magnitude of the resulting force. In summary, the TSE-based
gripper designs used in the experiments are capable of exerting forces of up to 3 N.
Moreover, the degree of deformation significantly influences the effective gripping
force.

Due to their properties, the TSE as shape memory polymers represent a potential
opportunity to realize or support applications in soft robotics, such as the co-design
project in a cooperation between TU Ilmenau and TU Berlin.

Other possibilities are soft robotic components with the ability to mimic different
morphologies, illustrated in Fig. 13, which can be produced as well as an effect
that resulting from the manipulation of the surface of the developed TSE resulting
in the change in the friction coefficient of the material. The manipulation in this
case includes the change of the surface at elevated temperature, which leads to a
reduction in friction, as well as the permanent change of the surface due to the
imprinted new morphology. In order to achieve a corresponding surface, it is neces-
sary to imprint different shapes in the macro and micro range into the new materials.
This can be advantageous when gripping and transporting various objects. To utilize
these advantages, various samples with different geometries and dimensions as well
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as the appropriate choice of force and temperature influence on the material were
investigated [29].

In addition to the modification of the soft robot hand at TU Berlin, another demon-
strator was developed and experimentally verified as part of the project. The sole of
the humanoid robot NAO, see Fig. 14, was modified using the new materials, which
resulted in an improvement in the stability of the robot by adapting it to any surface.
Heating the material leads to a temporary local change in the sole during operation.
This results in a change in the coefficient of friction as well as an adaptation to
different external structures or surfaces. As a result, the humanoid robot is not only
able to move on any surface without undesirable interruptions, but also to maintain
stability even under difficult conditions [29].

Fig. 13 Supplementing a conventional gripper by using thermosensitive hybrid materials (left) as
well as shape adaption and morphology changes (contact area) to generate new morphological
features for gripping of objects (right)

Fig. 14 Humanoid robot
NAO with a modified shoe
sole made of the
thermosensitive hybrid
material




Development and Characterization of Soft Magnetic Materials ... 59

4 Conclusion

By means of various experimental analyses, the material properties for an immis-
cible but homogen thermosensitive elastomer (TSE) consisting of polydimethyl-
siloxane (PDMS) and polycaprolactone (PCL) was determined. This polymer blend
can also be described as a shape memory polymer (SMP) according to the experi-
mental results. Utilizing thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC), the TSE proved to be thermally stable for the desired field of
intended application in soft robotics. The mechanical experiments revealed a clear
Payne and Mullins Effect of the samples, making preconditioning unavoidable for
further investigations and applications. The higher the proportion of PCL and CI
particles, the higher the shore hardness of the TSE becomes. The shore hardness
value is almost identical before and after the temperature influence, since the PCL
particles generally have a higher influence on the elasticity of the TSE. This also
results in a limit to the mixing ratio of 20 wt% PCL particles in the matrix due
to a lower miscibility and an unstable cross-linked end product. Both the weight
percentage of the particles and the shore hardness of the matrix have an influence
on the deformation and bending behavior of the TSE. Furthermore, the higher the
weight percentage of PCL particles, the more significant is the influence of temper-
ature on the thermal and mechanical effects such as the stress change, the different
stiffness and deformation behavior of the TSE, whereby the important temperature
range is between 60 and 65 °C. In some experiments, CI particles were included as
an additional filler. An amount of 20 wt% PCL and an additional 50 wt% CI particles
represents the maximum possible percentage by weight of fillers. The implementa-
tion has different consequences, on the one hand the addition of CIP accelerates the
heat conduction within the material, but on the other hand when an external magnetic
field is applied, the stiffness increases, which is a contrary effect to the softening of
TSE under the influence of temperature. Alternatively, the magnetic attraction can
be used as an external force to deform a sample during the melting process of the
PCL particles. The deformation increases if the samples are subjected to a tensile
force compared to a compressive force. Not only the static mechanical properties but
also the dynamic mechanical properties of TSE can be influenced by temperature,
such as the damping increase due to a higher temperature with a decrease in the
resonance frequency as consequence. The SME of the TSE is the most significant
under the condition that the PCL particles are larger than 100 pm. The SME can be
utilized not only for deformations of the entire sample geometry, but also for shape
adaption or morphology changes of the surface. The TSE of lower shore hardness
require a lower intrinsic height to enable an imprint that corresponds to the actual
height of the imprinted structures. However, with respect to the time the imprint
remains in the various samples without reheating the sample to its original state, it is
evident that the height of the imprint of the TSE of lower shore hardness decreases.
Therefore, a clear correlation between the quality and accuracy of the SME with
the respective shape adaption possibilities and the sample geometry as well as the
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shore hardness of the matrix can be observed. The TSE could be realized as an addi-
tion to hard structured grippers and as soft components such as a finger pulp of the
RBO3 hand or as an entire gripping system. Various aspects such as deformation
behavior, shape adaptations, morphology changes and stability improvements were
investigated within these application possibilities [29]. As a result, the TSE can be
implemented in many different soft robotics applications. The increase of tempera-
ture between 60 and 65 °C represents an field of application that does not affect the
properties of other components made of silicone, metal or ceramic. This makes the
material particularly attractive for implementation in existing systems.

5 Outlook

The TSE provide a good foundation for enabling new application possibilities in
the field of soft robotics. Manipulation can involve the modification of the surface
at elevated temperature, as already mentioned, which could result in a decrease of
friction, as well as the permanent change of the surface due to the imprinted new
morphology. This could be advantageous for gripping and during transporting various
objects.

In previous investigations, the focus has been on ensuring the most homogeneous
possible distribution of the PCL particles in the matrix. The corresponding properties
are highly standardized and can be adapted to almost all requirements. However, for
selected applications, it could be desirable to change the mechanical properties in
specific directions.

According to the experiences and results with the developed TSE, the design of soft
robotic structures based on particle-matrix interactions and controllable structural
properties by thermal and magnetic fields could offer interesting investigation results.
These fields, in their controlled temporal sequence, frequency, magnitude and time-
dependent behavior, provides the necessary energy inputs for tasks such as grasping
and locomotion and are used for information transfer.

In addition to manipulation, future applications are also seen in the field of locomo-
tion. Active elements such as a controllable worm skin (apedal locomotion), elements
such as an adaptive sole with a controllable friction coefficient (pedal locomotion)
for humanoid robots, as illustrated in Fig. 11 are possible fields of investigation.
The purpose is to improve the walking behavior of the humanoid robot by modi-
fying the friction according to the different requirements of any surface. A possible
stabilization of the walking behavior on different surfaces is then detected by the
force sensors already integrated into the system of the robot. Minimizing the force
therefore involves stabilizing the robot’s body [29].

In summary, the TSE offers many ideas for implementation as actuators and/or
sensors in the field of soft robotics and thus represents an important expansion of
possibilities.
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Abstract Dielectric elastomer (DE) components—such as actuators (DEAS),
switches (DESs), transistors (DETSs), and oscillators (DEOs) enable soft robots with
integrated material intelligence by combining actuation and control at the material
level. These components can be manufactured via printing methods that produce mul-
tifunctional elastomer structures capable of actuation, sensing, and signal processing.
DEAs typically use pre-stretched elastic membranes like VHB 4905 or silicone, com-
bined with stretchable carbon-based electrodes applied through printing. Existing
printable electrodes often degrade, limiting device longevity. We explored alternative
conductive composites with stable conductivity under strain and low stiffness. For
DESs, piezoresistive electrodes are required: materials whose conductivity changes
under load. To enhance switching performance, we developed functional inks with
high and stable gauge factors. By combining DEA and DES materials, we fabricated
DETs on a single substrate. Interconnecting multiple DEA-DES units forms DEOs
capable of generating oscillations. These soft, stretchable systems with switchable
piezoresistivity enable autonomous behaviors like walking, grasping, and sensing—
without external control units. Our work shows how soft electronic materials support
distributed control and multifunctionality in biomimetic soft robotics.
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1 Introduction

Pelrine et al. introduced dielectric elastomer actuators (DEAs) in the1990sat the
Stanford Research Institute (SRI International) as a new approach for the design of
artificial muscles. DEAs use electroactive polymers whose mechanical properties
resemble those of natural muscles, thereby allowing them to work as light, soft, and
energy-saving devices able to imitate the behavior of organisms. DEAs deform due
to an electric field and provide comparatively large displacements and significant
forces. They resemble a capacitor consisting of a thin silicone or acrylate elastomer
placed between two flexible conducting electrodes. Upon the application of a voltage
typically between 1 and 5 kV to the electrodes, an electrostatic pressure, known
as Maxwell pressure, compresses the elastomer, which expands in the transverse
direction. The Maxwell pressure is

£0&, V2

P=—"i ey
where & is the vacuum permittivity, &, is the relative permittivity of the elastomer, V
is the applied voltage, and d is the thickness of the membrane [1]. Suitable elastomers
sustain strains above 100% and lead to a high energy density. This is useful in soft
robotics, prosthetics, and other fields requiring flexible and adaptive materials. DEAs
also have multifunctional capabilities, being able to act simultaneously as actuators,
sensors, information processors, and even energy harvesters—all within the same
structure [2—8]. This multifunctionality can eliminate the need for rigid components
and external control units in soft robotic systems, which simplifies their design and
makes the robots more efficient.

Dielectric elastomer switches are a prominent example of multifunctionality. They
were introduced as a concept by O’Brien [9] in 2010 to reduce the reliance on
traditional external circuitry and enable fully soft, biologically inspired intelligent
systems. A DES functions as a strain sensor, utilizing changes in resistance due to
external mechanical stimuli, a phenomenon known as piezoresistive behavior. The
sensitivity is described by the Gauge Factor (GF) defined as the ratio of the relative
change in electrical resistance R to the mechanical strain € [10]:
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The key advantage of the DES is its exceptional sensitivity to deformation-
induced resistance changes, allowing it to achieve "ON-OFF" state conversion
with a resistance shift spanning approximately three orders of magnitude. Mate-
rial improvements and designs in the DES are promising for achieve bio-inspired
electromechanical control in robotic structures.

So far, carbon-based liquid materials have been used as conductive components
in DEA and DES, as discussed below. These materials have limitations related to
reproducibility, stability, and performance. To overcome these limitations, we inves-
tigate the potential of new conductive polymer composites with high conductivity
or piezoresistivity. For DEA applications, high conductivities have to be combined
with low Young’s modulus, to enable good actuation performance. DES requires large
piezoresistivities with resistance changes of approximately three orders of magni-
tude over many cycles at limited stiffness. This project studies both materials and
designs of DEA-DES combinations.

2 Material Development for Dielectric Elastomer
Actuators and Dielectric Elastomer Switches

2.1 Conductive Silver-Based Composites for DEAs

Conductive Polymer Composites (CPCs) based on dielectric elastomers possess tun-
able resistivity properties and are suitable to create highly deformable electrome-
chanical structures for actuators, particularly in soft robotics, where high actua-
tion performance and low operating voltages are required. Highly conductive metal
fillers, such as silver particles and flakes, are suitable fillers with high conductivity.
Their comparatively high cost is compensated by conductivities that surpass those of
graphite and carbon black by up to a few orders of magnitude [11]. However, the use
of metal-filled dielectric elastomers in soft robotic structures presents challenges due
to their high mechanical stiffness, with a Young’s modulus in the range of 10* MPa
to 109 MPa [12, 13]. Here, we investigate composites with silver particle fillers and
small fractions of carbon black. The goal of this hybrid approach was to create a
soft conductive composite that remains conductive after deformation for dielectric
elastomer actuator material for soft robotics.

A conductive paste was prepared by dispersing silver particles (AgP) with an aver-
age size of 1 wm to 3 pm (Thermo scientific, USA), into the silicone liquid precursor
Ecoflex 00-30 (SMOOTH-ON Inc., USA) at 24% volume fraction. Additionally, 2%
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volume fraction of carbon black (CB) (Alfa Aesar, Germany) with an average par-
ticle size of 800 nm was added. The prepared paste was then screen-printed onto a
200 pm thick silicone film (Wacker, Germany), forming a conductive layer with an
thickness around 20 wm. The printed films were cured at 80 °C for 3h to remove
the solvent and cross-link the silicone. Films were then immersed into 0.5 M salt
water for 1 h and subjected to post-curing at 160 °C for 30 min. Electromechanical
properties and durability were evaluated using uniaxial tensile testing with in situ
two-probe resistance monitoring.

Figure la and b illustrate the relative resistance change of the AgP-Ecoflex 00-
30 composites (without Carbon Black) and AgP-CB-Ecoflex 00-30 composites in
response to loading of 10% during 4000 cycles. For AgP-Ecoflex 00-30, the initial
resistance changed from 0.5 2 to 1.6 €2, while AgP-CB-Ecoflex 00-30 changed from
1.1 ©2to0 3.6 2. The CB reduced conductivity, which implies that it is present between
silver particles. We evaluated its effects on the durability of the composite. Figure Ic,
clearly indicates that the overall cycling stability was enhanced by CB. We conclude
that the incorporated carbon particles improved the connectivity of the conductive
networks under cyclic loading, resulting in enhanced stability. This results in stable
piezoresistive behavior in composites with CB already during the first 20 cycles,
where the CB-free composite changes (Fig. 1d). The piezoresistive response of the
CB-containing composite remained more stable than that of the purely metal-based
composites after many cycles, too.

The fluctuation in relative resistance during early loading/unloading cycles that
are particularly prominent for the CB-free composites are likely caused by crack
formation and residual elongation of the matrix under large deformation. Previous
work [14] reports that the resistance at rest of composites based on silver flakes
and Ecoflex 00-30 changed from approximately 52 to 50  during 1000 cycles
under 100% strain. The CB-based composites introduced here compare favorably,
consistent with reports on the role of CB in conductive networks under strain [15].

2.2 Piezoresistive Carbon-Based Thin Films for DES

The original DES were often fabricated by smearing or stamping carbon grease or the
inkjet-printing of carbon black-based inks [2, 8, 9, 16]. The highly viscous liquids
required for such processes provide acceptable conductivity and softness, but they
are prone to degradation due to Joule heating induced viscosity changes and poor
fabrication repeatability. The resulting short lifespan and signal distortion highlight
the need for the development of solid-state electrode materials to improve durability
and ease of fabrication in DES. In solid strain sensor research, a primary goal is to
enhance sensitivity, which is highly relevant to applications in human motion detec-
tion, soft robotics, and related fields. It is a challenge to retain sufficient piezoresistive
response, with resistance changes spanning up to three orders of magnitude under
external loading.
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Fig. 1 Electromechanical characterization of printed composite electrodes for DEAs. a Relative
resistance change of a AgP-Ecoflex 00-30 composite at 10% strain during 4000 cycles. b Relative
resistance change of a AgP-CB-Ecoflex 00-30 composite at 10% strain during 4000 cycles. ¢
Piezoresistivity of both composites during 4000 cycles. d Piezoresistivity during the first 20 cycles

In CPCs, conductive fillers lend insulating elastomers electrical conductivity by
forming interconnected pathways. The transition from an insulating to conductive
behavior is caused by a microstructural transition referred to as the percolation thresh-
old [17]. At this critical filling ratio, random filler networks become space-filling,
providing macroscopic electrical conductivity. According to standard percolation
theory, the piezoresistive response of CPCs is particularly pronounced near the per-
colation threshold, where conductive pathways are highly sensitive to mechanical
strain and can be easily disrupted [18].

We investigated whether strong and reliable piezoresistive responses can be
achieved in thinner films. Conductive particles were confined within thin composite
layers, which limits surface-normal motion of the fillers during deformation. Pois-
son’s effect causes the contraction of the film perpendicular to the stretching direction.
This rearranges conductive pathways, making them more susceptible to disruption
under strain. Spatial confinement in thin films potentially reduces the effect and
enhances the film’s sensitivity to resistance changes under mechanical deformation.
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Fig. 2 Piezoresistivity of a 8 vol% CB/PDMS and b 8 vol% GF/PDMS composite films with
approximately 10 pm thickness under 10% strain during 300 cycles. ¢, d Piezoresistance in the
plateau region as a function of film thicknesses for ¢ CB/PDMS and d GF/PDMS

We compared two different piezoresistive elastomer composites, one containing
of CB (Alfa Aesar, Germany), the other of graphite flakes (GF) (Enerage Inc., Tai-
wan). Both were dispersed in the silicone elastomer Sylgard 184 (Dow Corning,
USA), respectively. The composite paste was spin-coated onto 200 pm-thick sili-
cone film substrates (Wacker, Germany) to create layers with thicknesses between 1
to 22 pm and cured at 80 °C. The electromechanical properties and durabilities of the
films were evaluated using uniaxial tensile testing with in situ two-probe resistance
monitoring.

To assess electromechanical properties, the films were subjected to a maximum
strain of 10 % for 300 cycles, and the relative resistance changes were recorded
(Fig. 2a and b). Durability curves of CB/PDMS and GF/PDMS films with thicknesses
of approximately 10 wm were measured. The GF/PDMS films exhibited an initial
rapid increase in resistivity compared to CB/PDMS, after which the piezoresistive
responses of both films plateaued at higher cycle counts.

Figure 2¢c and d show that the piezoresistive responses varied significantly for both
CB/PDMS and GF/PDMS composites under the same strain conditions during the
plateau phase. GF/PDMS films exhibited a gauge factor of 2.5, which exceeded that of
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the CB/PDMS film G F = 1.8. Thinner GF/PDMS films with a thickness of approxi-
mately 3 pm exhibited large piezoresistive responses: their resistance increased from
100 k€2 at rest to several hundred M2 at a maximum strain of 20%, exceeding the
limits of the measurement instrumentation (marked with a star in Fig. 2d). This corre-
sponds to a dynamic resistance change spanning more than three orders of magnitude.
These results indicate that ultrathin GF/PDMS films exhibit highly sensitive and tun-
able piezoresistive responses, making them promising candidates for application in
dielectric elastomer switches (DESs).

3 Manufacturing and Modelling of Dielectric Elastomer
Actuators and Switches for Soft Biomimetic Autonomous
Soft Robots

3.1 Dielectric Elastomer Transistor for Smart Soft Robotics

One of the most notable achievements is the development of the dielectric elas-
tomer transistor (DET) that works within a soft flexible material system in line with
traditional transistors. DETs include a dielectric elastomer actuator (DEA) and a
dielectric elastomer switch (DES), which work together to create an electrically con-
trolled resistor. This innovation has enabled the manufacturing of complex logic
circuits from a completely soft material which is an important step towards a fully
integrated soft robotic system. We have successfully demonstrated the manufactur-
ing of all basic logic gates (AND, OR, NOT, NAND, NOR, XOR, XNOR). These
gates display the expected logic behavior with minimal errors, despite working on
higher voltage (1-5 kV) and longer switching times than traditional electronics. This
achievement is particularly important because it allows logic operations directly
within DE material, which eliminates the requirement of external rigid electronic
components in a soft robotic system [6, 7] (Fig. 3).

Building upon these basic logic gates, more complex circuits have been realized. A
notable example is the development of a DE multiplexer (MUX) using pass transistor
logic. This design significantly reduces the number of components needed compared
to traditional circuit designs, showcasing the potential for efficient and compact DE-
based circuits. The successful implementation of sequential logic circuits, such as
flip-flops, further expands the capabilities of DE electronics, enabling memory and
state retention in soft systems [2, 6, 8, 16, 19].

3.2 Simulink and ABAQUS Simulation

A major advance in the field is the creation of a comprehensive Simulink model to
simulate circuit networks of DEs. This model integrates various aspects of behavior,
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Fig.3 DE inverter: a DE inverter with no input voltage Vi,: Rpgs is high and the output voltage Vot
is high. b Vi, is high, Rpgs is low and Vy is low either. ¢ Typical transition functions Rpgs(Vin).
Figure ¢ by authors [4]. The figure is licensed under a creative commons attribution 3.0 international
license. You should have received a copy of the license along with this work. If not, see https://
creativecommons.org/licenses/by/4.0/

including viscoelasticity, leakage current, and in-plane actuation, providing a pow-
erful tool to predict complex device performance. The precision of the model was
validated through experimental results, with a maximum error of only 3.7% in the
frequency prediction for digital dielectric elastomer oscillators (DEOs) [7].

This modeling capacity significantly accelerates the design and optimization pro-
cess for DE devices, reducing the need for lengthy and expensive physical prototypes.
The development of DEOs represents another important advance. These devices,
inspired by standard central generators (CPGs) in biological systems, can generate
rhythmic signs to control and synchronize processes in soft robotic systems. Suc-
cessful modeling and implementation of DEOs open new possibilities for creating
autonomous and inspired robots with distributed control mechanisms. The research
also highlighted the multifunctionality of the DES, demonstrating its ability to serve
as actuators, sensors and energy harvesters simultaneously. This versatility allows
the creation of highly integrated systems that can perform various functions in a sin-
gle material structure, closely imitating the efficiency and adaptability of biological
organisms [2, 4, 7, 8].

Although block diagrams were used primarily for modeling the electromechani-
cal behavior of DEOs in Simulink, Finite Element (FE) analysis were employed to
analyze the mechanical properties of DEs with ABAQUS. We developed a compre-
hensive mathematical model implemented in Simulink to simulate the functionality
of DEOs, which can autonomously generate oscillating signals from a DC voltage
input. This model represents each component of the DEO as an electrical or electro-
mechanical element, allowing a detailed analysis of their interactions. The integration
of such models with ABAQUS simulations enhances the overall understanding of
DE behavior in soft robotic systems [4] (Figs.4 and 5).
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Fig.4 Schematic set-up of a DEO: a DEO possessing three inverters, b Single inverter possessing a
serial resistor Rg, a DEA of width wpga and length /pga and a DES, ¢ Photograph of an experimental
DEO demonstrator. Figure ¢ by authors [4]. The figure is licensed under a creative commons
attribution 3.0 international license. You should have received a copy of the license along with this
work. If not, see https://creativecommons.org/licenses/by/4.0/

3.3 2D Bio-inspired DEA Gripper with Integrated Sensors

The application of these advances to biomimetic systems is exemplified by the devel-
opment of a Venus flytrap-inspired gripper [8]. This device integrates sensors, actu-
ators and logic circuits to create an autonomous system that mimics the reflexive
movement of a Venus flytrap. The gripper can sense, process, and respond on envi-
ronmental stimuli without the need for external control systems, operating only on a
constant power supply. This achievement demonstrates the potential of DEs to create
bio-inspired robots with embedded intelligence and autonomy (Fig. 6).

Although these advances are significant, researchers recognize challenges and
ongoing challenges and areas for improvement [4, 6-8, 16, 20]. The viscoelastic-
ity of current materials, particularly the VHB4905 acrylic tape, results in delays
and limits switching speeds. Future work aims to explore alternative materials with
reduced viscoelasticity to improve performance. In addition, manual manufacturing
processes currently in use lead to variability in device performance, emphasizing the
need for automated fabrication techniques to improve consistency and scalability.
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(b)

Vin

Fig. 5 Equivalent network of a DEO depicted in Fig.4, with DEA capacitors C;, variable DESs
resistors R; and serial resistors , generating three oscillating voltage signals from one single input
voltage V. a Simplified circuit-DESs represented by an inverter module. b More realistic DEO
model, representing the DESs as voltage-controlled variable resistors R;. ¢ Functional chain of the
entire DEO. Figure ¢ by authors [4]. The figure is licensed under a creative commons attribution
3.0 international license. You should have received a copy of the license along with this work. If
not, see https://creativecommons.org/licenses/by/4.0/

3.4 3D Bio-inspired Autonomous Soft Robots with Skeletal
Structures

Novel soft robotic structures driven by DEAs were made possible with bioinspired
skeletal and muscular reinforcement. ABAQUS CAE was used for three-dimensional
FE analysis to predict the initial shape and deformation of the chosen robotic struc-
tures. The simulation process involved iterative improvements to the silicone skele-
ton’s geometry and variations in membrane pre-stretch to achieve desired deforma-
tion. ABAQUS was instrumental in modeling the complex interaction between the
DE membrane and the silicone skeleton [3, 5] (Fig. 7).

This approach allowed for the optimization of the structure’s anisotropic bending
stiffness and actuation performance. We emphasize the critical role of ABAQUS in
the design process, using it for three-dimensional finite element analysis to itera-
tively improve the silicone skeleton geometry and optimize membrane pre-strain.
The ABAQUS simulations were crucial in predicting the initial shape and bending
behavior of the structures under various loading conditions. The simulation results,
which showed good agreement with experimental data, were used to finalize the
design of the silicone skeleton and determine the optimal pre-strain level for the DE
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of two sensing systems and a set-reset latch made with DETs. ¢ Photograph of the DE latch. d
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under a creative commons attribution 4.0 international license. You should have received a copy of
the license along with this work. If not, see https://creativecommons.org/licenses/by/4.0/

membrane. This approach highlights the effectiveness of ABAQUS in bridging the
gap between theoretical design and practical implementation in soft robotics.

3.5 Combined Simulation of the Dynamics of Soft Robots
with Skeletal Structures

In order to precalculate the dynamic behavior of the soft robotic finger, we applied
the method of Combined Simulation [21]. It combines Finite Element methods and
network methods, with preference to networks methods to simulate efficiently as
well as exploring the dynamics. Figure9 shows the mechanical network model of
the soft robotic finger, where the low frequency model of the finger is used. It couples
the DEA unimorph segments with stiff elements, where the latter are modeled only
by their mass m in the first approach. The unimorph segments are described as finite
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Fig. 9 Network model of the soft robotic finger with silicone frame and multilayer DEAs

network elements of ideal bending beams as derived in [22]. They are bent by the
internal moment M, which is caused by the DEA element. The moment acts on the
bending compliancies ny/2/% with the length [ of the segment, Young’s modulus E
and moment of inerta / in the rotational domain. In the translational domain these
compliancies interact with the masses and constitute a resonating structure. Thus
the network model explains the measured vibrations in Fig. 8 and gives a graphical
overview of the dynamic elements. The Combined Simulation allows an efficient
determination of the network parameters by evaluating the FE simulations.

4 Conclusion

In this study, we developed promising functional conductive silicone composites for
use in DEAs and DESs with good reproducibility and electromechanical properties.
Silver-carbon polymer composite films for DEAs exhibited stable conductivities
under strain, high durability, and low piezoresistivities during 4000 strain cycles.
Carbon-filled silicone elastomer thin films for DES had enhanced piezoresistive
responses due to the confinement in thin films. The piezoresistive response increased
with decreasing film thickness. This was particularly pronounced for flake-shaped
carbon fillers. The resistance of the thinnest flake/elastomer films increased from
100 k€2 at rest to several hundred M2 at a strain of 20 %, showing their potential for
strain-sensitive applications.

The mathematical models relating to DEAs and circuit networks were effectively
modeled and verified using finite element analysis with ABAQUS and dynamic mod-
eling using Simulink as well as LTSPICE. These simulations were crucial in gaining
insight into the electro-mechanical behavior of dielectric elastomer components and
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in optimizing soft robot design. One of the highlights was the development of a bioin-
spired gripper resembling a flytrap, which employs DES and exhibits autonomous
functionality in grasping. This gripper is an example of the possibilities of fully soft
dielectric elastomer robots with completely integrated actuation, sensing, and control
within a single compliant structure.

In addition, our investigation of silicone frames for soft robotics highlighted their
flexibility and versatility across a wide range of applications. The project also con-
tributed to the development of DE-based digital electronics such as logic gates and
multiplexers, thus allowing the creation of more complex soft robotic systems with
integrated control systems. Future work will involve improving soft robots using
silicone elastomers for both actuators and switches. Silicone elastomers offer a num-
ber of advantages over conventional VHB materials such as lower viscoelasticity,
faster response times, better long-term stability, and improved mechanical robust-
ness. These properties make silicone elastomers highly suitable for creating switches
in the context of soft robots, which can result in more reliable, robust, and faster
soft robotic systems. In addition, the use of silicone elastomers could allow simpli-
fied manufacturing procedures and better integration of components, furthering the
creation of fully soft, autonomous robotic systems.
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Trust the Hand: Lessons from 15 Years )
of Applied Co-Design for Soft e
Manipulation

Adrian Sieler, Alexander Koenig, and Oliver Brock

Abstract A robot’s behavior is governed by its body and the controllers that actuate
it, making robotics a co-design problem. Until the emergence of soft robotics, the
control side dominated robotics. In particular, soft robotic hands shifted the respon-
sibility from complex control strategies to simpler, morphology-driven solutions.
Our RBO Lab accumulated 15 years of experience building and applying soft hands
for contact-rich manipulation tasks such as grasping and in-hand manipulation. By
sharing the lessons we learned along the way, we hope to convince future roboticists
that co-design is the right approach for advancing robotics.

1 Introduction

Soft robotics is causing a paradigm shift in robotics [1]. In this shift, the role of
the robot’s body is changing from a dutiful executor of control policies to an active
contributor to robot behavior. The consequences are substantial. Much of our under-
standing of how to build robotic systems and our intuition about generating behavior
has become incomplete.

To advance robotics following this paradigm shift, we must understand how to
orchestrate the role of the body and control in generating robot behavior. We must
learn how to build robot bodies that complement the capabilities of robot control and
vice versa. This is not only new scientific territory; this paradigm shift will require
us to overcome some of the well-established wisdom of robotics engineering and
science.
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Over the past 15 years, our laboratory has grappled with the consequences of
this paradigm shift in the context of soft robot manipulation. During this time, we
questioned and changed our intuitions time and time again. We had to realize that
traditional wisdom was sometimes hindering, not helping. We had to learn many
new lessons, some the hard way. In this paper, we have collected the most important
of these lessons. We present each lesson as a story. This format is unusual, but we
transmit our transformative experiences most effectively through these stories. We
feel justified in taking this unusual approach to transmitting research results by the
perspective of Peschl and Fundneider about how drastic innovation takes place in
science [2]. In their Emergent Innovation approach, they argue that radically new
knowledge emerges via (1) a deep understanding of the innovation object and (2) the
letting go of deeply ingrained assumptions. In accordance with this view, our stories
explain the insights from co-designing a soft manipulation system and highlight
which parts of traditional robotics wisdom we needed “to let go of.”

2 Lessons from Co-Designing Soft Manipulation

‘We continuously and iteratively designed and built a soft, anthropomorphic, pneumat-
ically actuated robot hand (Fig. 1). Each step of this 15-year-long evolution included
changes to the hardware and the way we control the hardware. We designed and evalu-
ated the entire system, control and hand together, keeping in mind that improvements
could be achieved in either or both [3-5]. We, therefore, lived through 15 years of
practical, comprehensive, applied co-design. By sharing our most insightful stories,
we want to provide the reader with a “crash course” in co-design, a fast way of
benefiting from our experience. We hope this work lays the foundation for a new
generation of roboticists for whom co-design is a natural choice and engineering
practice for advancing soft robotics.

2.1 Trustthe Hand

In 2019, a new generation of PhD students joined our effort to advance soft in-
hand manipulation. The students came from a traditional robotics background and
overlooked the role of the hand’s embodiment. During their first year, they experi-
mented with standard approaches like simulating the hand, reinforcement learning,
and probabilistic movement primitives (against Oliver’s advice). However, none of
these methods worked. Why? Probably because the underlying assumptions of well-
defined kinematics, dynamics, and states simply do not provide the most appropriate
framing for soft systems and need to be let go of, as predicted by the Emergent
Innovation paradigm [2].
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RBO Hand 1 RBO Hand 2 RBO Hand 3
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Fig. 1 Three generations of RBO Hands: RBO Hand 1 (photo reprinted from [6] with permis-
sion, © 2013 IEEE), RBO Hand 2 (photo reprinted from [7] with permission of the authors), and
RBO Hand 3 (photo reprinted from [8], licensed under CC BY 4.0). Anthropomorphism increased
over time, driven by improvements in thumb dexterity

As frustration grew, they began manually exploring the system (and the advice
they received). They mapped each actuator to a manual slider and programmed simple
open-loop sequences. One of these sequences should rotate a cube. To their surprise,
it worked. Not only did it work, it generalized across different object shapes, poses,
and even to 80-fold speed-ups despite the hand being sensorless [9].! They learned
that one can trust the hand in taking over substantial control responsibilities.

But which responsibilities can the hand’s body take over and why? The soft body of
compliant hands can store and release energy via material deformation. This property
enables the hand to passively conform to the object’s shape and to reject disturbances
automatically [10, 1 1].2 This self-stabilizing effect [12] simplifies control because the
hand’s soft body handles large parts of disturbance rejection [13, 14], which typically
requires active control [15]. In summary, our soft hand has desirable morphological
computation abilities, which can be accessed and “programmed” via appropriate
digital computation of controllers by changing the overall shape of the hand [4, 16].
Distributing sub-tasks and their solutions across these different types of computation
(here: morphological and digital) is at the core of co-design.

! View the surprising robustness of open-loop soft manipulation in this playlist:
https://youtube.com/playlist?list=PLb-CNILz7vmt6Ae_yD9i15TrCw0S8bKCn.

2 The RBO hand passively rejects disturbances: https://youtu.be/U6KgngitfvY &t=100.
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2.2 Help the Hand Help You

How can one access the helpful morphological computation of soft hands? In the
early days of our work on robotic grasping, we focused heavily on perception. The
idea was simple: sense the object accurately, plan exact contact points, and optimize
for performance metrics like force closure. In this view, any additional contact with
the environment is treated as a problem, not an opportunity. It was necessary and
productive to let go of this view, again confirming the ideas expressed in Emergent
Innovation [2]. Instead, we now consider extensive physical contact essential to
competent grasping.

We reached a turning point when we compared robotic grasping strategies to
how humans grasp and manipulate objects [17]. We realized that grasping is not
a single moment of perfect contact. Rather, it is a process full of interaction and
adjustment. With bewilderment, we watched a chef cutting potatoes®: almost none
of the hand/environment interactions, except for the grasp on the knife, could be
explained by classical grasping concepts. Instead, the chef used her fingers, the
counter, and the knife to guide the cutting motion of the potato. We observed that
humans deliberately leverage environmental constraints (ECs), such as table surfaces,
which enable simple and robust grasping [17, 18]. The same principle of leveraging
ECs applies to in-hand manipulation. The entire hand, not just the fingertips, provides
ECs to constrain an object [19]. ECs like gravity and inertia can also be leveraged
for simplified manipulation [20, 21].

Our soft actuator’s compliant properties allow us to safely drive them “into”
the environment without risking damage. As shown in Fig.2, the hand passively
conforms to ECs such as table surfaces, enabling guided finger motion without the
need for accurate control or perception [17, 22]. We realized that the hand’s helpful
morphological computation abilities are accessed by bringing the hand into contact
and leveraging these ECs. In essence, we make contact instead of avoiding contact,
and by making contact, we help the hand help us. The ability to exploit ECs can be
considered an inductive bias for co-design.

2.3 Do Not Always Trust the Hand

When we designed the RBO Hand 1 [6] and 2 [7], our main goal was to maximize
compliance, as we were enthusiastic about our early results on grasping.

However, we quickly observed that not all compliance is helpful [23]. In the RBO
Hand 2, the actuators were sometimes too soft. They struggled to lift heavy objects
and often buckled when coming into contact with the environment. Their compliance
made their behavior unpredictable and limited what the hand could do, as shown in
Fig.3. To fix this, we made the actuators of the RBO Hand 3 stiffer, giving them
more strength and significantly reducing the risk of buckling.

3 Julia Child, “The Potato Show”, see: https://youtu.be/Vjq5P24AkwM.
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Top Grasp

Flip Grasp

Edge Grasp

Fig. 2 Our soft actuators can safely make contact with the environment. Therefore, our hand can
replicate human grasping strategies that exploit the environment, such as table surfaces, without
risking damage. These robust grasping strategies leverage the hand’s morphological computation,
reducing the need for accurate sensing and control [17] (figure adapted from [8], licensed under CC
BY 4.0). View our videos of the top grasp https://youtu.be/ENbrUOmDsSI, the edge grasp https://
youtu.be/OLnvVSEINH4, and more EC-exploiting grasps https://youtu.be/ WuSbj64F4NO

Fig. 3 Examples of bad morphological computation. Left: soft fingers yield while pulling on a
heavy door handle. Middle: fingers buckle while sliding along a wall. Right: fingers buckle while
lifting a heavy bottle (photos reprinted from [24] with permission, © 2017 IEEE)

Realizing that not all compliance is good highlights the importance of adjusting the
hand’s compliance for a given task. Our actuators’ compliance is tunable by changing
their inflation level: high inflation means lower compliance. Our RBO Hand 3 has
more degrees of actuation per finger than its predecessors and can, therefore, more
accurately tune its compliant response [8]. Furthermore, variable stiffness actuators
can improve the versatility of hands by selectively stiffening their body [25, 26]. In
summary, the degree of material compliance and the actuation abilities of a soft hand
are key factors that must be considered in a co-design process.
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2.4 The Human Hand Inspires

After successfully using soft hands for grasping through environmental constraint
exploitation, where the hand simply closes upon force feedback triggered by con-
tact, we began considering how to control the hand for more fine-grained tasks, like
in-hand manipulation. These tasks posed a challenge because common control, plan-
ning, and learning methods [27-32], which rely on precise models, are unsuitable
for soft hands. Again, we had to question our deeply ingrained assumptions from
traditional robotics approaches to these problems [2].

Motivated by a programming error in a class exercise, we experimented with
random Jacobians to control an object’s position tracked using an AprilTag marker.
Each entry was randomly set to 1 or -1, and if we could not reduce the error, we
flipped the signs. Surprisingly, this naive approach worked far better than expected.
This revealed that the hand’s natural compliance and self-stabilizing properties could
compensate for the lack of precise models. Around this time, we came across a paper
on human motor control, suggesting that forceful tasks could be performed using
“sloppy” models rather than precise ones [33], which aligned with our findings.
Inspired, we developed a robust feedback control algorithm using coarse, inaccu-
rate models [34]. These models were not inaccurate for the sake of inaccuracy. But
making them more accurate was very costly and did not lead to any improvements
in performance—something that deeply seems to contradict standard engineering
intuitions.

Our soft, anthropomorphic hands look like human hands and behave surpris-
ingly similarly. Their shape and compliance naturally aid in guiding and stabilizing
interactions, even without complex control. This insight allowed us to investigate
bio-inspired control strategies for grasping and in-hand manipulation [17, 33, 35—
37]. As the human hand is already the product of co-design through evolution, human
control strategies can serve as inductive biases for control in our co-design efforts.

Interestingly, anthropomorphic design also impacts how the community perceives
research. While the grasping performance of the RBO Hand 1 was impressive, it did
not manage to capture the community’s substantial attention. However, by making
the RBO Hand 2 more anthropomorphic (among other things, of course), we were
able to win a best student paper award at RSS 2014 [7]. The imbalance in attention
is also reflected in the citation counts as of May 2025: the RBO Hand 1 paper [6]
has 431 citations while the later RBO Hand 2 paper [7] has 1364 citations.

2.5 Think Beyond the Human Hand

Figure | shows the three generations of hands developed in our lab to make the
hand as anthropomorphic as possible. While developing in-hand manipulation skills
with the RBO Hand 3, we encountered a surprisingly human problem: clamping an
object between two fingers to let the thumb gait along the object. People do this
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Superhuman
Palm Inclination

Second
Thumb

Fig. 4 Bioinspiration is only a starting point. Top row: we equipped the hand with a superhuman
palm inclination of up to 80°, increasing the range and dexterity of the ring and little fingers.
Bottom row: A second thumb can secure an object from one more side and increases the hand’s
overall dexterity. View the second thumb in action: https://www.youtube.com/playlist?list=PLb-
CNILz7vmuvzliy- YiXME-ksJyFBwOd

instinctively, but with their high lateral compliance, our soft robotic fingers required
precise contact placement, which was far from trivial.

Guided by lesson 2 (Sect.2.2) encouraging us to exploit contact, we avoided
solving this problem with control for the current hand. Instead, we went to hand
design again (Fig.4). We increased the bending range of the actuated palm from 30°
to 80° to enable a firmer grip between the fingers. Then, we made an even larger
change by adding a second thumb. This extra thumb offered an additional contact
patch, helping to stabilize the grasp while gaiting the other thumb.

Addressing this problem solely at the control level would have required intricate
control. But by co-changing the hand’s design, we could explore capabilities beyond
the human form factor. This iterative co-design aims to identify the fundamental
properties required for a general manipulation platform rather than simply copying
the human hand. The second thumb simplified the original control problem and
enhanced the hand’s co-designed abilities.

2.6 Treat Friction Like an Actuator

New challenges emerged when we started to exploit contact with the environment
for grasping. While using the RBO Hand 2 to pick objects from cluttered boxes in
the Soft Manipulation (SOMA) [38] project, we kept running into a frustrating issue.
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As the hand slid across the bottom of the box, its soft silicone fingers, made from
high-friction Dragon Skin 10, would stick, bend awkwardly, and buckle under load.

Then came an unexpectedly simple fix. One PhD student, watching the hand
struggle with the surface, grabbed a bottle of baby powder and lightly dusted the
back of the actuators. Suddenly, the fingers stopped catching. They slid cleanly, and
the buckling problem disappeared. It worked so well that we started using baby
powder even during in-hand manipulation, as the actuators had been designed for
grasping and had too much friction.

The key lesson here is that selecting the appropriate level of friction is crucial for
performance. To address this, we designed a special pulp layer that we attach to the
soft actuators, allowing us to tune both the stiffness and friction at the contact. Even-
tually, we turned away from using baby powder. Now, we adjust the stiffness using
different silicones. We also modify friction by adding a Slide STD/I Surface Ten-
sion Diffuser into the silicone during manufacturing. Specific compliance structures
in the pulp can further enhance grasping performance [39]. In the future, we hope
to build soft actuators that can adjust their friction through control, allowing even
greater adaptability [40]. Similar to compliance, friction is an important variable in
a co-design process.

2.7 Material Compliance Simplifies Exhibiting Compliance

In 2020, our PhD students set out to better understand the unique contributions of
soft bodies in robotic manipulation. In a simple but revealing experiment (Fig.5),
they clamped a wooden annulus between the index and the thumb of a soft robotic
hand. Then, they actuated only the thumb for just half a second.

What happened next was unexpected. The annulus kept rotating in a coordinated
motion with the thumb, even though the thumb was not actuated at all. The students
realized that this behavior is not just acceptable—it is desirable! The body itself is
manipulating, reducing the burden on control. It is a feature, not a bug! And again,
this violated our intuitions.

What makes this passive, continued motion possible? The answer lies in the
omnidirectional compliance of soft actuators (Fig.6). Thanks to its compliance,
the index finger automatically stays opposed to the thumb. The thumb essentially
actuates the passive workspace of the index. The thumb’s brief actuation initiated
a cascade of energy storage and release, naturally moving the system into a new
energy minimum—without extra control. Rigid hands would require intricate joints
and complex control schemes to achieve similar results. Meanwhile, the soft hand
achieves it effortlessly. Enabled by the soft body, we could let go of the typical
assumption that fine manipulation, such as rotating the annulus, requires accurate
sensing and control, further supporting the Emergent Innovation paradigm [2].
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Fig. 5 Embodied intelligence at work: a brief thumb actuation introduced energy into the system,
rotating the annulus. After the actuation stops at 0.5s, the hand continues rotating the annulus as
it progresses into a new energy minimum. The turquoise arrow indicates annulus rotation. Watch
the video here: https://youtu.be/Nor2QEtM4W8 (figure adapted from [9] with permission of the

authors)

Flexional Lateral Twist

Fig. 6 The omnidirectional compliance of our fingers is a key enabler for its morphological com-
putation, as demonstrated in Fig. 5. Exhibiting a similar level of compliance on a rigid hand would
require complex articulation and control. A hand that is compliant in more directions is more self-
stabilizing because its body can compensate for disturbances in more directions (photos reprinted
from [24] with permission, © 2017 IEEE)

2.8 The Body Is the Sensor

Although soft hands enable robust manipulation in a sensorless, i.e. open-loop, fash-
ion [9, 10, 21], we need sensorization to avoid, detect, and recover from failures, as
well as for learning manipulation behaviors. With this in mind, we began building
sensors specifically tailored to soft hands, i.e., sensors that preserve the compliance
of the hand [41]. Oliver voiced an unconventional idea—embedding a speaker and
a microphone into the squishy fingers to listen to their deformations. Everyone was
skeptical. It sounded too strange, too different. Nobody wanted to take on such a
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Acoustic Sensing Strain Sensing Tactile Sensing

. -
|
Hardware Microphone Speaker Liquid metal-filled tube Flexible Riezoresistive
PCB fabric

Contact position, contact force, Finger deformation, ;e
G % A 5 s ) =7 Contact position,
Modalities finger inflation, object material, contact position,
contact force
temperature, ... contact force, torques

Fig. 7 Our three sensor types for soft fingers: The sensors preserve compliance because they are
either flexible or their rigid components are placed in a way that preserves actuator compliance. The
acoustic sensor is placed inside the finger [42]. Flexible strain sensors are glued onto the finger [24].
Stretchable tactile arrays are mounted on the non-stretchable inside of the fingers [45]. The table
lists the physical properties that can be sensed by the respective sensor

risky project. However, Gabriel Zoller, a Master’s student at the time, decided (in
alternative accounts: was coerced) to give it a try during a project course we were
offering at the time.

To everyone’s—even Oliver’s—surprise, the soft fingers had much to say. The
internal sounds, captured by the microphone, revealed rich information like contact
position, force, and even temperature, all decoded using simple machine learning
models. The results were so unexpectedly accurate and general that Gabriel did not
initially trust them. Something must have gone wrong. But he could not find the
mistake. He wiped the slate clean, rebuilt the entire setup from scratch, and collected
an entirely new dataset. But again, the soft fingers told the same astonishing story.

Acoustic sensing [42], together with other sensing technologies we explored
(Fig.7), gaverise to the idea of morphological sensing [43]: The entire morphology of
the body serves as a powerful sensor. Figure 8§ illustrates this approach. Morphologi-
cal sensing is based on the observation that all interactions between hand and environ-
ment manifest themselves in changes to the morphology. Sound propagating through
these changed morphologies is modulated to capture these changes. The desired sen-
sor information can then be reconstructed from the recorded, modulated sound signal
via computation [44], reconstructing the relevant measurement from the sound. Com-
putation can use the morphological sensor to emulate several different “classical” sen-
sor types (Fig. 7). Therefore, it is essential to recognize that sensing naturally becomes
part of the co-design process and should not be considered a separate problem.

2.9 Do Not Control Compliance “Away”

In the early days of designing our soft hands, we needed a way to inflate and deflate
the actuators. The obvious choice was to control the internal pressure since pressure



Trust the Hand: Lessons from 15 Years of Applied Co-Design ... 93
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licensed under CC BY 4.0) Measurement
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sensors are inexpensive and reliable. So, we followed the conventional approach and
built a pneumatic controller based on pressure.

As we worked with this setup, problems started to emerge. The issue was that soft
actuators change shape when they contact something, altering their internal volume.
As aresult, the controller kept trying to regulate pressure even during contact. When
the hand grasped an object, the pressure increased, and the controller would deflate it,
almost as if the hand was “scared” of the contact, controlling its natural compliance
“away”. To circumvent this behavior, we tried something different. We opened the
valve for a fixed amount of time to let air in, then shut it. That was it. With no
controller constantly adjusting the pressure, the hand was free to respond naturally
to contact, just as we intended.

Closing the valve locks in a fixed amount of air mass, which sets the shape the
actuator returns to when no external forces are applied—like a stretched spring
returning to its original position [9]. This makes air mass a more suitable control
variable than pressure [46]. Air mass control effectively turns soft pneumatic actu-
ators into programmable springs, helpful in sensing actuator deformation [34] and
modeling the hand’s free-motion kinematics, which is useful for in-hand manipula-
tion tasks [11]. This perspective on control lets us disambiguate the contributions
of software and hardware. Knowing these contributions can inform the design of an
objective function of a co-design algorithm [23].

2.10 Pneumatics and Silicone Are Good for Prototyping

Building a robotic hand is traditionally a complex task. Therefore, only a few are
built, making it costly to break one. As a result, contact—something a hand is meant
to handle—becomes something to avoid, which is counterintuitive.

In 2011, we discovered the universal jamming gripper [47] and the starfish grip-
per [48]. Suddenly, a whole new way of thinking about hands opened up. Pneumatic
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actuation was a game-changer. It allows us to decouple the control system (valves
and compressors) from the actuators, enabling quick replacement of broken actua-
tors. In addition, silicone actuators are easy to manufacture. All we do is 3D-print a
new mold, and we can change its design at will.

With this newfound flexibility, we began building. Over the past 15 years, we’ve
created around 70 hands, sharing them with research groups and showcasing them
at exhibitions. Each time we built a new hand, the hardware continuously improved.
Every student joining the lab gets their own hand (and most often builds it), which
has shifted our mindset. We no longer fear breaking the hand. Instead, we embrace
hardware failure as an opportunity to improve the system. In the language of Emergent
Innovation [2]: By building pneumatically actuated hands out of silicone, we can
quickly prototype and, therefore, efficiently obtain a deeper understanding of our
soft manipulation system.

2.11 Dare to Change Everything

When the new PhD cohort joined the RBO lab in 2019, the outgoing group, which
had been working on soft manipulation, was beginning to hand over their projects. At
first, they assumed they would simply inherit the existing version of the robotic hand
and develop software solutions for manipulation tasks. They were afraid to change
the hand design because they were unfamiliar with hardware development and were
trained in machine learning and control.

But that assumption did not last long. As the students started working with the
hand, it became clear that real progress could not come from treating the hardware as
fixed. They quickly found themselves getting hands-on with every part of the stack—
improving the low-level pneumatic control, making the manufacturing of actuators
more reproducible, enhancing the design of the hand for easy and quick assembly,
and even changing the kinematics of the hand. The hand is far from perfect, and there
was and still is much room for improvement.

Daring to change everything is essential for a successful co-design project, where
every part of the system must be open to change. While this might seem daunting
initially, it pays off in the long run by providing the deep understanding of every aspect
of the hand needed to truly engage in an Emergent Innovation process [2]. Otherwise,
you risk being limited by artificially imposed, unnecessary constraints, like those of
traditional robotics that focus narrowly on the control aspect and disregard the body’s
capabilities.

3 Conclusion

We have shared our experiences with orchestrating the role of the body and control
through a real-world co-design process in the context of robotic in-hand manipulation
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and grasping. Our findings demonstrate that simple control can lead to remarkably
general behaviors when making appropriate hardware choices, which starkly con-
trasts with how current deep learning approaches achieve generalization [27, 28,
31]. This new paradigm calls for us to be generalists. While this perspective is
not new—robotics was interdisciplinary in its early days [49]—it had become more
compartmentalized over time. We encourage future roboticists to embrace co-design,
thoughtfully distributing responsibilities between a robot’s body and its controls to
unlock simple, general, and robust robots.
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Automated Design and Fabrication )
of Pneumatic Logic Circuits to Control e
Soft Robots

Marco Pontin and Perla Maiolino

Abstract A key obstacle for pneumatic soft robots to operate in the real world
is represented by the bulky and heavy hardware (pumps and valves) needed for
their control. Recent advancements have made it possible to create fully pneumatic,
3D printed robots that integrate all control logic onboard, using readily available
3D printing devices. Despite this, critical breakthroughs are needed to automate
and optimize the design process of such onboard controllers. In this chapter, we
present an end-to-end framework covering the journey from single logic component
design to an automated compiler that turns user-input truth tables into an optimized,
ready-for-printing CAD file of the corresponding logic circuit for soft robot control.

Keywords Soft robotics - Fluidic logic compiler - Monolithic fabrication -
Embedded control + Design automation * Soft systems design - Soft valves

1 Introduction

Soft robotics has nowadays established itself as a key field of robotics research [1].
Over the years, hundreds of actuator and sensor designs have been explored [2—6],
with applications ranging from medical devices (millimeter scale) [7-9] to space
and environment exploration [10—-14] or the construction industry (meter scale) [15].
The intrinsic compliance of soft robots makes them the optimal choice for highly
unstructured environments and dynamic interactions where safety is a concern, but
this comes at the cost of ease of control. Their high degrees-of-freedom bodies require
complex sensing networks and control algorithms to be able to achieve the desired
performance.
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To mitigate this challenge, soft robotics has strongly tied itself to the concept of
embodied intelligence, meaning achieving desired behaviors out of the robot design
itself, rather than the control logic alone [16]. This is particularly clear in the case of
pneumatically actuated soft actuators, which represent one, if not the most, commonly
used type of actuator in the field. To achieve the desired shape of the actuator upon
inflation, constraints are added to specific parts of the actuator’s body, making them
expand less, while others are left free to inflate. The result is devices which can
achieve complex trajectories completely open-loop, the only control signal being the
actuating pressure. In addition, breakthroughs in additive manufacturing techniques
have transformed what used to require highly skilled researchers and multiple steps of
manual work into semi to fully automated processes where a CAD file for the actuator
is generated and printed, being ready for use after minimal post-processing [17].

Despite the recent advancements, for soft robots to see widespread adoption, a
lot of work still needs to be done on the aspects of control and 3D printable logic
circuits. So far, most robots rely on rigid pumps, valves and digital microcontroller
units (MCUs) and circuits, which, due to their weight and size, are not onboard
the robot itself. This constitutes a critical limitation for untethered operation [18].
Researchers have explored the possibility of using custom-design soft valves and
advanced additive manufacturing technologies and monopropellant fluids to manu-
facture soft robots that include onboard computation in the form of a fluidic controller
and storage for the actuation fluid [19]. The cost of such technologies, though, renders
their widespread adoption unfeasible. Several state-of-the-art works have explored
the possibility of using Fused Deposition Modeling (FDM) 3D printing as a viable,
low-cost solution for monolithically printed soft robots, including onboard control
logic [17, 20, 21]; the key contribution being the use of commonly available 3D
printing machines. To strengthen the success of these approaches, some limitations
still need to be addressed. Specifically, particular techniques need to be adopted to
be able to print air-tight chambers and actuators [20], which are a crucial require-
ment in pneumatic circuits. Designs need to avoid any supports, or more complex
multi-material setups are needed. In addition, the resolution of FDM printing limits
the minimum size of channels and details that can be printed. For these reasons,
the design of such systems still requires expert engineers and design iterations to be
able to achieve robots that are functional directly out of the printer. One of the key
challenges is the lack of automated procedures to turn desired custom logic functions
into optimized circuits using libraries of standardized 3D printable logic elements.
In [22], the authors make a first attempt at developing an online compiler using
pneumatic component designs available in the literature. The approach limits itself
to taking a user-input truth table and displaying the necessary piping and connections
between logic components, leaving to the user the labor-intensive and error-prone
fabrication steps. A more all-encompassing approach is therefore needed to speed
up progress in this field.

Throughout this chapter, we present a design framework for monolithically 3D
printed control circuits for pneumatic soft robots, starting from an example of a
bistable mechanism for valve control [23], to more complex modular designs featur-
ing multiple inlets and outlets [24], culminating in an attempt to fully automate the
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pneumatic circuit design pipeline end-to-end [25]. The first two sections demonstrate
how a systematic library of fully 3D printable components can be built, allowing any
user-specified function to be replicated. Components should ideally be printed in
place, including all necessary connections, without any further assembly required.
Such logic elements can then be used to power compiler algorithms such as the one
presented in this chapter, to generate space-optimized pneumatic circuits for onboard
control of soft robots.

2 3D Printing Pneumatic Valves and Controllers

As briefly mentioned, the state-of-the-art includes countless soft valve designs, not
just for computation, but also for more advanced scopes like fault detection and
isolation [26]. For the sake of conciseness, this section will only focus on the several
examples of 3D printed valves for soft robots. Arguably, some of the other designs
might still be 3D printable, with some adaptations, but what we want to focus on is
the specific function provided by the components rather than their specific design.

MultiJet Modelling (MIM), a process in which different materials are deposited
in droplets layer-by-layer, was used in [27] to create fluidic components equivalent
to capacitors, diodes and gain-tunable transistors. In [28], Hubbard et al. present
designs for 3D printed fluidic diodes as well as normally open and normally closed
transistors. These components are printed using a high-precision PolyJet method,
similar to MJM. As a result, all components of the valves can be printed in place
with varied mechanical properties, from the rigid body to the deformable membranes
and seals. The authors then use the components to create an oscillator circuit for the
onboard control of a 3D printed soft robotic turtle. Bartlett et al. [29] use an analogous
technology to manufacture a robot powered by combustion. The capability of mixing
materials of different mechanical properties is exploited to create a shell with graded
elastic modulus, ranging from 1 MPa to 1 GPa, to focus the explosive energy towards
a specific part of the membrane, while providing a strong and reliable interface
between its soft, deformable part and the rigid structure of the robot.

More recently, researchers have focused on inexpensive and readily available
Fused Deposition Modeling (FDM) printers, to lower the barrier to entry to the
field. One of the drawbacks of FDM is the limited precision of the process com-
pared to PolyJet printing. In addition, even though multi-material setups are now
available, printing designs with graded mechanical properties remains challenging.
Most importantly, though, due to the extrusion-based process, printing with very soft
materials, below 70A Shore hardness, is very complex and time-consuming. Despite
these limitations, Zhai et al. demonstrated techniques for printing air-tight actua-
tors and valves using Thermoplastic Polyurethane (TPU) without supports using
FDM printing [20]. These have been built upon in [17] to create a highly integrated
monolithically printed walking robot featuring a ring oscillator circuit to power the
actuators moving the six legs the robot uses to crawl. A similar result was achieved
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by Conrad et al. [21] with their valve design that can operate as a NOT, AND or OR
gate, depending on the way it is connected into the circuit.

All examples so far have dealt with the printing of the logic components and actu-
ators, but the source of actuation itself was provided after the fact either through a
tether or using small canisters. In [19], Wehner et al. present the use of EMB3D print-
ing using fugitive and catalytic inks to print a fully soft octopus robot. A microfluidic
oscillator is used to control the robot motion, but, contrary to previous examples, the
actuation power comes from the decomposition of a monopropellant fuel stored in
onboard reservoirs.

3 3D Printed Multi-channel Bistable Valves
for Pneumatically-Driven Soft Robots

This section presents the method for monolithic fabrication through PolyJet 3D
printing of modular multi-channel valves for complex pneumatic circuit creation
developed in [23]. First, we investigate the design and characterization of the bistable
switching mechanism for a simple ON-OFF valve. Then, designs for 3/2-way, 4/2-
way, and 5/2-way valves are proposed [24]. The valves occupy a volume of 50 x
18 x 18mm and can operate at pressures up to 187kPa. Furthermore, thanks to
their multiple inlets and outlets, a single valve can be used to control multi-chamber
soft actuators in a space-efficient manner, responding to key needs of untethered
operation.

3.1 Design and Fabrication of the Bistable Valve

The internal structure of the valve, visible in Fig. 1, consists of the two conical
membranes connected by a rigid cylinder. The membranes actuate two small pistons
which can open or block the airflow in the air channels they are coupled to. Thanks to
its configuration, the system has two stable states, activated by pressurizing chambers
P1 and P2 alternatively. As the system moves from one state to the other, it goes
through a sudden transition state, characterized by a snap-through behavior of the
membranes. These undergo compression, until a critical load is reached, after which
buckling occurs, moving the system from one stable state to the other. The bistable
design allows the valve to maintain its state even in the absence of the control signal.
In addition, small changes to the control pressure do not cause the valve to switch,
making it robust to perturbations in the supply pressure level and its operation more
reliable.

Thanks to its design, the valve can be monolithically printed on a multi-material
PolyJet printer (a Stratasys J735 was used in the study) with soluble supports. The
printer allows controlling the mechanical properties of the different parts of the
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Fig. 1 The bistable valve and its working principle. a The valve is monolithically printed on a
MultiJet multi-material printer using soluble supports. b The valve features two internal membranes
that enable the bistable behavior. When pressurizing either chambers P; or P», the membranes
deform until a critical condition is reached when snap-through is observed

design, going from soft Agilus30 (rubber-like material with tensile strength of 2.16—
2.6 MPa) to VeroWhite, rigid and plastic-like, with a tensile strength of 50-65 MPa.
After printing, the support material can be removed either through mechanical action,
using a pressurized water jet, or by chemical bathing in a solution of 0.02kg/l of
Sodium Hydroxide and 0.01 kg/l of Sodium Metasilicate in water.

The behavior of the valve can be modeled and controlled, assuming the mem-
branes are hinged at the edges, knowing the geometrical parameters of the design
and applying the Rayleigh-Ritz method for buckling [30]. The details of the proce-
dure are presented in [23], while Fig. 2 shows the results of the characterization on the
valves. As expected, increasing the membrane material’s Young’s modulus increases
the pressure difference needed for the snap-through behavior to occur and makes for
faster responding valves. A similar trend is observed for the shell thickness, but the
response times don’t display a clear monotonic trend.

=]
=]

g g €10
O Theoretial model 3 | Theoretial model > | Theoretial model
S |—=— Experiment 5 |—s— Experiment 5 |—=— Experiment
I ? ?
g 50 g 50| § 50
o o o
w© © ©
S o g g
'5 0 1 2 3 4 5 6 5— 06 0.8 1 12 14 5 25 30 35 40 45 50 55 60 65
Young’s Modulus (MPa) Shell Thickness (mm) Slope Angle (°)
O O O
@ 6 o) 6 @ 6
£ £ £
= 4] 4 =4
8 3 8
c 2 c 2 c2
S S S
Q Q Q
3 O 3 39
x 0 1 2 3 4 5 6 06 0.8 1 1.2 14 25 30 35 40 45 50 55 60 65
Young’s Modulus (MPa) Shell Thickness (mm) Slope Angle (°)

Fig. 2 Characterization results. By tuning the geometrical and mechanical parameters of the

membranes such as the material’s Young’s modulus or their thickness, it is possible to tune the
snap-through behavior to suit different supply pressure ranges
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3.2 Modular Design of the Multi-channel Bistable Valves

By pairing the bistable actuation mechanism with a modular spool design for the
flow control portion of the valve, it is possible to create more complex directional
control valves, featuring multiple inlets and outlets [24]. These components are key
in creating more complex logic functions and compact systems for controlling multi-
chamber actuators and robots. Fig. 3a summarizes the design of the 3/2 4/2 and 5/2
valves: the first number representing the number of functional ports, the second
referring to the number of stable states of the valve. Compared to the previous
example, the piston is replaced by a longer spool, featuring soft Agilus30 seals. These
slide against the surface of the rigid housing, and separate pairs of inlet and outlet
channels from each other. By actuating the bistable membranes, different inlet-outlet
configurations can be achieved. Furthermore, the design allows for a pressure gain of
almost 3 to be achieved, meaning a control pressure of 60kPa can be used to switch
inlet pressures of up to 180kPa (the maximum pressure the valve can withstand
without internal leakage). This allows for effective separation between logic and
power signals within the pneumatic circuit, limiting driving fluid consumption in
untethered applications.

3/2 valve 4/2 valve 5/2 valve

von Mises stress (kPa) X displacement (pm)
flow velocity (m/s) flow velocity (mls)
40

¢

o) 2 - 2
= 20 — (L
pott o E2 ottt £l || 20
port3 port3

=8

Fig. 3 Design of the 3D printed multi-channel valves. a All multi-channel valves include the same
bistable modular unit in the middle. A spool with soft seals (shown in gray) is attached to each end
of the central bistable structure and is placed in a cylinder (shown in blue), controlling the opening
and closing of multiple air channels based on the state of the bistable structure. b FEA and CFD
results of the multi-channel valve unit. The stress distribution and deformation of the spool seal
during operation are displayed as well as the airflow in the valve in both its operating states
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3.3 Characterization of the Multi-channel Valves

The mechanical action of the seals and flow through can be simulated using FEA
and CFD methods, to aid during the design process. In [24], COMSOL Multiphysics
was used to verify that the seals would be able to withstand the mechanical stresses
caused by the interaction with the housing’s walls and to visualize the flow through
the valves in the various configurations (Fig. 3b).

Thanks to their modular design, the valves can be used to control a bi-directional
soft actuator (Fig. 4). The bi-directional motion is obtained by pressurizing two antag-
onistic bellow actuators. By regulating the pressure value in the chambers, different
positions of the end effector can be achieved. In the example of Fig.4, two different
supply pressure levels, 20kPa and 40kPa are used to achieve four different config-
urations. In particular, only four valves are needed to achieve the control sequence,
compared to a total of six 2/2 valves that would otherwise be required.

4 A Design Automation Toolbox for 3D Printed Pneumatic
Logic Circuits

A crucial need for the design of soft robots with onboard fluidic control is being able
to create controllers that achieve the desired functionality while respecting physical
space constraints. Recently, researchers have tried automating this process, usually
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Fig. 4 Control of a multi-chamber bi-directional soft actuator. Two valves are needed, each with
two control signals, and two different supply pressure values are used to control the actuator in four
distinct states. The 3/2 valve highlighted in green manages the supply pressure selection, while the
4/2 in the red box selects which chamber to connect to the supply, while the other is depressurized
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requiring expert engineers and multiple design iterations, starting from a library
of components achieving base logic functions and combining them together in an
optimal manner to obtain more complex functionalities. An example of this is rep-
resented by the toolbox developed by Wang et al. [25], which we analyze in detail
in the following.

4.1 Design Automation of the Pneumatic Logic Circuit

Figure 5a presents a synoptic view of the design pipeline, from user input in terms
of truth tables to the final .stl file ready for 3D printing. Just three base modular
logic gates—NOT, AND, and OR—derived from optimized versions of previously
established 3D printed pneumatic transistors (Fig. 5b) are used in the process. These
components are adapted for compact integration, routing all inlets and outlets to the
base. This makes it possible to easily combine them together in sequences to achieve
any desired logic function.

The toolbox uses MATLAB to interpret truth tables input by the user into logical
expressions via sum-of-products (SOP) algorithms. The Symbolic Toolbox is then
used to simplify the expressions to minimize the number of logic gates needed. The
simplified expressions are then parsed into circuit schematics to generate the final
layout. For this, the user is asked to define the available space by coloring in an
area in a graphical user interface. The planning algorithm then uses backtracking to
identify all possible gate placements within the user-specified 2D workspace.

Air channels connecting the gates are routed next in a dedicated manifold layer of
the controller. Total layer count is minimized by using the Bentley-Ottmann algorithm
to detect intersected channels with the lowest complexity and a greedy algorithm to
arrange the channels in an optimal way so that no intersecting channels are in the
same layer. Final layouts are assessed for spatial feasibility, layer count, and total
channel length to optimize performance. The toolbox then uses COMSOL, interfaced
through MATLAB, to generate ready-to-print 3D CAD models of the hub layer with
integrated ports and channels. The logic gates are printed separately and directly
plugged in without requiring any tools.

4.2 Validation of the Framework

Thanks to the generality of the design automation toolbox complex logic functions
and configurations can be achieved. In the study, the creation of XOR and 1:4 demul-
tiplexer circuits constrained by differing spatial layouts is demonstrated. All circuits
were fabricated using polyjet 3D printing and tested for response time, and durabil-
ity. Results confirmed correct logic operation across configurations, while response
times varied based on layout efficiency, with less constrained designs performing
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Fig. 5 The automated controller design pipeline. a Synoptic view of the framework displaying its
key steps. The user input is converted into logic equations which are then simplified. The minimum
number of basic logic gates is then arranged according to the user-provided space constraints and
connected together. Finally, the .s7 file for printing is generated. b Only three basic gates—NOT,
AND and OR—are designed for printing and used to generate any user-specified logic function.
Thanks to the multi-material printing capability of the PolyJet process used, rigid (white in the
figure) and soft (black) parts can be printed together, without requiring further assembly

faster due to reduced channel lengths and fewer hub layers. A limitation of the pro-
posed approach is linked to the slow response times of the gates compared to their
electronic counterparts: propagation of signals in the circuit is asynchronous, and
this can cause glitches in specific configurations due to channel lengths. Long-term
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Fig. 6 Validation of the automatic design toolbox. A 1:4 demux is fit inside the constraints of the
palm of a 4-finger hand. PneuNet actuators serve as fingers and only two inputs are needed, to
control each finger individually

fatigue tests revealed that circuits remained accurate over 10,000 cycles at low fre-
quency, though performance degraded at higher frequencies due to viscoelastic aging
in the soft materials.

A soft hand is then used to showcase a possible use case for the toolbox. A 1:4
demultiplexer is fully contained in the palm of the hand (Fig. 6), while four PneuNet
actuators take the place of the fingers. Thanks to the embedded logic, the opening and
closing of each finger is controlled using only 2 inputs to the system, underscoring
the capability of the toolbox for scalable automated design of highly integrated,
electronics-free pneumatic control systems.

5 Conclusions

Thanks to the framework presented in the previous sections, it is possible to almost-
completely automate the design and fabrication of space-optimized pneumatic con-
trollers for soft robots. This achieves critical advancements on a number of fronts,
from faster prototyping, to higher control and more repeatability in the manufac-
tured components. As highlighted, a limitation of the algorithm is that it tries to
minimize air channel lengths, but a more nuanced approach focused on matching
lengths of specific channel pairs, or carefully controlling the resistance of some of
the channels, might be needed to avoid conditions in which wrong logic configura-
tions are reached due to the non-negligible response times of the 3D printed valves.
Furthermore, the process used for logic function simplification doesn’t make use of
advanced techniques like Karnaugh maps for eliminating race conditions in the final
circuits.
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The manufacturing technique adopted in the study allows for complex valve
designs to be printed in place without assembly or specific considerations about
printing orientation, leaving a lot of freedom to the designer and simplifying the over-
all process. The high precision achievable allows for small details to be repeatably
replicated, while the possibility to freely mix materials to get the desired mechanical
properties for each part of the design further enhances the capabilities of the printed
components. PolyJet multi-materials 3D printers, though, are still expensive and
not readily available in research labs. Having in the library of components specific
ones that can be printed using more common FDM processes would be a beneficial
addition, despite the aforementioned limitations of such systems.

In terms of components, the selection of logic components in the library makes it
possible to replicate any logic function, but further improvements could be achieved
by expanding the library to include multi-channel valves like the one presented in
Sect. 3.2. Furthermore, only logic functions have been so far developed, but for more
complex autonomous operation of soft robots, clock sources are needed. A few
examples exist in the literature that exploit bistable behaviors and some examples of
fully 3D printed ones have also been demonstrated. These components would further
enhance the compiler functionalities, leading to more nuanced autonomous behaviors
of the final robots. Nevertheless, the results presented in this chapter constitute a solid
foundation for a scalable approach to the autonomous creation of logic circuits for
onboard control of pneumatic soft robots.
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Engineering Soft Robots—Towards )
Automated Frameworks to Accelerate e
Design Exploration

Kristin M. de Payrebrune®, Daniel Miiller, Noah Tillmann, Dominik Sturm,
Alfred Jose Puthoor®, and Philipp Tchistiakov

Abstract Designing soft robotic systems is challenging due to the nonlinear behav-
ior and high compliance of soft materials, making traditional trial-and-error methods
inefficient and difficult to reproduce. To overcome these limitations, we developed a
structured, simulation-guided methodology for the systematic design and prototyp-
ing of soft robots. We first investigated how different design aspects affect actuator
performance, highlighting complex dependencies and the need for an automated
approach to efficiently evaluate variations. In response, we implemented two sim-
ulation pipelines: one for a pneumatically actuated bending actuator using para-
metric CAD and finite element analysis, and another for optimizing a pneumatic
artificial muscle in the SOFA simulation environment. These frameworks allow for
rapid exploration of design parameters, reducing the reliance on physical testing. To
validate the methodology, we developed three prototypes: an autonomous bending
actuator, a muscle for skeletal movement, and a peristaltic actuator for fluid trans-
port. Targeted simulations supported the development process and helped identify
potential design issues early. Our results show that combining automated simulation
with application-driven prototyping enables a scalable and reproducible approach
to soft robot design. This work demonstrates how new soft robotic systems can be
systematically invented using integrated, simulation-based strategies.

1 Introduction

The development of bioinspired actuation systems has received increasing atten-
tion in recent years, particularly in the fields of soft robotics and wearable assistive
devices. Various soft actuator concepts, such as McKibben muscles [1, 2], PneuNet
actuators [3, 4], and tendon-driven structures [5, 6], offer compelling alternatives
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to traditional rigid actuators due to their inherent compliance, flexibility, and safety
during interaction with humans. These characteristics make soft actuators especially
suitable for applications that demand safe human—machine interaction, including
prosthetics, exoskeletons, and soft robotic manipulators [7, 8].

Despite these advantages, designing reliable systems based on soft actuators
remains a complex challenge [9]. Their nonlinear mechanical behavior, sensitivity
to initial conditions, and strong dependence on attachment geometry and boundary
conditions complicate the prediction of system-level performance [10]. This creates
a growing demand for structured design guidelines and computational frameworks
that can support actuator placement, loading strategies, and overall system configura-
tion. Although several design tools and models have been proposed in the literature,
practical implementation often requires extensive experimental validation and task-
specific adaptation.

This work contributes to the development of systematic design strategies through
the use of numerical modeling and application-driven analysis. Using a soft bending
actuator (Sect.2.1) and a reinforcing structure (Sect.2.2) as representative exam-
ples, we explore how different design parameters influence mechanical behavior and
identify generalizable guidelines for future development. Building on this founda-
tion, we present two example frameworks that enable automated simulation-based
exploration of design specifications: one based on the commercial finite element
platform Abaqus (Sect.3.1) and another using the open-source simulation toolkit
SOFA (Sect.3.2).

Finally, we apply these methods to three case studies representing different soft
robotic applications, demonstrating how simulation insights can guide the design
process through to functional prototype realization (Sect.4). The resulting findings
are discussed with respect to design robustness, scalability, and their potential inte-
gration into real-world assistive and robotic systems.

Through this investigation, we aim to bridge the gap between theoretical model-
ing and practical design. By developing a transferable methodology that integrates
simulation, validation, and design feedback, we provide a reproducible framework to
support engineers and researchers in translating soft actuator concepts into effective
biomechanical and robotic solutions.

2 Structured Design Methodology

The design of soft robotic systems presents unique challenges due to their highly com-
pliant structures and nonlinear material behavior. Traditionally, the development of
such systems has relied heavily on iterative trial-and-error processes, where physical
prototypes are manually adjusted and tested until desired performance is achieved.
While this approach can lead to functional designs, it is often time-consuming,
resource-intensive, and lacks systematic reproducibility.

In this section, we present a structured design methodology, illustrated using a
pneumatically driven bending actuator and a 3D printable reinforcement structure
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as representative examples, to improve efficiency and guide the design process in
a more targeted manner. Finite element simulations are employed to systematically
analyze and identify optimal design solutions.

2.1 Derivation of Design Guidelines of a Soft Bending
Actuator

Soft robots feature a wide range of actuation strategies and designs. A key aspect in
the development of such systems is the choice of the actuation mechanism, whether
pneumatic, tendon-driven, or alternative methods. In addition, the layout of the soft
structure and the underlying deformation principle must be carefully defined.

In pneumatically driven soft robots, deformation can generally be categorized
based on whether it arises from the geometry of a single chamber or from the coor-
dinated interaction of multiple chambers. Likewise, actuation may result from axial
lengthening or shortening of simple chamber structures [11], or from direct bending
induced by geometric asymmetries [4]. This section explores design principles for a
versatile actuator enabling controlled bending and elongation.

We identified six design criteria, which form the basis for a systematic investiga-
tion into how structural parameters influence bending and elongation behavior. To
ensure consistency across simulations, all actuator modules were standardized to a
length of 100mm and an outer diameter of approximately 30 mm. Dragon Skin 10
was selected as the chamber material and modeled as a neo-Hookean solid with mate-
rial parameters Cyo = 0.0425 MPa and D; = 0 [12, 13]. Finite element simulations
were conducted in Abaqus 2019 using the C3D10H hybrid element type.

Study of design criteria

First, the influence of the number of air chambers is investigated. The FE simula-
tions are based on the sector-shaped chambers proposed by Suzumori et al., featuring
a soft robot with three, four, or five air chambers molded into a single silicone core
[14]. The outer diameter is kept equal, while the wall thickness between the chambers
is adjusted to keep the total cross-sectional area of all chambers constant. The perfor-
mance is evaluated by examining the bending under varying numbers of pressurized
chambers, the elongation under pressurization of all chambers, and the module’s XY
range of motion, cf. Fig. 1.

Among the configurations tested, the design with three air chambers was found
to be the most efficient in terms of both bending and elongation. To verify its effec-
tiveness not only in extreme positions but also during transitions, the XY -range of
motion was analyzed. For this, a complete actuation cycle was simulated, in which
each chamber is pressurized and depressurized in sequence, and the XY coordinates
of the top surface center point were recorded and plotted. The five-chamber variant
(red) offers a more uniform motion pattern, but its range is entirely covered by the
three-chamber design (blue), which also achieves greater bending.
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Fig. 1 Influence of the
number of air chambers on
the overall bending behavior

Therefore, the three-chamber layout is considered the most efficient solution over-
all.

The air chamber geometry has been extensively studied in literature. Suzumori
et al. optimized sector-shaped chambers using finite element simulations and topol-
ogy optimization, resulting in more rounded and efficient profiles [14]. Elsayed et al.
compared circular, semicircular, ring, and sector-shaped geometries, concluding that
sector-shaped chambers require the least pressure for a 90° bend, but also exhibit the
highest radial expansion [15]. Polygerinos et al. showed that circular and semicircu-
lar cross-sections perform similarly under fiber reinforcement, whereas rectangular
shapes suffer from stress concentrations and require higher pressures [16].

Building on these studies, we simulated and evaluated sector-shaped, circular,
semicircular, and inverse semicircular chamber geometries under consistent condi-
tions. All chamber variants had identical cross-sectional areas. The chambers were
connected using multiple discrete ABS elements evenly distributed along the actuator
length (see blue parts in Fig.2). To simplify simulation, adhesive bonding between
chambers and ABS elements was assumed. The bending performance of the soft
robot was assessed under 55 kPa pressure, applied to either one or two chambers.

Among the tested shapes, the circular cross-section achieved the highest bending
angles. Additional tests with inverted semicircular chambers—placing the rounded
side inward—showed slightly improved bending when two chambers were actuated.
However, they underperformed under single-chamber actuation and exhibited greater
radial expansion, which may lead to stress peaks despite fiber reinforcement.

Overall, the circular geometry demonstrated the best performance, combining
high bending efficiency with good manufacturability.

We investigated various methods for connecting the air chambers of a soft
robot to assess their influence on bending performance and manufacturing feasibil-
ity. The primary approach used discrete connectors to join individually cast circular
air chambers, each connector formed by three interlinked ring-like structures, see
Fig. 3 (connectors). To evaluate the influence of stiffness, three connector materials
were tested: rigid ABS, and two soft silicones (Elastosil and Dragon Skin 10). Each
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Fig.2 Examined geometries of the air chambers with connectors made of ABS (blue) and simulated
bending when one air chamber is pressurized with 55 kPa
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Fig. 3 Different methods to connect individual chambers or include the chambers in one core

actuator module incorporated 15 connectors, evenly spaced along its length, with
individual connectors measuring 2 mm in thickness and placed 7mm apart to pro-
vide a continuous and stable connection between adjacent chambers. This modular
approach allows flexibility in material choice and ease of assembly. The investigation
show that the choice of connector material has only a minor influence on the bending
behavior.

Beyond discrete connectors, alternative methods included directly casting the
air chambers in a single mold (molded chambers) or manufacturing the chambers
separately and then bonding them together afterward (bonded chambers). This post-
casting approach allows for a more targeted use of material, maintaining thin wall
thicknesses while adding structural mass only where necessary for connection.

The numerical tests show that connector elements achieve the largest bending
angles, followed by bonding the chambers in a subsequent step. Casting the chambers
in one piece shows the worst performance due to the extra material, which hinders
bending.

In summary, connectors offer a good trade-off between ease of manufacturing
and performance and were used for the final design.
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Various reinforcement strategies were investigated to control radial expansion
and improve the performance of pneumatically driven soft actuators. Therefore, fiber-
based reinforcements provide effective radial constraint with relatively simple imple-
mentation, cf. Fig. 4.

Symmetrical Cross-Fiber Reinforcement (e.g., opposing Kevlar windings) effec-
tively limits radial expansion while preserving strong bending performance. Fiber
angle has little impact on bending but larger angles increase expansion. A balance
between reinforcement density and manufacturing ease is needed, with a recom-
mended pitch of 3° and spacing under 5 mm.

Single Fiber Windings with a shallow pitch reduce manufacturing effort but intro-
duce unwanted torsion, especially when multiple chambers with the same winding
direction are actuated simultaneously. This can negatively impact the controllability
of the robot.

Integrated Reinforcements (e.g., molded lamellae inside the soft body) are more
complex to realize during casting and show limited effectiveness. Simulations indi-
cate significant radial expansion even at moderate pressures (45 kPa), reducing their
practical benefit.

Reinforcement Rings offer a low-cost and easy-to-implement alternative. When
spaced appropriately, they achieve bending angles comparable to fiber-reinforced
actuators while maintaining the soft character of the robot and reducing manufac-
turing effort. However, their effectiveness is limited by the spacing and material
properties of the rings, as elastic rings also tend to expand radially.

In summary, cross-fiber reinforcement offers the best balance between perfor-
mance and control, while rings represent a viable alternative for simplified fabrica-
tion.

To investigate the influence of wall thickness on bending performance, the cham-
bers were designed with identical internal diameters, ensuring the same air volume
across all variants. The outer diameter of each air chamber was offset 2 mm from the
center of the module, while the thickness of the wall varied between 2 and 4 mm.

The results in Fig. 5 show a clear correlation between wall thickness and bending
capability under a constant pressure of 55 kPa. As the wall thickness increased, the
bending angle decreased over-proportionally.

As a conclusion, thicker walls are more suitable when higher mechanical loads
need to be supported, while thinner walls are advantageous for achieving high bend-
ing angles. However, very thin walls can pose manufacturing challenges.

In a separate study, the influence of the inner diameter of the air chambers was
examined. In this case, wall thickness and chamber positioning were held constant
while only the inner diameter was varied. The results revealed a nearly linear rela-
tionship between the inner diameter and the bending performance. However, the
effect was relatively small, reducing the diameter from 12 to 8 mm led to only a 10 %
reduction in bending.

This indicates that the inner diameter is a secondary factor compared to the wall
thickness when optimizing for bending behavior.

Final design of a soft bending actuator
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Fig. 6 Final design of the soft bending actuator

Based on all previously discussed investigations and design considerations, the final
design of the soft bending actuator has taken shape as follows [17]: it features a
modular and efficient structure composed of three cylindrical chambers, each rein-
forced with rings and connected via specialized end-caps and connectors, cf. Fig. 6.
This configuration is optimized for both performance and adaptability. The use of
three chambers simplifies the control system while maintaining precise movement.
A cylindrical base geometry helps to minimize material stress, and the efficient
interconnection of chambers facilitates both modeling and manufacturing. The actu-
ator dimensions fall within standard ranges, and each component is independently
adjustable, allowing for high customization. Furthermore, the actuator length can be
scaled by serially connecting multiple modules, enhancing its versatility for a wide
range of soft robotic applications.

2.2 Derivation Guidelines of a Reinforcement Design

The developed soft robot performs reliably under typical operating conditions. How-
ever, at higher applied pressures, the reinforcement rings may shift, causing balloon-
ing between them and reducing actuator performance. To overcome this limitation,
a novel 3D-printable reinforcement structure was explored as an alternative to the
ring-based design. A key objective was to limit radial expansion while allowing
unrestricted axial elongation. To this end, we investigated and numerically com-
pared metamaterials with anisotropic stiffness. The aim was to improve bending
performance while retaining a simple and robust manufacturing process. The final
design was fabricated using additive manufacturing, enabling precise realization of
the complex geometry.

Design study of metamaterials

The investigated reinforcement structure is a thin, 3D-printable metamaterial devel-
oped for use in soft robotic actuators. It provides anisotropic stiffness by combin-
ing rigid beams arranged in the circumferential direction with flexible segments in
between. This structure ensures high radial stiffness while allowing significant axial
stretch up to 80% within the elastic range. To facilitate design and maintain compa-
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Table 1 Displayed are the unit cells of each tested design, along with an exemplary simulation
illustrating both the initial and the deformed state under an applied elongation of 40 mm

Design No 1 2 3 4 5 6 7 8 9 10

cap | B I oj s IS WA NN MM ST ol

Alinmm | 24 12.2 12.8 11.2 14.8 13.6 9 8.6 8 8.5
FinN | 0.006 | 0.031 | 0.034 | 0.11 1.67 | 4.71 5.64 | 13.07 | 20.27 | 23.72

note ad pad ad ad

ad = asymmetric deformation; pad = partly asymmetric deformation

rability, all prototypes are created as 2D sketches within a 50 x 50mm?. The design
thickness is limited to 2.5 mm during simulation. The manufactured and tested design
was scaled to the circumferential area of the silicone chamber with a thickness of
2mm.

Ten different reinforcement structure designs were selected and modeled as 2D
sketches using Siemens NX CAD software (version 1888). To evaluate their mechan-
ical behavior, finite element simulations for each design were created in Abaqus
CAE (versions 2018 and 2020). The CAD models were imported as STEP files into
Abaqus, where a linear elastic material model with Young’s modulus E = 22 MPa
and Poisson ration v = 0.45 were assigned. The boundary conditions were estab-
lished by fixing the structure on the left side, while a prescribed axial elongation
of 80% (40mm) was applied on the right side. The geometry was discretized using
eight-node linear hexahedral elements with reduced integration (C3D8R). A mesh
convergence study determined a global mesh size of 0.1 as optimal for detailed sim-
ulations, balancing accuracy and computational effort. The designs were evaluated
according to the reaction forces that occur after deformation. Table 1 shows one unit
cell of the investigated designs along with their maximal available deformable length
Al and the overall calculated reaction forces F. Furthermore, Fig.7 shows the sim-
ulation setup and the deformed state of Design 1. Due to the geometric asymmetry
in a unit cell, an unwanted asymmetric overall deformation occurs.

From the evaluation of the simulation results, several clear design guidelines for
the reinforcement structure can be derived. The most critical factor influencing the
resulting reaction forces F is the available deformable length A/ of the intermediate
structure, which should be maximized to reduce the required force. Additionally, the
intermediate structures should start and end on a horizontal axis to avoid directional
dependencies. The restoring force generated by deformation should act in parallel
to the direction of elongation to prevent unwanted torsional forces. Symmetry in the
intermediate structure is also essential to minimize directional sensitivity. Lastly, the
number of sharp corners in the intermediate structures should be kept to a minimum,
as they lead to increased stress concentrations and higher required forces.
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50 x 50 mm | 90 x 50 mm

initial state deformed state

Fig. 7 Simulation setup of the metamaterial with its initial configuration (left) and the deformed
state (right) showing an unsymmetrical overall deformation

Experimental evaluation of reinforcement structure

A modified and combined version of Design 2 and Design 4 was used to fabri-
cate a reinforcement for one soft robot cylinder. The dimensions were adapted to
match the actuator geometry, reducing the original 50 x 50mm? to a 50 x 157 mm
rectangle. This resulted in a denser arrangement of elementary cells and a reduced
total cell count, potentially increasing the axial stiffness due to the decreased elastic
displacement capacity.

The main challenge was building cylindrical prototypes. Two design approaches
were tested: (1) a flat structure with self-locking hooks for wrapping around the
actuator, and (2) a modular design with separate rings and a flexible mesh, assembled
afterward. Due to material constraints, the second approach was tested on the soft
actuator. The modular design, as shown in Fig. 8 allows the rings to be made from a
stiffer material, improving radial stiffness while keeping the reinforcement structure
flexible in the axial direction. Figure 8 illustrates the CAD models of the modular
components along with the assembled actuators, featuring reinforcement and rings
made of Filaflex 82A (top) and white rings made of Polyflex 95-HF (bottom).

The experiments were carried out with a stereo camera set-up to study expansion
behavior while the soft actuator is pressurized in 10 kPa steps up to 100 kPa and
the deformation was automatically analyzed. Two soft actuator configurations were
tested: with rings but without reinforcement and with rings and reinforcement, cf.
Fig.9. Without the reinforcement, significant radial expansion was observed, reach-
ing up to 1.45 times the original size at 60 kPa.

With the reinforcement, radial expansion was greatly reduced. The axial expansion
improved slightly in both reinforcement configurations, by about 6.1 % with rings and
reinforcement structure made from Filaflex and 5.9 % with reinforcement structure
made from Filalfex and rings made from Polyflex. Despite the added reinforcement,
the mounting rings exhibited structural weakness due to the grooves required to
integrate the reinforcement structure. Greater axial expansion was observed in the
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Fig.8 CAD model of ring and final reinforcement structure (left) and assembly with reinforcement
and structure made from Filafrlex 82A (top right) and rings made of Polyflex 95-HF (bottom right)
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Fig. 9 Initial state at 0 kPa and deformed state at 100 kPa for both configurations (left) and results
for radial and axial expansion without and with reinforcement structure (right). The slight bending
of the pressurized actuator results from inaccuracies in manufacturing

configuration with lower radial stiffness, likely because the softer rings deformed
more easily, allowing the actuator to inflate more uniformly.

Concluding, the simulation-based design of the reinforcement structures was suc-
cessful and met the intended performance targets. This was further confirmed through
experimental testing, demonstrating the reliability and effectiveness of the developed
approach.
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3 Automated Simulation Framework for Exploring Design
Modifications

The development of soft robots is often hindered by application-specific, time-
consuming processes that rely heavily on repeated simulations and physical testing.
Accurate modeling of the non-linear deformation behavior of soft materials adds
additional complexity. To address these challenges, in this section, we show two
simulation pipelines to automatically analyze design aspects of different soft robot
systems.

The first system (Sect. 3.1) focuses on a soft bending actuator, for which automated
dataset generation using parametric CAD modeling and finite element analysis (FEA)
enables systematic variation of design parameters and boundary conditions. This
approach reduces the need for extensive experimental testing and accelerates the
development process.

The second simulation framework focuses on optimizing a single soft chamber
within the SOFA simulation environment for use as an artificial muscle (Sect.3.2).

3.1 Parametric Finite Element Modeling for Design
Evaluation

The developed simulation framework enables numerical analysis of the mechani-
cal behavior of a soft bending actuator under varying design parameters. To ensure
system consistency and seamless integration, a main script shall control the entire pro-
cess, starting from the creation of parametric CAD models, through geometry mesh-
ing, to the final finite element analysis. To ensure a flexible, efficient, and scalable
simulation framework, a proper selection of software tools is essential. Although
finite element analysis was performed using the commercial software Abaqus, we
preferred (i) open-source solutions that offer full compatibility with Python, as the
main control script is written in Python. To guarantee smooth data exchange between
pipeline stages, such as CAD modeling, meshing, and FE simulation, we selected
tools that (ii) support standard file formats like STEP or STL. Software with (iii) com-
prehensive and well-structured documentation was preferred for simple on-boarding
and accelerating troubleshooting. To speed up testing and reduce setup time, we
focus on (iv) tools with user-friendly interfaces or intuitive command-line operation.
Finally, (v) modular and extensible software is preferred to meet specific project
requirements and to ensure long-term adaptability of the framework.

For the CAD modeling step, we chose CADQuery, a powerful Python-based
library for parametric 3D modeling. CADQuery enables the automated generation
of CAD models based on external design parameters, which we stored in a struc-
tured JSON file. This setup allows for quick and reproducible design changes without
manual intervention, supporting a seamless integration into the simulation pipeline.
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CADQuery also supports exporting models in the STEP format, ensuring compati-
bility with downstream tools like GMSH for meshing.

The modeling process of a soft bending actuator with fiber reinforcement (Fig. 10)
begins by loading geometric parameters such as outer diameter, wall thickness, fiber
pitch, and chamber spacing from the JSON file. These parameters are used to generate
individual parts of the soft robot, which are three fiber-reinforced chambers, two end-
caps, and one connector plate. This parametric modeling approach ensures that any
modifications in the design parameters are immediately reflected in the generated
geometry, significantly simplifying and accelerating the overall simulation workflow.
Finally, the model is exported as a STEP file.

To ensure a flexible meshing process within the simulation framework, GMSH
was selected, since it supports the import of widely used geometry formats, such
as STEP and IGES, and enables the direct export of mesh data in the Abaqus input
file format (.inp). This compatibility ensures efficient integration with the Abaqus
simulation environment and reduces the need for manual conversion or preprocessing
steps.

Each CAD part is imported into GMSH in STEP format and meshed individu-
ally using Python scripts. A Delaunay algorithm generates high-quality tetrahedral
elements, with mesh sizes adapted to the geometry—coarser for end-caps and finer
for chambers (Fig. 10 middle). Since GMSH does not provide all Abaqus-specific
keywords (e.g., *Part, *End Part, *Surface), a custom Python script modifies the
exported .inp file by inserting missing definitions, converting C3D10 elements into
C3D10H for hyperelastic materials, and transforming quadratic line elements into
B32 beam elements for fiber reinforcements. A high-order optimization step further
improves mesh quality. This workflow enables the seamless integration of all part
meshes into a unified Abaqus model with minimal manual effort.

Abaqus was selected as the simulation software due to its advanced finite element
capabilities and the team’s prior experience, which allowed for efficient and confident
setup. To ensure long-term flexibility, the simulation framework also supports future
integration of open-source alternatives (see Sect.3.2).
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The simulation process begins by importing the .inp file generated in GMSH.
Since all parts were already aligned during the CAD design, no additional position-
ing is needed. Material properties are then assigned to each component. Common
materials used include Dragon Skin 10, Ecoflex, ABS, and Kevlar [18]. These are
defined through sections—solid sections for structural parts and beam sections for
fibers. Each section includes relevant material data such as Poisson’s ratio and cross-
sectional geometry. Nonlinear geometry (nlgeom=ON) is enabled to account for
large deformations.

Contact interactions are defined using surfaces created in GMSH. Surface-to-
surface tie constraints connect chambers to end-caps and connectors, ensuring they
move as a single rigid body. Stiffer components with coarser meshes serve as master
surfaces, while more flexible parts with finer meshes act as slave surfaces. Node-to-
surface contact is also used to model the interaction between fibers and chambers.

Finally, boundary conditions and loads are applied. The base of the end-cap is
fixed in all directions, and pressure is applied incrementally to selected chamber
surfaces based on their x- and y-coordinates. After the simulation, nodal coordinates
along the center of the actuator are extracted to reconstruct the backbone curve. This
is done by computing cross-section centroids and fitting a curve through them. The
bending angle is then calculated from this curve. This process is repeated as different
design parameters—such as wall thickness, inner diameter, chamber spacing, number
of connector plates, and fiber pitch—are systematically varied.

The developed simulation framework now enables fully automated execution of
complex analyses, significantly streamlining the evaluation of specific design aspects
in soft robotics. This automation not only accelerates the simulation process but
also facilitates the generation of extensive datasets, which are essential for training
and improving artificial intelligence models. By reducing manual intervention and
minimizing potential errors, the framework supports efficient exploration of a wide
range of design parameters, making it a powerful tool for both detailed design
optimization and data-driven Al applications in soft robot development.

3.2 Systematic Evaluation of Pneumatic Artificial Muscle
Jor Elbow Flexion

While the previous simulation framework provided a robust foundation for analyzing
pneumatic actuators and generating large datasets, it was computationally intensive
and often required long computational times. To address this limitation, the focus
shifted towards leveraging the SOFA framework [19], which is specifically designed
for finite element analysis of soft materials and real-time simulation of deformable
bodies. SOFA’s optimized solvers and modular architecture offer significant improve-
ments in efficiency, making it well-suited for simulating the complex behavior of soft
pneumatic actuators with greater speed and flexibility. To demonstrate the capabil-
ities of the adapted simulation framework, parameter studies are conducted on a
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(left), which are used as biceps at a simplified arm setup (right)

pneumatic artificial muscles (PAM), which functions as a biceps to lift the lower
arm, as displayed in Fig. 11.

In contrast to the previous framework, which relied on CADQuery for part model-
ing, the current approach uses FreeCAD to design the components of the pneumatic
actuator and robotic arm. After the parametric model generation in FreeCAD, the
parts are imported into GMSH, and discretized using tetrahedral elements. Finally,
the meshed parts are exported in VTK format and loaded into the SOFA framework,
enabling detailed finite element analysis and dynamic simulation.

The simulation setup in SOFA is designed to model the behavior of a soft pneu-
matic actuator functioning as a biceps. To simulate the actuation process, a cavity
component is integrated into the model and linked with a SurfacePressureConstraint,
which dynamically applies internal pressure to the cavity surface. A Python controller
regulates the pressure values over time, allowing realistic simulation of the actuator’s
contraction and expansion cycles. Reinforcements are added in the form of either par-
allel or spiral spring systems, which mimic the fiber structures. The fibers are defined
by custom Python functions and implemented through StiffSpringForceField com-
ponents, with adjustable stiffness and damping parameters. The reinforcements are
mapped onto the deformable shell of the cavity component using BarycentricMap-
ping to ensure synchronized deformation. The actuator is anchored at one end and
connected via cable constraints to a simplified arm structure, allowing it to contract
and generate movement of the lower arm. With this framework, extensive simulation
studies are conducted to investigate the behavior of PAMs under various internal
pressures and reinforcement strategies. The focus lies on evaluating two main rein-
forcement types, spiral and parallel fibers, by analyzing their effects on contraction
behavior, structural integrity, and deformation characteristics.

Spiral reinforcements demonstrate a distinct nonlinear response that can be
divided into three phases: low initial contraction due to high stiffness, followed by a
near-linear increase as the spiral fibers reorient, and eventually reaching a stagnation
point where further contraction is limited. The simulation also reveals lower braid-
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ing angles (e.g., 10°, ref. Fig. 12 (left)) result in greater contraction up to 19-20%,
whereas increasing the number of spiral pairs offers only marginal gains due to rising
structural stiffness. In contrast, PAMs with parallel reinforcement show high initial
resistance to contraction but reach up to 40 % contraction at high pressures when
fewer fibers are used. However, this comes at the cost of structural stability, with
lower fiber counts leading to rupture at elevated pressures, see Fig. 12 (right).

The framework thus facilitates a comprehensive comparison of the trade-offs
between contraction efficiency and stability. Spiral reinforcements are better suited
for applications that require robustness and pressure tolerance, while parallel rein-
forcements provide higher contraction but are more sensitive to failure. These findings
guide the design and optimization of soft actuators for specific use cases, balancing

flexibility, efficiency, and durability.

4 Application-Driven Prototyping of Soft Robots

In addition to the simulation-based analysis, this section presents the development
and evaluation of prototypes for three very different applications, (i) the modification
of the soft bending actuator such that it can run autonomously by carrying a pump,
valves and a controller, (ii) the practical application of pneumatic artificial muscles
to lift the arm of a skeleton, and (iii) finding a new soft actuator design to realize
peristaltic motions of an artificial urea, which can be used in a phantom of a human
body.
The goal is to investigate the basic behavior of the actuator concepts in a real-world
setting and assess their feasibility for soft robotic applications. Although based on
similar design principles, this section stands independently from the previous simu-
lation framework. Instead of developing a comprehensive simulation environment,
specific simulations were carried out to support the design and fabrication of the pro-
totypes. These targeted simulations aimed to evaluate the basic functionality of each
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configuration and to identify potential design issues before production. The resulting
prototypes enable hands-on exploration of design strategies, material behavior, and
actuation performance under controlled conditions.

4.1 Structural Adaptation of a Soft Robot Bending Actuator
Jor Autonomous Operation

Following the design optimization presented in Sect.2.1, the objective now was to
adapt the soft bending actuator for autonomous operation without modifying its
underlying working principle. The soft bending actuator is retained in its functional
concept, while its dimensions are scaled to allow the integration of all required
system components, this includes an air pump, valves, and control units, which
must be embedded within the module itself to enable standalone operation. The key
question addressed here is whether the actuator can be adapted in size and layout to
support complete system integration while maintaining its mechanical performance
and reliability.

Based on the validated functionality of the original soft robotic design, the geo-
metric structure of the actuator was maintained while its size was adapted to allow
integration of commercially available components. Since these components are not
available at the original scale, the actuator was scaled up using our developed virtual
work model described in Lamping et al. [20]. This model allows error-free scaling
as long as the ratio between the material volume and the internal chamber volume
remains constant, which was maintained throughout this application. According to
the required bending capability, the actuator length was increased to 200 mm. With
an outer diameter of 60 mm of the final chamber geometry a direct scale-up of the
original module geometry is confirmed and the operating pressure of approximately
100 kPa does not change. This provided the basis for selecting an appropriate pump
capable of delivering the required pressure within the new dimensions.

The construction of the soft robot consists of three main components: two newly
designed functional modules for pneumatic control and pressure generation, and the
actual soft actuator, see Fig. 13. The pneumatic module is responsible for control-
ling and monitoring airflow to the soft actuator chambers, while the pump module
manages pressure generation. Both are classified as active modules, as they contain
powered components and require electrical input. Each module has a height of 73 mm
and is fabricated using 3D printing with materials such as ABS or PLA.

The pneumatic module houses all components required for precise airflow con-
trol of the soft actuator. Each of the three chambers is individually actuated using
a combination of one electrically controlled 3/2-way valve (Festo MHJ10) and one
2/2-way valve (Festo VOVG-LK), together replicating the function of a 3/3-way
valve, as compact 3/3-way valves in the required size are not available. This setup
enables each chamber to be filled, vented, or held in place as needed. In the blocking
state, all ports are closed, preventing any unintentional pressure loss.
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To control these valves, N-channel MOSFETSs are used as switches. These are
triggered by the Arduino and allow control of the 12V valves using 5V logic levels.
Prefabricated MOSFET modules, specifically designed for microcontroller integra-
tion, are used instead of custom PCBs to simplify the assembly.

For closed-loop control, the module integrates three absolute pressure sensors
(MPX4250AP), each monitoring one chamber. These sensors operate at 5V and
are connected to the analog inputs of the Arduino. Due to their 6 mm pneumatic
connection, they require different tubing from the 4 mm used for the valves. An
Arduino UNO WiFi Rev2 manages the sensors and valves. It is powered by a 9V
block battery (6LR61), while the valves draw power provided by a dedicated 12V
battery shared with the pump module. All USB and power ports of the Arduino
remain accessible from the outside, facilitating programming.

The pump module integrates a diaphragm pump (KNF NMPO03) for pressure
generation, along with an L298N motor driver, an Arduino UNO Rev3,a 12V battery,
and a 9V battery. The pump is driven via the L298N motor driver, which enables
pulse width modulation control of motor speed and direction. Although the driver
causes a voltage drop of approximately 2V (reducing the pump input to around 10 V)
this has negligible impact due to the pump’s oversized specification. The Arduino
Rev3 is powered separately by the 9V battery to isolate logic circuitry from power
electronics.

Two Arduinos, one in each module, coordinate operation. While only the Arduino
UNO WiFi Rev2 has wireless connectivity, the boards communicate via 1’C using
SDA and SCL pins and a shared ground. Electrical and pneumatic connections
between modules run through dedicated cutouts in the 3D-printed enclosure and
wiring guides, ensuring clean integration and modular scalability.

The actual soft actuator module consists of three inflatable silicone chambers,
each with an outer radius of 30 mm, an inner radius of 16 mm, and a wall thickness
of 14mm. Each chamber is 200 mm long and is stabilized at the midpoint (100 mm)
by a 3D-printed connector plate. Additional structural elements, such as rings and
end-caps are also 3D-printed and serve to support the actuator’s geometry while
enabling secure integration into the modular system. These elements are designed
for mechanical reliability and simple assembly.
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Table 2 Overview of components and costs for the pump module

No.| Component description Quantity| Unit cost (€)| Total cost (€)
1 Pump NMP850KPDC-BI4 12V 1 303.45 303.45
2 Motor shield L298N 1 2.60 2.60
3 12V Battery 1 16.16 16.16
4 9V Battery 1 5.65 5.65
5 ARDUINO UNO Rev3 1 20.40 20.40
Total 348.26

Table 3 Overview of components and costs for the pneumatic module

No.| Component description Quantity| Unit cost (€)| Total cost (€)
1 3/2-Way valve N362.2 3 18.12 54.36
2 3/2-Way valve N372.2 3 18.12 54.36
3 Base plate for 3/2-way valve 395.03 1 24.77 24.77
4 Base plate for 2/2-way Valve 396.01 3 24.77 74.31
5 ARDUINO UNO WiFi REV2 1 46.70 46.70
6 Pneumatic tubing 1 0.50 0.50
7 Pressure sensor MPX4250AP 3 18.95 56.85
8 MOSFET module 6 1.00 6.00
9 12V Battery 1 16.16 16.16
10 | 9V Battery 1 5.65 5.65

Total 339.66

This construction ensures both functionality and scalability, and allows multi-
ple modules to be aligned in series. The system architecture thus offers an effi-
cient and flexible solution. The estimated cost of all purchased components for one
bending actuator (with pneumatic module, pump module and soft actuator module)
amounts to approximately 690€, based on market prices at the time of research. This
excludes standard fasteners and in-house manufactured parts such as structural bod-
ies, mounting brackets, and molding tools for the chambers. A detailed breakdown of
all required components and their corresponding costs is provided in Table 2 (pump
module) and Table 3 (pneumatic module).

The described modules and components represent the planned design and cost
estimation; however, physical manufacturing and assembly have not yet been car-
ried out. The design is based on a previously investigated and developed soft bending
actuator, which demonstrated scalable characteristics, allowing the current concept
to be extrapolated from that foundation. Future work will focus on fabrication, inte-
gration, and testing to validate the system’s functionality and performance.
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4.2 Use of Pneumatic Artificial Muscles for an Arm Flexion
Movement

As an example of soft robotic application, we used soft pneumatic artificial muscles
(PAMs) that shorten in length to function as biceps for lifting an arm, similar to
the numerical investigation in Sect.3.2. The fabricated PAMs consist of a molded
silicone cylinder with a length of 200mm (= 210mm when assembled), an inner
diameter of 6 mm, and a wall thickness of 1 mm. Unlike the fiber reinforcement
of the simulated design, a braided sheath surrounds the cylinder and enables the
characteristic ballooning and axial contraction during pressurization. The silicone
cylinder is sealed at both ends with 3D-printed end-caps, which also secure the
braided sheath.

First, six fabricated PAMs were tested individually to measure their contraction
and contraction force at an internal pressure of 110 kPa. The contraction force was
determined by gradually applying an increasing load to each actuator while it was
fixed at one end, and measuring the load at which the actuator began to elongate,
cf. Fig. 14. Despite manual fabrication, all actuators showed consistent contraction
values within the expected range of 20-30 %. However, the measured contraction
forces varied significantly due to irregular wall thickness, and friction between the
silicone cylinder and braided sheath.

Following these tests, the PAMs were integrated into a custom built test rig
simulating a human arm. The setup consisted of plastic tubes representing the upper
and lower arm, connected by a 3D-printed fork joint that enabled planar rotation. The
upper arm was fixed in place, while the lower arm was free to move and subjected to
external loads. The PAMs were added to evaluate their combined ability to generate
sufficient torque for lifting the lower arm through coordinated contraction. Tests
were conducted with varying numbers of PAMs, ranging from two to six, which
were mounted on 3D-printed brackets and secured with cable ties. The actuators
were pressurized to 110 kPa, and loads from 20 to 250 g were incrementally added.



Engineering Soft Robots—Towards Automated Frameworks ... 133

= ey
110 2 muscles %

o * + <— 3 muscles 3

'Z 1004 ‘\2\%‘ 4 muscles

<) ‘ < LN N 1 * 6 muscles

3 QOT “ e SN 6 preloaded

] L N o =2

2 80| ey 4 =13

20 ‘ . 4 *lao= 19.5

o HERN f:::iiizé

5 |

g 60[ g a=156
Bl 7 OLn,: 15.8

RIS

Applied load in g

Fig. 15 Experimental setup of the arm test rig with 2 mounted PAMs shown in their initial state,
pressurized at 110 kPa, and pressurized under additional load state (left); measured bending angle
for varying added weights (middle); and 6 PAMs applied on a skeleton (right)

The flexion angles were measured using the image analysis software Imagel] by
comparing the arm’s position before and after actuation.

The results showed that increasing the number of actuators led to greater bending
and higher load capacity, reaching up to approximately o/pressure = 106° with four
PAMs, cf. Fig. 15. Adding two side-mounted actuators (Fig. 15 (right)) had only a
minor effect on the bending angle opressure but did enhance the system’s ability to
support heavier loads. When the arm was loaded before the actuators were pressur-
ized (preload condition), the resulting bending angle decreased. Furthermore, the
initial bending angle & appears to influence the overall bending behavior, as initial
deflection promotes a larger absolute bending angle.

This investigation confirms consistent trends across tests. However, while simula-
tions are valuable for guiding the design, discrepancies caused by manual fabrica-
tion and mounting tolerances significantly affect actual performance, highlighting
the need for additional experimental validation.

4.3 Generating Peristaltic Ureter Movements with Soft
Actuators in an Endourology Phantom Model

As a final application example, a soft robotic ring muscle was developed for integra-
tion into body-like phantoms, specifically the EndoUroPhantom [21], a urological
organ model used for endoscopic surgery training. The aim is to replicate the peri-
staltic contraction waves of the human ureter to realistically simulate urine transport
from the kidneys to the bladder.

To replicate realistic ureteral motion, the actuator must meet specific parameters:
a wavelength of 20-30 mm, up to four contractions per minute (every 20-25s), and
a wave propagation speed of 20-60 mm/s. The design incorporates a central silicone
tube with a lumen diameter of 5 mm, while limiting the actuator’s outer diameter to
40 mm to maintain compactness and functionality.
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Fig. 16 Fabricated soft ring muscle from Dragon Skin 10 in its initial state (left), and in pressurized
state (middle), and cross sectional view with numerically analyzed geometrical parameters (right)

A simulation-driven design approach using finite element analysis in Abaqus was
employed to optimize geometric and material parameters such as chamber size and
wall thickness. Multiple CAD models were generated and simulated under vary-
ing conditions to identify the geometry that maximized cross-sectional compression
while ensuring manufacturability and functional reliability.

Hyperelastic materials, including Dragon Skin 10 and Eccoflex 00-30, were
selected for their large deformation capabilities and modeled using the third-order
Ogden model. Simulations applied static pressure loads ranging from 10 to 70 kPa
to evaluate deformation behavior.

The final design was experimentally tested to validate the accuracy of the simu-
lations and confirm the reliability of the modeling approach. Furthermore, a custom
control system was implemented to allow adjustment of wavelength, frequency, wave
speed, and contraction intensity, enabling analyses of the ureter’s peristaltic motion.

Design study of geometrical parameters

The soft ring muscle is a circular actuator with a 40 mm outer diameter and a S mm
central lumen for the silicone ureter tube. It features a pneumatic chamber encircling
the lumen, with dimensions optimized through numerical analysis (see Fig. 16).

In the first simulation series, the length of the muscle / was varied (10 mm, 15 mm,
20mm) to examine its influence on lumen compression. Shorter muscles required
less force to deform and produced stronger contractions at lower pressures. Although
longer muscles also showed significant deformation in simulations, shorter segments
offer greater flexibility in shaping the contraction wave. Therefore, a length of 10 mm
was chosen to enable modular and adjustable peristaltic motion.

Next, the chamber’s cross-sectional shape was evaluated. Even though trape-
zoidal chambers offer asymmetric compression that may aid fluid transport, they
caused excessive sidewall expansion and less effective lumen closure. Rectangular
chambers provided more focused compression and were therefore chosen.

The air chamber height /2 was varied between 1 and 4 mm. Results indicated
that higher chambers produced more pronounced deformations due to increased
stretchability. Based on this, a 3 mm chamber height was selected to achieve a balance
between mechanical integrity and sufficient deformation.

The thickness of the inner wall w between the air chamber and the central lumen
was further investigated. Simulations with 1 mm and 2 mm wall thicknesses revealed
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Fig. 17 Experimental setup with horizontal orientation (left), and vertical orientation (right) of the
ring muscles

that thinner walls permitted greater compression due to lower material resistance
and, hence, a 1 mm inner wall was chosen for optimal performance.

Additionally, the outer wall thickness 7 of the muscle was minimized to 1 mm to
allow the largest possible contraction length while maintaining structural coherence
during manufacturing.

Material studies initially suggested that Eccoflex 00-30, due to its lower stiffness,
would allow greater deformation. However, experimental tests revealed that muscles
made from Eccoflex were too soft, resulting in poor performance and insufficient
lumen compression. As aresult, Dragon Skin 10 was selected as the preferred material
for the muscle body, offering better structural integrity and more effective actuation.

Overall, the systematic simulation-based approach allowed the identification of
key design parameters, setting the foundation for manufacturing and testing a soft
ring muscle capable of mimicking realistic ureteral peristalsis.

Experimental evaluation of the peristaltic motion of the soft ring muscles

The experimental setup consists of 25 fabricated ring muscles arranged in series and
fixed on a profile rail. Each actuator is designed to circumferentially compress a soft
silicone tube with an outer diameter of 5 mm and a wall thickness of 0.5 mm.

For actuation, a modular pneumatic terminal from Festo (Motion Terminal
VTEM) is used, equipped with six electronically controlled valves and integrated
pressure regulators. Due to the limited number of valves, the 25 soft muscles are
grouped such that every fifth actuator is controlled simultaneously through shared
silicone tubing, with each valve operating four to five actuators. The applied pres-
sure is limited to 60 kPa to prevent mechanical damage. A CompactRIO (National
Instruments) interface links the terminal to a custom LabVIEW-based control pro-
gram on a PC, enabling adjustment of parameters such as contraction frequency (1-6
cycles/min), contraction speed (10-50 mm/s), and the number of simultaneously acti-
vated actuator groups (1-5).
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The experimental procedure includes two test scenarios: (1) a horizontal setup
of the soft muscles and (2) a vertical configuration to assess the effect of gravity
(see Fig. 17). In both cases, the tube was pre-filled with water and initially clamped
upstream to evaluate whether peristaltic activation of the ring muscles alone could
drive active fluid transport. The peristaltic sequence was then triggered, and any
displaced water was collected at the outlet for the tube. A precision scale measures
the output, and each test is repeated five times to determine the mean transported
volume and standard deviation for each set of parameters.

The study showed that increasing the contraction frequency raises the fluid volume
transported, but the increase is limited by a vacuum forming inside the sealed tube,
which reduces efficiency at lower frequencies. An optimal frequency of 6 Hz was
identified. Increasing contraction speed improved flow up to 30 mm/s; beyond this,
efficiency dropped because the actuators didn’t have enough time to fully return
to their original shape (actuator recovery), reducing their ability to compress the
tube effectively. Longer contraction lengths, meaning more actuators are activated
simultaneously, also improved flow, with five actuators performing best. Tests with
the vertical setup were inconclusive due to air bubbles affecting the measurements.
However, we could show that with the developed ring muscles a fluid transport is
possible.

Building on the preceding numerical design analysis, the initial experimental
tests were successful already at the first trial, confirming that the simulation-driven
approach offered a robust foundation for achieving effective actuator performance
and realistic peristaltic motion.

5 Conclusion

This work presents a structured and application-driven methodology for the design
and prototyping of soft robotic systems, combining automated simulation frame-
works with targeted experimental validation. By integrating finite element simula-
tions, parametric modeling, and physical prototyping, we demonstrated efficient and
systematic approaches to address the inherent challenges posed by the nonlinear
behavior and high compliance of soft materials.

Key contributions include the development of simulation pipelines for two dis-
tinct soft robotic systems: a pneumatically actuated bending actuator and a pneumat-
ically driven artificial muscle. These pipelines enable automated dataset generation,
parameter variation, and performance evaluation, significantly reducing the need for
manual iteration and physical testing. Furthermore, we demonstrated the real-world
applicability of these methods through three application-driven prototypes—each
addressing a different functional requirement, from autonomous actuation to skele-
tal movement and peristaltic transport.

The findings illustrate that combining simulation-driven design with focused pro-
totyping enables a deeper understanding of soft actuator behavior and accelerates
innovation in the field. This work serves as an example of how soft robots can be
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systematically invented by linking simulation tools with application-oriented devel-
opment strategies. The proposed methodology provides a versatile foundation for
future research and development of task-specific, functional soft robotic systems.
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Switchable Strain-Limiting Structures )
in Soft Actuators: Principles, e
Mechanisms, and Applications

Jan Peters®, Cora Maria Sourkounis(®, Johann Licher®,
and Annika Raatz

Abstract Switchable strain-limiting structures (SSLS) offer a powerful means
of enhancing the functional versatility of soft robotic actuators by enabling pro-
grammable deformation and tunable stiffness. This chapter presents and compares
three distinct SSLS implementations based on form-locking, force-locking, and
material-locking principles. Each mechanism is introduced through its physical con-
cept and technical realization, and illustrated by a representative use case: MRI-
guided percutaneous tumor biopsy and ablation, minimal-invasive surgical manipula-
tors, and soft actuators for deep-sea applications. A structured comparison highlights
their respective trade-offs in mechanical performance, response dynamics, control
effort, and environmental suitability. The chapter concludes with a discussion of
application potentials beyond the presented examples and outlines future directions
for hybrid and adaptive SSLS-enabled soft robotic systems.

1 Introduction

Soft robotic systems have emerged as a transformative technology in fields like med-
ical interventions [1], human-machine interaction [2], and deep-sea exploration [3].
By leveraging compliant materials and fluidic actuation, these robots offer inherent
safety, adaptability to unstructured environments, and high mechanical compliance—
capabilities that rigid robotic systems often lack. However, these advantages come
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at a cost: precise control over motion and force transmission remain core challenges.
These limitations are particularly critical when a robot must switch between com-
pliant and stiff behavior during operation, or when accurate positioning is required
under external load.

Strain-limiting structures (SLS) are a key design element in soft robotic sys-
tems, enabling the transformation of actuation inputs—such as fluid pressure—into
directed, functional motion. By locally constraining material deformation (expan-
sion, contraction or bending), these structures dictate how an actuator behaves,
thereby influencing bending direction, elongation range, and force transmission.
Traditionally, structures like fibers [4] or textiles [5] are permanently embedded in
the material, resulting in a fixed kinematic behavior [6, 7]. For multiple degrees of
freedom, typically multiple actuation chambers are needed which leads to high hard-
ware requirements. For example, many soft robots follow a three degree of freedom
design by using three or more pneumatic chambers that can independently pressur-
ized to allow the actuator to bend continuously in all directions [8]. This leads to the
need of one valve per pressure chamber [9]. While many soft robotic systems are
designed to be small, lightweight, and cheap to manufacture, the needed hardware
for actuation is often bulky and expensive [ 10]. Additionally, each actuation chamber
adds to the diameter of the robot which contradicts miniaturization efforts [11].

While SLS being traditionally passive and permanently embedded, recent
advancements have introduced mechanisms that allow SLS to be selectively activated
or deactivated, forming the class of switchable strain-limiting structures (SSLS).
SSLS offer a powerful alternative to the paradigm of one valve per pressure cham-
ber: they enable reconfigurable kinematics by selectively activating or deactivating
the strain-limiting effect of structures embedded in the soft actuator. This introduces
a new design space for soft robotics, allowing one and the same actuator to exhibit
a wide range of motions and stiffness profiles [12, 13]. SSLS can be categorized
according to the physical principle by which the strain limitation is achieved. In this
chapter, we present and compare the three different implementations:

e Form-locking: A connection where parts are held together by their interlocking
shapes, preventing relative movement

e Force-locking: A connection maintained by frictional forces generated through
clamping or pressing

e Material-locking: A connection formed by the fusion or bonding of materials,
creating a continuous material joint.

Each switching principle enables distinct functional capabilities and is suited to
different application scenarios. Drawing on three recent actuator designs developed
by the authors, this chapter systematically explores the mechanical principles, control
strategies, and performance characteristics of form-, force-, and material-locking
SSLS. A detailed comparison highlights their trade-offs, and real-world applications
in medical and marine domains illustrate their practical relevance.
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2 Theoretical Background of Switchable Strain-Limiting
Structures

At their core, SSLS serve a similar but more versatile role to bearings in classical
rigid-body robotics by guiding the motion in one direction while restricting other
movement directions. Through decoupling the control of motion direction and the
actuation, previously single direction actuators can become programmable robots
with reconfigurable kinematics. The SSLS can be realized through high-stiffness
fibers, textiles, or embedded mechanical features that prevent strain in designated
directions. Switchability can be achieved by different physical principles. In this
chapter, we distinguish between three fundamental categories based on the nature of
the force transmission mechanism involved:

Form-locking (closure by form): Form-locking SSLS rely on geometric engage-
ment between structural features—e.g., teeth or latches—that physically block
motion when engaged [14, 15]. When disengaged these features decouple, allow-
ing free deformation. The approach is generally robust, fast to switch, and
energy-efficient.

Force-locking (closure by friction force): Force-locking structures operate by
applying a normal force to generate friction at a contact interface—e.g., clamp-
ing tendons or surfaces. When engaged, the interface resists relative motion, effec-
tively shortening or fixing an otherwise compliant element such as tendons [12] or
sheets [16]. The locking mechanism can be pneumatically triggered but mechani-
cally realized, providing strong holding forces with minimal continuous energy input
required. Another example are electroactive limiting structures that apply oppo-
site electric charge on two parallel pads which are then adhered preventing relative
motion [17, 18].

Material-locking (closure by adhesive force): Material-locking SSLS use a material
whose mechanical properties change upon external stimulation. Typical implemen-
tations involve low melting point alloys (LMPAs) [19, 20], wax or shape memory
polymers [21] which are solid under ambient conditions and soften when melted. In
their solid form, these materials form rigid internal structures that limit deformation;
while when heated, they are compliant.

Each of the three mechanisms provides a difference balance between complexity,
response time, energy consumption, and mechanical performance. The next section
introduces specific actuator designs exemplifying each principle, serving as the basis
for the comparative analysis that follows.

3 Mechanism Description and SSLS Applications

Switchable strain-limiting structures (SSLS) enhance the functional diversity of soft
robotic actuators by enabling programmable deformation modes and tunable stiff-
ness. This section presents the design principles, mechanical implementation, and



142 J. Peters et al.

actuation strategies behind three representative SSLS mechanisms, each correspond-
ing to a different physical switching principle: form-locking, force-locking, and
material-locking. To illustrate their functional integration and practical relevance,
this section briefly summarizes one exemplary application for each principle. While
these examples are specific and grounded in experimental implementation, they rep-
resent only a subset of the possible domains in which such mechanisms may prove
beneficial.

3.1 Form-Locking SSLS: Interlocking Comb Structures

The form-locking mechanism utilizes geometrically interlocking components to cre-
ate a reversible mechanical constraint. The actuator consists of multiple pneumatic
chambers for motion and separate chambers containing comb-like structures embed-
ded in the silicone main body as shown in Fig. 1a). Each comb chamber contains
pairs of interlocking teeth that engage when not pressurized and disengage when

Fig. 1 a Form-locking SSLS actuator with three pneumatic chambers for actuation and three
chambers containing interlocking comb-like structures [22]. b Force-locking SSLS actuator utilizing
a clamping mechanism to guide the pneumatic actuation pressure by fixing the length of tendons
routed through the actuator [23]. ¢ Force-locking SSLS actuator with six actuation chambers and
three chambers containing a LMPA for selective motion and stiffness control [24]. For detailed
descriptions of the actuator please refer to the respective works
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pressurized. By inflating the comb chamber (positive pressure), the combs are radi-
ally displaced, breaking the interlock and allowing free deformation. When deflated,
the elastic recoil of the silicone brings the combs back into contact, re-establishing
the strain-limiting constraint. Selectively locking one or more of the comb chambers
allows the actuator to bend directionally over these locked chambers, while unlock-
ing all combs permits axial elongation. In addition, the SSLS can be used to position
lock the actuator. When all comb chambers are engaged, the actuation pressure can
be released and the actuator stays in its current configuration without the need for
further energy input. The system requires only positive pressure and no electrical
components, making it well-suited for the sensitive environment of interventional
magnetic resonance imaging (iMRI).

In this context, the form-locking actuator was developed for a soft robotic manip-
ulator designed to assist with percutaneous tumor biopsy and ablation procedures
inside the MRI bore [22]. Conventional rigid robots are unsuitable in such settings
due to electromagnetic interference, spatial constraints, and safety concerns. The
use of pneumatically activated interlocking combs allows the actuator to be config-
ured and locked in multiple positions without compromising MRI compatibility and
maintaining a low hardware footprint.

Key features of the presented form-locking SSLS include:

Position locking (failsafe locked state)

Uses only positive pressure for both actuation and SSLS activation
Fast response (>1s for locking and unlocking)

MRI-compatible design without metal components and electronics.

3.2 Force-Locking SSLS: Tendon Locking Mechanism

Force-locking is realized through frictional clamping of pre-tensioned tendons. The
actuator segment features three longitudinal pneumatic chambers for elongation and
three tendons routed through embedded channels as illustrated in Fig. 1b). At the
base of each segment, a tendon-locking module uses miniature pneumatic chambers
to rotate rigid levers that clamp the tendon against a high-friction surface. When the
locking chambers are activated (via positive pressure), the tendons are held fixed in
length, and further elongation of the actuator causes it to bend in the direction oppo-
site to the locked tendon(s). A tendon-retraction mechanism (a spring-loaded pulley)
ensures slack tendon management during reconfiguration. This setup enables inde-
pendent stiffness and configuration control in multi-segment soft robots, allowing
selective stiffening of individual segments without influencing adjacent ones.

This SSLS principle was implemented in a multi-segment soft robotic manipulator
prototype for minimally invasive surgery (MIS) [23]. Each segment integrates the
tendon-based antagonistic actuation that allows tendons to be locked independently,
enabling the robot to stiffen or hold its shape locally. This setup allows precise
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spatial configuration of each segment while preserving compliance where needed—
for example, to accommodate anatomical constraints or respiration-induced motion.
Experimental results demonstrated a more than 200% increase in stiffness, as well
as independent control over base and distal segments. Due to the SSLS mechanism
installed in series and otherwise only thin tendons routed through the actuators,
there is particular potential for miniaturising the diameter of the robot. While this
actuator is an example for a medical use case of SSLS actuators, the same principle is
transferable to industrial inspection systems for confined spaces. The SSLS principle
does not allow for position locking as the tendons routed through the actuator can
only absorb tensile forces.
Key features of the presented force-locking SSLS include:

Modular and continous tendon-locking positions in each segment
High stiffness modulation range (up to 200%)
MR-compatible design without metal components and electronics
Especially suited for diameter miniaturization.

3.3 Material-Locking SSLS: Low-Melting-Point Alloy
Chambers

Material-locking is implemented by embedding chambers filled with a low-melting-
point alloy (LMPA) alongside pneumatic actuation chambers as described in Fig. 1¢).
In the solid state, the LMPA acts as a force-translating structure, constraining elonga-
tion and bending on the respective side. When heated via integrated nichrome wires,
the alloy melts, rendering the structure flexible again. The actuator contains three
such LMPA chambers. Selective melting enables controlled bending (one or two
rigid sides), while melting all three allows axial elongation. Steel helices within the
LMPA chambers ensure structural continuity and force transmission when the alloy
is solid. Like the presented form-locking actuator, this SSLS principle allows position
locking of the actuator. For that, the actuation chambers are actuated while one, two
or all LMPA chambers are in their liquid state to reach a designated configuration.
The heating of all chambers is then switched off. Once all LMPA chambers are solidi-
fied, the actuator maintains its configuration without power, offering energy-efficient
position locking.

This material-locking SSLS actuator was developed as a part of a deep-sea suction
sampling system [24]. Designed to operate at depths of up to 6000 m, the actuator
would be driven hydraulically by seawater while using the LMPA as the SSLS mate-
rial. With just one necessary pressure pump for actuation and only electronic com-
ponents used for guiding the movement direction the hardware footprint is reduced.
It was shown, that the actuator can be stiffened by more than 300% between the
unstiffened and stiffened state. Additionally, the actuator can be locked in position
without consuming energy, an essential advantage for battery-constrained subsea
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vehicles. This enables the robotic structure to maintain a prescribed bending con-
figuration while resisting external loads from turbulent flows or seabed contact. The
cold environment accelerates the cooling process of the LMPA - the major drawback
of heating-based SSLS.

Key features of the presented material-locking SSLS include:

e High programmable stiffness modulation via thermal phase change
e Energy efficient passive stiffened state
e Beneficial in the deep-sea environment due to faster cooling of the LMPA.

Each of these mechanisms exemplifies a distinct approach to switchable strain
limitation, offering unique trade-offs in terms of complexity, controllability, energy
efficiency, and application scope. In the next section, these mechanisms are compared
qualitatively.

4 Comparison and Discussion

The form-, force-, and material-locking strategies described in the previous section
each offer distinct advantages depending on application requirements, actuator archi-
tecture, and system constraints. In this section, a structured comparison of the three
switchable strain-limiting structures, focusing on six key criteria is presented.

4.1 Comparison of Switchable Strain-Limiting Structures

SSLS can be compared with each other based on various criteria, which are briefly
explained below. The activation method is one of the most important criteria, as it
significantly influences other properties such as response time and hardware foot-
print, and of course has a major impact on energy consumption. The response time
is crucial for the intended application of the robot. Many applications that require
rapid configuration changes are usually difficult to implement with thermally trig-
gered SSLS. The hardware footprint, one of the main motivations for using SSLS,
is also controversial. The SSLS mechanism itself can contribute significantly to the
hardware footprint. In most cases, however, the pressure control valves used in flu-
idically actuated actuators are the most expensive component, which can be reduced
by SSLS. Stiffening performance and the possibility of position locking are features
that are particularly relevant for the application. The properties listed in Table 1 refer
explicitly to the actuators presented in this chapter.

1. Activation Method: The type of energy or signal required to switch between
states (e.g., pneumatic, thermal, mechanical, electrical).
2. Response Time: Time required to switch between flexible and constrained states.
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Table 1 Comparison of the switchable strain-limiting structures presented in this work

Criterion Form-locking [22] Force-locking [23] Material-locking [24]
Activation method Pneumatic Pneumatic/Mech. Thermal

Response time Fast Fast Slow

Hardware footprint Medium Medium Low

Cross section Big Small Medium

Stiffening ratio Medium Medium? High

Position locking Yes (axially) No Yes (uni-directional)

4 Highly depending on the direction of force corresponding to the tendon direction

3. Cross-Sectional Space Requirements: Additional space that is used by the SSLS
in the radial direction of the actuator.

4. Hardware Footprint: Number of valves, regulators, or electronic components
needed.

5. Stiffening Performance: Qualitative increase in mechanical resistance or stiff-
ness (i.e. ratio between stiffened and unstiffened state).

6. Position Locking: Ability to passively lock the actuator in its current configura-
tion without the need for further actuation.

4.2 Discussion

The three analyzed switchable strain-limiting structures (SSLS) exhibit distinct
mechanical behaviors, constraints, and application trade-offs, which become evi-
dent when comparing their performance in real-world prototypes. The presented
form-locking SSLS, based on interlocking combs, is characterized by fast pneumatic
switching and a medium hardware footprint. While position locking in the elongated
configuration is reliable and passive, it is limited to discrete intervals defined by the
comb teeth geometry. Moreover, the relatively small maximum bending angle (16°
at 110kPa) and inability to hold bent configurations limit the range of controllable
shapes. The additional comb chambers increase radial bulk, making the actuator less
suited for space-constrained environments.

The Force-locking system, using frictionally clamped tendons, excel in bending
performance. The reported bending angle of up to 143.6° and stiffness increase of
up to 3.0 (direction-dependent) make this approach suitable for surgical manipulators
requiring segment-specific behavior. However, tendons do not support axial load
retention, making position locking infeasible and the stiffening capabilities highly
directional. While the tendon routing maintains a compact cross-section, the need
for three solenoid valves per segment increases control complexity. Still, this method
remains MR-compatible and highly modular.

Material-locking using low-melting-point alloys offers the highest degree of
versatility. It enables both axial and bent position locking—continuously and
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passively—after cooling. The actuator can achieve 39.7° bending or nearly 30%
elongation at only 45 kPa, and demonstrates a stiffness increase of up to 4.1 in axial
loading. The system requires only one actuation line and compact LMPA chambers,
making it spatially efficient. However, long transition times (180s melt, even longer
solidify) restrict its use to slowly changing configurations or thermally supportive
environments like the deep sea.

A cross-mechanism comparison reveals that no solution is universally optimal.
Form-locking is well-suited for discrete MRI tasks with limited deformation needs.
Force-locking is ideal where fast actuation and high maneuvrability is critical and
passive holding is not. Material-locking is the only option for passive locking for
straight and bent configurations, but its time consuming switching mechanism must
be considered.

5 Conclusion

Switchable strain-limiting structures represent a possible advancement in the devel-
opment of soft robotic systems for real world applications. By enabling selective
restriction or release of deformation, they unlock new possibilities for actuation
efficiency, shape programmability, and adaptive stiffness modulation—all without
abandoning the core benefits of soft robotics: compliance, safety, and versatility.
While all the presented mechanisms were developed to decouple motion control
from permanently embedded structures and to avoid the need for additional pressure
regulators for each motion direction, the SSLS can also be used in combination with
separately actuated chambers to increase the overall workspace.

This chapter has presented three fundamentally different approaches to achieving
switchability—form-locking, force-locking, and material-locking—each grounded
in a distinct physical principle and demonstrated through a dedicated actuator design.
Their comparison shows that no single approach is universally superior; instead, each
offers trade-offs suited to different environments, control architectures, and func-
tional demands. The accompanying application cases—from MRI-guided interven-
tions to deep-sea sampling—illustrate both the practical viability and the domain-
specific optimization of each method. At the same time, these examples are not
exclusive: the core mechanisms presented here are broadly transferable and hold
promise for a wide range of future applications in medicine, industry, exploration,
and beyond.
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Curved Rods as Building Blocks )
for Programmable Soft Robotics e

Sophie Leanza® and Ruike Renee Zhao

Abstract Curved rods offer a promising yet underutilized foundation for pro-
grammable soft robotics. When deformed, these rods store elastic energy that can
be harnessed to drive dramatic, reversible shape changes. Through careful design
of their curvature and arrangement, these structures can exhibit multistability and
tunable energy landscapes, enabling precise control over transitions between distinct
configurations. From rings to various 3D assemblies, curved rod-based architectures
can be programmed to morph in shape, area, and volume in response to simple inputs.
Embracing curved rods as a structural element can open the door to robotic systems
with rich, adaptive capabilities.

1 Introduction—The Curved Rod as a Soft Robotic
Building Block

Soft robotic designs that exploit structural instabilities, for instance by incorporat-
ing beams, curved plates/domes, or origami to their structures, are advantageous in
that they’ve been shown to achieve rapid movements, dramatic shape changes, and
amplified force outputs [1]. One type of underexplored structural element that is
promising for use in soft robotic design is the curved rod, or a rod that is curved in
its natural, stress-free state (Fig. 1a). Once deformed from its stress-free state, for
instance to a straightened configuration (Fig. 1a), the rod carries elastic energy which
can be stored and later harnessed for soft robotic movements. Through appropriate
constraints, these rods can be used to assemble larger pre-stressed structures, such as
rings or 3D assemblies (Fig. 1b), which exhibit multistability and achieve significant
shape and volume changes via buckling. Here, we argue that curved rods can serve
as a minimalist and transformative building block for soft robotics.
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Fig. 1 a The curved rod, a potential building block for soft robotics. Deforming the rod from
its stress-free state imparts elastic energy. b With appropriate constraints, multiple stressed rods
can be assembled to generate 2D and 3D structures such as rings and cubes, respectively. ¢ Shape
morphing of a ring is achieved by applying appropriate loads, reconfiguring the ring to another
stable state [2]. d The energy landscape of the curved rod assembly is determined by designing the
initial curvature of the rods and their geometry. Through careful design, multiple stable states of
the structure, corresponding to the energy minima, are achievable [2]. e Structures assembled from
multiple rods are capable of significant area and volume change upon reconfiguration. Examples
include (i) a hexagram ring which can fold into a straight-line shape [3], (ii) 3D and 2D assemblies
of hexagonal rings that can be stacked and folded to greatly reduced sizes [4], and (iii) a ball-shaped
assembly of hexagonal rings that can be folded to a ball of reduced size [4]

2 Design, Structural Simplicity, and Scalability

The design space for structures made of curved rods is quite extensive. They can
be used to create rings, ranging from circular [5, 6] to regular polygonal rings [2,
7, 8] and those with curved geometries [3, 9, 10]. 3D structures can be made by
assembling several rings together [4], or by directly assembling curved rods into
various 3D geometries (Fig. 1b). Thus, the curved rod is a general building block that
can be used to generate structures of different forms which can be tailored towards
specific soft robotic applications. From a fabrication perspective, curved rods are
appealing as their geometries are simple and slender, making them lightweight and
modular, ideal for assembling more complex structures. The rods can be made from
a variety of materials, including polymers and metals, and can potentially be scaled
up or down, to millimeter or meter scales, making them useful for a wide range of
applications.
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3 Shape Morphing, Energy Landscape, and Multistability

Rings of different geometries have been studied extensively and have been shown
to snap/fold reversibly between stable states when bending or twisting loads are
applied [7]. An example of the folding process of an octagonal ring is shown in
Fig. 1c [2], in which the ring is reconfigured between two stable states when rota-
tional displacements are applied at its corners. These shape changes arise from
the ring’s multistability, which is governed by the curvature and geometry of its
constituent rods. By tailoring these design parameters, the energy landscape of the
ring can be programmed (Fig. 1d), with stable states corresponding to local energy
minima. For example, an octagonal ring can be designed to possess three stable
configurations (Fig. 1d) [2], each with tunable relative energies. The black and red
curves in Fig. 1d illustrate how altering the initial curvature of the rods reshapes
the energy landscape—predefining which stable states have the highest and lowest
energies. Thus, by designing the curvature of the rods, both the stable configuration
and the energy at that state are designed. This multistability of rod-based structures
would allow a single robot to adopt distinct postures or functional states. In addition,
the programmable energy landscape is useful to soft robotics, in which one configu-
ration might store high energy for sudden jumping or flipping while reconfiguration
to a lower-energy, differently shaped stable state may be more suited for locomotion
such as crawling or rolling.

4 Reconfiguration: Area and Volume Change

Rings and other assemblies of curved rods are capable of dramatic changes in vol-
ume [4] and shape [5-7]. By coordinating the transitions of multiple rods, these
structures can reversibly collapse into compact forms or deploy back into their more
voluminous configuration. Rings can be specially designed, for instance by program-
ming the curvature of the ring’s edges, to achieve significant area reduction from
the deployed to folded state such as the hexagram (star-shaped) ring in Fig. le (i).
Assemblies of rings, for instance into dome structures or tessellations (Fig. le (ii)),
can achieve significant volume and area changes upon stacking and folding the con-
stituent rings. In addition, other assemblies can transition between different 3D forms,
such as the ball-like structure in Fig. le (iii). These transformations enable a wide
range of robotic behaviors, including navigating tight spaces, forming protective
shells, or adapting stiffness and contact area during interaction.

5 Conclusion

Curved rods represent a powerful, underutilized design element in soft robotics for
creating pre-stressed and programmable structures. Their ability to store and release
energy, transition between multiple stable states, and drive large-scale shape change
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positions them as a uniquely versatile soft robotic element. By embracing these
principles, we can create soft robots in which motion, shape, and function emerge
from structure—enabling minimalist designs with rich, reconfigurable behaviors.
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Soft Tendon Driven Manipulators: From )
Continuum Joints to Dexterous Robotic e
Systems

Oliver Sebastian Neumann(®), Jens Reinecke(®, Lena Sophie Ewering®,
and Bastian Deutschmann

Abstract Soft tendon-driven robotic systems provide exceptional flexibility and
adaptability, enabling safe interaction with dynamic environments and delicate object
manipulation, surpassing the limitations of rigid robotic frameworks. This report
investigates advancements in the design, control, and application of soft manip-
ulators, tackling challenges in energy efficiency, structural durability, and precise
motion. A significant contribution is the development of multi-segmented contin-
uum manipulators with optimized tendon routing, reducing energy loss and unin-
tended deformation while enhancing precision. The study introduces hybrid soft-rigid
robotic hands, incorporating articulated palms and embedded stiffeners, markedly
improving grasp stability and dexterity. Drawing from human biomechanics, a
tendon-driven flexible spine and torso, guided by spinal engine theory, integrate
passive compliance and tunable stiffness for superior mobility and resilience. Pro-
prioceptive sensing, decentralized on-edge computing via a multiprocessor system-
on-chip (MPSoC), and bio-inspired learning algorithms enable real-time adaptability
and control efficiency. These innovations advance the development of robust, energy-
efficient soft robotic systems, with potential applications in healthcare, industrial
automation, and human-robot interaction.

1 Introduction

Soft manipulators and grippers are emerging as promising solutions for dexter-
ous robotic tasks, leveraging morphological intelligence and compliance to adapt
to unstructured environments [1, 2]. These systems exploit embodied intelligence
to simplify control and improve performance in tasks such as grasping and manip-
ulation [3, 4]. Soft robots can be designed using various materials and actuation
methods, including fluidic elastomers and pneumatic systems [4, 5]. However, chal-
lenges remain in developing proprioception for soft robots [6] and optimizing their
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design to maximize beneficial morphological computation while minimizing undesir-
able interactions [7]. Ongoing research focuses on improving modeling, simulation,
and optimization techniques for soft robotic systems [8]. As the field advances, soft
manipulators show potential for applications in agriculture, healthcare, and human-
robot interaction [1, 6]. Conventional control paradigms need to be reconsidered, so
that the full potential of such a system can be utilised [9].

This chapter is organized as follows. In Sect. 2, the modular joints developed in
this line of research are presented which are made of soft materials. Afterwards in
Sect. 3, the application of such modular joints in present or future robotic systems
is described. The chapter closes with a summary of the presented and a summary of
topics that will be addressed in the future.

2 Modular Continuum Joints

Modular continuum joints serve as the building blocks for soft tendon-driven manip-
ulators, enabling flexible and adaptive motion. This chapter explores their design,
focusing on optimized tendon routing, resonance tuning, and workspace shaping to
enhance performance. It then delves into control strategies, covering model-based
approaches, proprioceptive sensing, and recent advancements in learning-based
control for improved adaptability and precision.

2.1 Design

The design of the soft manipulators in this study focuses on tendon-driven contin-
uum joints, which utilize the intrinsic compliance of soft materials to achieve flexible
and adaptable motion. A continuum joint consists of a soft material structure placed
between two rigid platforms, providing a deformable but stable motion frame. An
important aspect of the design is the integration of tendon guide channels into the
soft structure, as suggested in the computational approach to tendon routing [10].
The tendons are routed from the lower to the upper platform and attached to the
upper platform. By pulling on these tendons, the upper platform moves when the
soft material structure is loaded and deforms accordingly. In contrast to conventional
methods of external tendon routing, which increase the risk of tendon damage and
unwanted friction, this method calculates predefined internal channels that allow the
tendons to move freely without affecting the surrounding material. These channels,
designed using a finite element model, ensure that the tendons follow optimal paths
that minimize unwanted deformation and energy loss. Tendons can be either exter-
nal or internal, allowing for flexible design depending on the requirements of the
application.

Another crucial consideration in the design is the resonance behavior of the con-
tinuum joint, as investigated experimentally [11]. The study demonstrated that tendon
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pretension significantly affects the joint’s natural frequency and damping properties,
which is vital for optimizing energy efficiency in cyclic motions. By adjusting ten-
don tension, the resonance frequency can be tuned, enabling energy-efficient periodic
actuation, such as in humanoid torso rotation. The static workspace of the joint can
be shaped by the fixation points of the tendons, as well as the geometric and material
properties of the soft material structure, allowing for tailored motion profiles. Addi-
tionally, the dynamic workspace can be shaped using the nonlinear elasticity of the
joint, providing further adaptability to complex tasks that require variable stiffness
or compliance.

To validate these design principles and ensure reproducibility of experimental
results in research, an open-source testbed was developed [12]. This modular platform
allows for different tendon configurations, material choices, and actuation strategies
to be tested systematically. The design incorporates 3D-printed molds for soft mate-
rial casting, customizable tendon routing setups, and an experimental framework for
evaluating bending, torsion, and actuation performance. Mechanical testing, includ-
ing bending and torsion experiments, confirmed the robustness of the generic hard-
soft interface between the rigid platforms and the soft material structure, ensuring that
the continuum joint can withstand significant loads without failure. This interface
is critical for maintaining structural integrity under the stresses induced by tendon
actuation and external forces.

By combining computational modeling, experimental resonance analysis, and an
open-source test platform, this study establishes a systematic approach for designing
soft manipulators with high dexterity, tunable mechanical properties, and improved
longevity. These findings contribute to the advancement of soft robotics, enabling
safer and more efficient interactions between robots, humans, and dynamic environ-
ments. The ability to precisely shape both static and dynamic workspaces through
tendon fixation, material selection, and nonlinear elasticity opens new possibilities
for applications requiring adaptive, resilient, and energy-efficient robotic systems.

2.2 Control of Continuum Joints

Model-based control of continuum joints can be effectively implemented by inte-
grating classical methods from nonlinear control theory with dynamic equations that
describe the behavior of soft robots, which are derived from mechanical model-
ing. This approach has been successfully applied to both fully actuated dynamics, as
demonstrated in [13], and underactuated dynamics, as shown in [ 14]. In recent devel-
opments, closed-loop control strategies for underactuated systems have been further
enhanced by incorporating fractional-order controllers, which improve robustness
and stability, as highlighted in [15].

One of the key challenges in implementing nonlinear model-based control strate-
gies is the necessity of accurately estimating the generalized coordinates of the soft
robot. This estimation process can be achieved through external vision systems, such
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as cameras positioned outside the robot’s workspace, or through onboard sensor sys-
tems that provide real-time feedback on the robot’s configuration and movement.
Studies such as [16, 17] have demonstrated the effectiveness of these techniques
in obtaining precise state estimations necessary for control using model-based and
model-free approaches respectively.

A fundamental assumption in many model-based control approaches is that the
tendons used to actuate the soft robot are inelastic, meaning they do not stretch sig-
nificantly under tension. Under this assumption, achieving a high level of model
accuracy is crucial for effective control. However, recent research has explored pos-
sible extensions to this assumption. One such extension considers the case where
tendons exhibit elasticity. In this scenario, modifications to the control law allow for
compensation of the elastic behavior, enabling stable and predictable motion control
even for high dynamic motions [18].

Another significant advancement in the field involves the use of onboard cameras
for visual servoing. This approach requires knowledge of the forward Jacobian,
which relates changes in actuation inputs to the observed movement of the robot.
By leveraging real-time visual feedback, onboard cameras can enhance the accuracy
and adaptability of control strategies, as demonstrated in [19].

Furthermore, it has been shown that achieving precise dynamic modeling may
not always be necessary when model-based control is combined with learning-based
techniques. Instead of relying on a highly accurate dynamic model, data-driven
approaches can compensate for modeling uncertainties, improving overall system
performance. This hybrid methodology, which integrates learning with traditional
model-based control, has been successfully explored in [20].

3 Robust and Dexterous Robotic Systems

Achieving dexterity in robotic systems requires a combination of structural adapt-
ability, efficient actuation, and intelligent control strategies. This section presents
key design approaches that enhance both robustness and manipulation capabilities
in robotic hands and continuum mechanisms.

We explore multi-segmented continuum manipulators that balance flexibility and
control, articulated palm structures that improve grasping adaptability, and hybrid-
continuum mechanisms incorporating passive gravity compensation. Additionally,
we discuss the integration of articulated spine structures for humanoid robots,
enabling increased agility and human-like movement. These developments con-
tribute to the design of robotic systems capable of precise and reliable interaction
with dynamic environments.
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3.1 Soft Articulated Neck

In our research, as detailed in [10, 21], we explored the development of a structurally
flexible humanoid spine, with a specific emphasis on the cervical region, utiliz-
ing a tendon-driven elastic continuum mechanism, see Fig. 1. The primary research
direction is to enhance the mechanical robustness and human-like performance of
humanoid robots operating in unpredictable environments by incorporating passive
compliance and a large range of motion. The approach utilizes a silicone-based elas-
tic backbone actuated by tendons, contrasting with the human spine’s muscle and
ligament stabilization, to achieve durability and flexibility. Main findings from the
study include the successful validation of a planar prototype [21] demonstrating a
workspace of at least £30°, dynamic motion capabilities up to 1.5 Hz, and signifi-
cant robustness against impacts, with tendon forces reduced by nearly half compared
to a rigid mechanism. These results informed the design of a modular three degree
of freedom (DoF) neck prototype [21], providing a versatile testbed for exploring
various tendon routings and continuum shapes, ultimately aiming to contribute to
the development of a robust humanoid robot torso and neck with improved energy
efficiency and gravity compensation.

The prototype shown in Fig. 1 is utilized as a neck system of the soft articulated
humanoid David [21] and possess +=30° of tilt motion and +50° bending motion.

Fig. 1 (Left) Integrated module is mounted as neck for the humanoid DAVID. (Right) Integrated
module as single component with power electronic
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3.2 Multi-segmented Continuum Manipulators

For this research direction, we derived workspace requirements from anthropomor-
phic counterparts, specifically the finger and thumb [22]. We measured the tip force
of the finger, a key parameter for robotic in-hand manipulation, and determined its
resulting pose using AprilTags, which are easily attachable and open-source. To min-
imize distal inertia and enhance finger dynamics, motors were positioned away from
the actuated joints, utilizing tendon-driven mechanisms to reduce moving mass at
the extremities and enable more agile movements. To compare configurations, we
used two metrics: the reachable workspace for a given tendon actuation force and
the resulting fingertip force in an empirically chosen pose.

Given the requirements defined above, we conducted a range of motion experiment
to evaluate different structural configurations of the prototypes. The tendon force
applied was incrementally increased, first for individual joints and then in a coupled
manner. The following structural parameters were systematically investigated:

e Direction-dependent stiffness for bending is achieved through various cross-
sections of the continuum, with flexion designed to be less stiff than adduction
in the medial and distal links, see Fig. 3.

e Embedded rigid stiffener, allowing for constraining motion along a certain axis
but also serve as carrier for Bowden tubes or sensors, see Fig.2 (left) and Fig.3.

e Internal routing within the segmented continuum structure using Bowden tubes to
reduce friction and guide tendons through bent silicone, see Fig.2 (left).

e External routing was explored for ease of manufacturing, incorporating passive
tendons to achieve a nonlinear transmission ratio over the bending range, see Fig.2
(right).

e Trimming and cut-away sections to enable more compact bending radii of the
continuum structure and improve grasp stability by enhancing its ability to wrap
around objects, see Fig.2 (right).

A comparison of the reachable workspace for two selected variants is shown
in Fig.2.

The external tendon routing offers ease of manufacturing but introduces trade-offs
in performance and control. Since the tendons for the distal links are not guided close
to the neutral axis, this configuration results in segment coupling, leading to buckling.
While the external routing allows for higher lever arms and consequently higher joint
torque, it lacks shielding and protection, making it more prone to interference with
objects during manipulation tasks. Additionally, the angle of attack for the applied
force changes over the bending angle of the segments, complicating control compared
to the internal routing, which provides a more guided force introduction.
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Fig. 3 Prototype for multi-segmented continuum finger, featuring embedded rigid bone-like
elements and a internal actuation to analyze stiffener mechanisms and dynamic behavior

3.3 Flexible Articulated Palm for Robotic Hands

Recent studies emphasize the role of flexible, actuated palms in robotic hands to
enhance grasping and manipulation capabilities. Research demonstrates that soft,
concave palms improve finger workspace, manipulability, and adaptability [23,
24]. Innovative designs feature dual-layered structures for surface conformity and
adjustable stiffness [25], alongside pneumatic actuation for metacarpal movement
and thumb opposition [26, 27]. These developments seek to emulate the multifaceted
functionality of the human hand, which evolved for manipulation and protective
support during striking actions [28-30]. The human hand’s distinct morphology,
encompassing soft tissues and neurological integration, enables precision and power
grips critical for throwing and clubbing [29]. This evolutionary framework guides the
design of more adaptable, human-like robotic hands, integrating soft materials, active
palms, and distributed tactile sensing to optimize dexterity and object interaction.
In the human hand, palm flexion results from the palmar displacement of the little
finger’s metacarpal bone (MC) distal end [31], as depicted in Fig.4a. This motion
partially transfers to the ring finger’s MC, yielding a smooth curvature rather than
abrupt, hinge-like bending [23]. Quantitative physiological data on the little finger’s
MC displacement are absent; thus, we estimated it as equivalent to the MC diameter,
based on personal observation and tracking by [32]. The palm must also exhibit pas-
sive compliance to mitigate collision severity independent of control system response
time. If the flexible material doubles as enclosing soft tissue with embedded bones,
it acts as a skin-like interface, requiring resilience against contact with both large,
smooth objects and small, sharp ones at typical grip forces of approximately 30N.
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(a) Sketch of an articulated and seg- (b) Prototype with segmented, actuated palm structures
mented flexible robotic palm

Fig. 4 Design and development of a flexible robotic palm. The left sketch illustrates the initial
concept of an articulated and segmented palm structure. The right depicts a prototype, integrating
flexible materials and actuated elements to enhance robotic grasping and manipulation

Tendon-driven actuation, with a motor in the forearm, facilitates palm flexion and
enables mechanical couplings, such as linking little finger MC motion to thumb
abduction or finger splaying.

Two-dimensional finite element method (FEM) analysis characterized the behav-
ior of a soft, silicone-like material (E = 1.5 MPa, o,, = 5 MPa) under simple con-
tact with rigid objects and unidirectional force, then in an idealized palm config-
uration. Grasped objects were modeled as circular contact bodies of varying radii.
Large bodies (r = 10 mm) induced negligible stresses at typical grip forces, sustain-
ing up to fivefold increases before exceeding modeling assumptions, with stresses
well below material limits. Small objects (r = 0.5 — 1mm) generated significantly
higher stresses with a steeper gradient, yet remained subcritical; however, the small-
est (r = 0.5mm) failed to reach 30N within model constraints. Stress escalated
sharply with decreasing radius, suggesting grip force adjustments for object size and
caution with small, sharp objects. When sharp features protruded from larger smooth
surfaces, forces exceeding twice the typical grip force were achieved without critical
stress. Stress also rose steeply with reduced skin thickness, with a critical threshold
near 2 mm, independent of the thickness-to-radius ratio.

For the idealized palm, a hand cross-section was simplified to five planar
metacarpal bones embedded in soft material, halved at the middle finger for com-
putational efficiency. Tendon actuation was modeled by applying force at the lit-
tle finger MC palmar surface toward the hand’s center, targeting a minimum grip
force of 30N, as shown in Fig. 5a. Geometric parameters were varied to adjust force
application and stiffness, influencing deformation and grip force. Four parameters,
outlined in Fig.5b, were analyzed:

Force direction: pertinent to tendon routing design.

Inter-bone soft material thickness: balancing stability and compliance.

Material enclosure versus interosseal filling: impacting stress distribution.
Tendon insertion site: leveraging biological protrusions for improved mechanical
advantage.

bl e
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(a) FEM model, the palm is fixed at the left edge and produces a reaction force in the fixed contact
body. Black lines show the undeformed body, the contour plot shows the Equivalent von Mises
stress, max. 0.46 MPa, for the body deforming under F, = 100N
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(b) Schematic illustrations of parameters to be varied in the FEM model of the
idealised palm, proportions not to scale

Fig. 5 Model of an idealised flexible palm, cut in half due to symmetry

4 Summary and Future Research

This chapter consolidates the key findings of the research on soft tendon-driven
manipulators, highlighting their advantages in dexterity, adaptability, and energy-
efficient motion. The study has demonstrated how modular continuum joints with
optimized tendon routing improve flexibility while minimizing energy loss and
unwanted deformations. Computationally designed internal tendon guide channels
have been shown to reduce friction and enhance the longevity of the system. Addi-
tionally, resonance tuning has been identified as a crucial factor in improving energy
efficiency for cyclic motions, such as those required in humanoid applications. Exper-
imental validation using an open-source testbed has confirmed the structural integrity
of these designs under various loading conditions.

In terms of control, nonlinear model-based approaches have been success-
fully applied, with sensor-based state estimation—using external vision systems
or onboard sensors—playing a vital role in improving accuracy. Recent advances,
including the modeling of elastic tendons, visual servoing, and learning-based control
strategies, have further enhanced the adaptability of these manipulators. The devel-
opment of multi-segmented continuum manipulators and flexible articulated palms
has expanded the functionality of soft robotic hands, enabling more precise and
stable grasping through embedded rigid elements and compliant structures. These
findings contribute to the creation of robotic systems capable of human-like dex-
terity, improved interaction with dynamic environments, and safe, energy-efficient
operation.
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Despite these advancements, several challenges remain, particularly in control
precision, proprioceptive sensing, and integration of intelligent learning methods.
The following sections outline future research directions aimed at addressing these
limitations. Section4.2 explores decentralized, on-edge control, drawing inspiration
from biological motor systems to enable real-time sensorimotor integration. By dis-
tributing computation across embedded processors, this approach seeks to improve
responsiveness and robustness in manipulation tasks. Section4.3 presents a vision
for hybrid robotic hands, integrating soft and rigid materials to balance flexibility
and structural stability. This approach aims to enhance dexterity, impact resistance,
and functional versatility, ultimately bridging the gap between robotic and human
hand performance.

4.1 Design of a Continuum Robotic Torso

The spinal engine theory, proposed by Gracovetsky and Iacono [33], posits that
the spine plays a central role in locomotion, acting as an active engine rather than
a passive structure. It suggests that coupled motions of the spine—such as lateral
bending, axial rotation, and flexion/extension—generate and transfer energy effi-
ciently through the body during walking or running, with the pelvis and shoulders
rotating in opposition to amplify movement. This theory emphasizes the spine’s abil-
ity to store and release elastic energy, absorbing impacts and driving limb motion
via its dynamic, impulse-loaded behavior. Future research on continuum robotic
torsos should focus on integrating adjustable parallel stiffness elements to enhance
stability and load-bearing capacity while preserving compliance. Bio-inspired actu-
ation strategies, such as tendon-driven mechanisms and variable impedance actu-
ation, could improve dynamic control and energy efficiency by leveraging reso-
nant behavior, drawing from the spinal engine theory’s coupled motion principles.
Real-time adaptive control using proprioceptive sensor fusion and machine learning
can optimize movement coordination, ensuring robust responses to external distur-
bances in line with the spinal engine’s dynamic adaptability. Additionally, evalu-
ating continuum torsos in dynamic walking robots could enhance agility, energy
efficiency, and impact absorption, reflecting the spinal engine’s role in locomotion.
The design, see Fig. 6, of such torsos, inspired by anthropomorphic principles, fea-
tures a lightweight, modular structure with a central continuum joint—a flexible,
cylindrical material—supported by a tripod joint for rotational torque transmission
and cable-driven actuation for bending motions. This setup allows for underactuated
yet robust behavior, enabling experimentation with varying stiffness and geometries
to mimic human-like spinal dynamics while maintaining structural integrity.
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Fig. 6 Prototype of a
continuum robotic torso
inspired by anthropomorphic
spinal dynamics. This
lightweight, modular design
features a central flexible
continuum joint supported by
a tripod joint for rotational
torque transmission and
cable-driven actuation for
bending motions. The setup
enables underactuated yet
robust behavior, facilitating
experimentation with
variable stiffness and
geometries to emulate
human-like movement
patterns, as explored in
future research directions for
dynamic walking robots

4.2 Decentralized On-Edge Control

Recent investigations have concentrated on developing neurologically inspired con-
trol architectures for dexterous grasping in robotic systems. These methodologies
integrate perception, planning, and motion generation [34], frequently employing
adaptive learning techniques [35, 36]. Certain models leverage deep neural networks
to forecast human-like grasping actions from visual inputs [37], while others utilize
biologically inspired visual exploration for grasp synthesis [38]. Tactile sensing is
pivotal in grasp regulation, emulating human tactile pathways [39]. Sensory-motor
integration strategies, merging vision, electromyography (EMG), and force opti-
mization, have been devised for manipulation and grasping tasks [40]. Advanced
prosthetic limbs have demonstrated simultaneous neural control of reaching and
grasping via intracranial electroencephalography (IEEG) signals [41]. These bio-
inspired strategies seek to narrow the disparity between human dexterity and robotic
grasping proficiency, enhancing flexibility and adaptability in object manipulation.

In our study, a multi-processor system on chip (MPSoC), depicted in Fig.7, serves
as a versatile and high-performance embedded platform.



Soft Tendon Driven Manipulators: From Continuum ... 167

uC, FPGA ASIC
-~ N\ o
< ]
< )
2 Tactile Sensing Motor Control =2
= #ROS (QSPT) QSPI 5
2 - =
2 k3]
\ ) <
MPSoC
P
FPGA
- e \
Digital Interfaces Parallel Inference
<
g Shared
Z APU Memory RPU
g 4ROS
= OpenAMP
= Joint Control ROS2, FMI (Open ) puROS (UART)
Sequential Inference T Debug, Testing
.
_ J
I ROS2 (EtherCAT) x86-64
k)
E Multi Body Control | ros2, r

Fig. 7 MPSoC-based control architecture facilitating decentralized sensing and actuation. The
system employs wROS as a communication layer for reliable and efficient data exchange over
various physical interfaces, according to bandwidth and latency requirements. The integration of
real-time processors, application processors, and an FPGA enables deterministic sensor-actuator
communication, parallel computation, and flexible data transmission

4.3 Hybrid Design Vision for Dexterous Robotic Hands

Designing robotic hands that are dexterous, robust, and intuitive is fundamental
to advancing human-robot collaboration [42, 43]. Recent research highlights the
importance of hybrid designs combining soft materials with rigid backbones to mimic
the stability and adaptability of human hands [1, 2, 44, 45]. The integration of
sensory systems, such as distributed tactile sensors, has further advanced perception
and control in robotic hands [46].

However, significant challenges remain. Current designs often lack cohesive struc-
tural elements that integrate sensors while maintaining robustness and integrity [32,
44, 47]. Proprioception—the ability to sense self-movement, force, and position—is
unexplored in soft robotics, limiting precise pose estimation and dynamic manipula-
tion [48]. Despite decades of advancements, human-level dexterity in robotic hands
remains elusive, with ongoing efforts centered on sensing, actuation, and control [49,
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Fig. 8 Vision of a robotic hand system consisting of hybrid continuum structures, including a
flexible palm with embedded rigid metacarpals for mounting soft fingers. The fingers combine
embedded rigid bone-like elements to constrain motion with a soft surrounding skin to increase
contact area during grasping. Softness is utilized as a feature to enhance robustness, providing
built-in overload protection and adaptability to dynamic interactions
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50]. Future directions may involve integrating advanced learning algorithms and bio-
inspired designs to overcome current limitations in dexterous manipulation and focus
on robust and maintainable systems [46].

To address these gaps, we want to exploit multi-material joints that integrate
rigid and soft elements, as shown in Fig. 8. This approach aims to design a dex-
terous robotic hand that mimics and exceeds human-like properties [51, 52]. Our
research focuses on developing robotic hands capable of dexterous manipulation
beyond power grasps, leveraging the inherent advantages of softness—such as built-
in overload protection, controllable compliance, and dynamic robustness—to create
hybrid systems. These systems combine the precision of traditional robotics with the
adaptability of soft robotics, enabling advanced applications in precision tasks and
collaborative environments.
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Integrating Unconventional Approaches )
for Intelligent and Adaptive Soft Robotic | @i
Systems

Hwayeong Jeong and Jamie Paik

Natural organisms interact with their environments in highly sophisticated and adap-
tive ways [1-3]. As robots are increasingly expected to integrate seamlessly into the
real world, a critical requirement for their success is the ability to interact intelli-
gently with complex natural environments that include human presence [4-7]. These
dynamic and often unpredictable settings demand heightened adaptability, respon-
siveness to environmental stimuli, and the capacity for effective coexistence and
collaboration with humans.

What will it take for robotics to fundamentally transform how robots inter-
act with humans and the natural world? Robots must be seamlessly integrated
into their environments, achieving a form of omnipresence. They should exhibit
morphological intelligence, allowing them to adapt their physical form and behavior
to shifting conditions, and possess deep contextual awareness to enable informed
and responsive interactions. Soft robotics presents a promising pathway toward this
vision [8-10]. By leveraging embodied intelligence through compliant, deformable
structures, soft robots have the potential to interact with their surroundings in a safe,
intuitive manner [11-13]. However, despite notable progress, soft robotics still faces
significant barriers to widespread adoption. Realizing its full potential demands an
integrated, system-level architecture in which all functional components are cohe-
sively agglomerated within compliant bodies. Paradoxically, the very property that
gives soft robots their strengths to their inherent softness to also presents fundamental
challenges to achieving such agglomerate integration. In contrast, natural organisms
possess highly complex body structures, often composed in part of soft materials, yet
they exhibit exceptional adaptability through precise and effective control of their
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bodies. Drawing inspiration from such systems, researchers are developing novel
frameworks that incorporate Al-driven learning to address similar challenges in engi-
neered systems, enabling robots to navigate and respond intelligently to dynamic,
unpredictable environments.

The rapid progress of modern Al has been largely fueled by its ability to col-
lect and learn from vast and diverse datasets sourced from across the digital land-
scape [14, 15]. Today, Al systems can transfer knowledge by leveraging previously
acquired data—for instance, interpreting new images by referencing patterns learned
from earlier datasets [16—18]. This capability extends beyond visual data to include
textual information as well, exemplified by the success of large language mod-
els [19, 20]. However, this raises an important question: What new domains must
be explored to drive the next wave of Al innovation? One critical limitation in
current Al systems is the absence of physical interaction data [21, 22]. Unlike visual
or textual data, Al lacks access to the rich, multi-modal information that arises from
direct interaction with the physical world. This includes sensory modalities such as
contact force, texture, friction, temperature, and even smell, all of which are criti-
cal dimensions for natural and human interactions that remain largely missing from
current datasets. Most Al systems remain confined to visual or textual data. Address-
ing the absence of physical interaction data presents new opportunities in robotics,
haptics, and embodied learning, paving the way for Al systems capable of sensing,
interpreting, and responding to their environments with greater contextual aware-
ness. These capabilities are essential for the next generation of Al, particularly for
systems designed to function effectively within and alongside the physical world.

Soft robots are increasingly recognized as ideal platforms for acquiring rich,
context-sensitive data through interactive scenarios [23-26]. Their ability to maneu-
ver through confined or dynamic spaces and operate safely in hazardous environments
makes them particularly well-suited for collecting large-scale datasets that are oth-
erwise difficult to access. These capabilities are also advantageous in human-robot
interaction, where soft robots can safely engage in close physical contact, capturing
fine-grained motion, tactile, and behavioral data without risk. Moreover, they can be
designed to mimic human movement, providing a scalable, reproducible source of
human-like motion data. This is especially valuable in fields such as rehabilitation,
haptics, and human-robot collaboration, where obtaining consistent, high-fidelity
datasets from human subjects can be challenging [27, 28].

How, then, are researchers advancing core technologies to unlock soft robots’
unique interaction capabilities that support data collection? Researchers have
explored a range of innovative and unconventional strategies to enhance the perfor-
mance and autonomy of soft robots. Smart materials capable of muscle-like actua-
tion enable decentralized, adaptive behaviors, while soft actuators embedded with
localized control logic promote scalable and compact designs through distributed
decision-making [29-32]. This decentralization extends to sensing, where morpho-
logical computation leverages the robot’s physical structure to process information
inherently, reducing reliance on centralized control systems. Concurrently, advance-
ments in power sources, including flexible batteries, energy harvesting technolo-
gies, and integrated energy systems, are facilitating the development of fully soft,
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untethered robotic platforms capable of long-term, autonomous operation in complex
environments.

Pushing the boundaries of conventional design, biohybrid robots offer distinct
benefits for data collection by integrating living cells, tissues, and neural compo-
nents into robotic platforms [33-35]. These systems exhibit lifelike motion and high
energy efficiency through muscle-based actuators, while biologically derived sen-
sors can detect subtle chemical or mechanical cues beyond the reach of conventional
devices. By capturing the complexity of biological processes, biohybrid robots gener-
ate rich, high-dimensional datasets. Their potential is particularly evident in sensitive
domains such as internal medicine and ecological monitoring, where soft, efficient,
and minimally invasive solutions are essential. Ranging from single-cell constructs
to organism-integrated systems, biohybrid robotics represents a compelling frontier
for biologically integrated automation and environmental data collection.

While recent progress in soft and biohybrid robotics has been substantial, several
persistent and foundational challenges continue to impede widespread implemen-
tation. Power distribution continues to be a major hurdle, as traditional central-
ized power systems are incompatible with flexible architectures. Embedding energy
sources within the robot’s body presents a promising alternative, yet current tech-
nologies face limitations in energy density and durability. Sensor integration presents
another layer of complexity—soft sensors must operate reliably under constant defor-
mation, while signal noise from compliant materials or biological variability further
complicates performance. Tackling these challenges will require advances in sensor
fusion, error correction, and adaptive learning. Control also poses significant diffi-
culties. Soft robots exhibit high degrees of freedom, nonlinear behavior and operate
under uncertain environmental conditions—all of which demand sophisticated con-
trol algorithms. While Al offers powerful tools, real-time learning and adaptation
remain limited, especially when faced with variability and unpredictability. A fur-
ther challenge lies in the lack of integrated, system-level design approaches. Many
soft robotic systems remain component-based, hindering scalability and seamless
functionality. To move forward, there is a pressing need for standardized, modular
building blocks, combining actuators, sensors, and controllers into cohesive, scalable
architectures.

The future of soft robotics does not lie in the mere integration of discrete compo-
nents but in the development of fully unified, system-level architectures that funda-
mentally rethink how robots are conceived, built, and interact. By embracing uncon-
ventional design strategies, the field is progressing toward a new paradigm of soft
intelligence—one that is embodied, decentralized, and inherently responsive to the
complexities of dynamic environments, including those shaped by nature and human
interaction. In this framework, intelligent behavior arises not merely from passive
adaptability, but through the active integration of distributed sensing, localized con-
trol, and morphological computation. Soft robots leverage their physical form and
material properties to interpret and respond to their surroundings, enabling contex-
tually meaningful interactions. In this evolution, soft robots offer not only novel
ways of engaging with the world but also powerful platforms for generating rich,
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high-resolution datasets essential for training the next generation of intelligent sys-
tems. Moving forward, progress will hinge on a sustained commitment to pushing
the boundaries of design, materials science, and computational models. This will
ultimately shaping a new class of robotics that is soft in structure and equally soft in
intelligence, adaptability, and interaction.
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Soft Tensegrity Structures with Variable )
Stiffness and Shape Changing Ability ek

David Herrmann, Lukas Merker, Leon Schaeffer, Lukas Lehmann,
Christoph Hemeling, Hannes Jahn, Lena Zentner, and Valter Bohm

Abstract Soft tensegrity structures with variable stiffness and shape changing abil-
ity hold significant potential for soft robotic applications. With few exceptions, this
class of structures primarily consists of tensioned and compressed members (at least
some of which are compliant) forming a prestressed, stable equilibrium state. Con-
sequently, changes in prestress of the structures enable independent or combined
adjustments of shape and stiffness, which can be achieved actively or passively. This
article explores the fundamental realization principles of soft tensegrity structures
focusing on application examples, including manipulators, force and contact sensors,
multistable soft grippers, and locomotion systems. Additionally, it highlights the
potential of smart materials for passive stiffness modulation. The findings highlight
that soft tensegrity structures, characterized by variable stiffness and shape changing
capabilities, play a crucial role in advancing the performance and adaptability of soft
robotic systems.

Keywords Soft robotics + Tensegrity structure - Mechanical compliance -
Manipulator + Sensor + Locomotion

1 Introduction

To enhance the performance of soft robotic systems, it is essential to explore new
realization possibilities for these systems. In numerous applications, the utilization of
mechanically prestressed compliant structures in soft robotic systems proves advan-
tageous. The targeted stiffness of these structures can be reversibly adjusted without
altering their shape, a process that can be generated only by a limited number of actu-
ators. Soft tensegrity structures (TSs), which are based on highly elastic materials,
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correspond to a special class of mechanically prestressed structures. The structural
configuration of these systems is characterized by the presence of a set of discon-
nected compressed members, which are interconnected by a continuous net of com-
pliant tensioned members (Fig. 1). The resulting shape of these structures is defined
by the prestress. Soft robots based on these structures offer several advantageous
properties, such as foldability/deployability, low mass, high strength-to-weight ratio
and shock-absorbing capabilities [1]. It is notable that these structures possess a sig-
nificant capacity for both shape and stiffness modification. Intrinsically compliant
TSs exhibit substantial distinctions from other compliant structures, a consequence
of their prestress and distinctive morphology. In consideration of the two primary
characteristics, these structures hold considerable promise for the advancement of
sophisticated soft material robotic systems, characterized by their highly adaptable
mechanical behavior. The integration of smart materials within these structures,
equipped with simultaneous sensing and actuating capabilities, facilitates a substan-
tial degree of functional integration within the systems. The potential applications
of these structures within soft robotic systems are manifold, including but not lim-
ited to variable stiffness structures (which can be actively and passively modified in
terms of mechanical compliance), actuator systems (for manipulation and locomo-
tion purposes), and fully or partially compliant passive structures with predefined
(adaptable) directional stiffnesses. In recent years, there has been a notable increase
in the research focus on robotic systems based on these structures.

To realize compliant TSs, an innovative yet complex one-step manufacturing pro-
cess was introduced in [2]. In the context of mobile robots, intensive investigations
were carried out on cable-actuated systems for terrestrial locomotion based on the
tensegrity icosahedron [3, 4]. In [5], a modular TS is considered as an actuation unit
for a robotic fish. In [6—11], manipulation systems are presented, with a focus on
determining movement behavior and control aspects. The actuation of these systems
is facilitated by cables connecting the members or by the application of McKibben
artificial muscles, positioned between the endpoints of compressed members. In [12],
McKibben-type pneumatic actuators were employed to facilitate the locomotion of a
mobile robot equipped with robotic skins. In the context of investigating alternative
actuation methods for tensegrity-based robotic systems, the utilization of smart mate-
rials, such as dielectric elastomer actuators (DEA) [13, 14], liquid crystal elastomers

Fig. 1 Compliant soft TS based on flexible compressed members and highly elastic tensioned
members
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(LCE) [15] and magneto-sensitive elastomers [2], has been examined through prelim-
inary investigations. Due to their mechanical compliance and stiffness adaptability,
we have recently been explored compliant TS for use in biomedical applications
beyond robotics (e.g. [16, 17]). From the literature review of the considered field,
it can be concluded that soft material robotic systems based on soft, fully compli-
ant TSs were not investigated in detail and systematic studies on these systems are
not available. In this paper, we discuss realization possibilities in Sect. 2 and outline
various application examples for these systems in Sect.3 including manipulators,
sensors, multistable soft grippers, and locomotion systems. Finally, we provide an
evaluation and conclusion in Sect. 4.

2 Realization

Due to their specific morphology, intrinsically compliant TSs can serve as a bridge
between fully and partially compliant soft robots. By altering only a few member
parameters, a transition between the two sets of characteristics can be observed.
In both cases, the identical design methodology and calculation methods can be
employed, including partially and fully compliant soft robots. Furthermore, with
only slight topology modifications (addition of members to a given structure), the
overall characteristic of the structures can be influenced essentially. As a basis for soft
robots, conventional and non-conventional TSs, based on partly or entirely highly
elastic members, made of elastomer materials can be used (Fig.2).
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Fig. 2 Conventional and non-conventional TS with different member properties (orange/blue:
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member)
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Conventional intrinsically compliant TS consist of straight compressed mem-
bers with negligible elasticity and highly elastic tensioned members [18]. Non-
conventional intrinsically compliant TS, with increased shape and stiffness variability
in comparison with conventional TS, can be realized by using

highly elastic tensioned members and highly elastic compressed members,

e tensioned members with negligible elasticity and highly elastic compressed
members,

highly elastic thin membranes as tensioned members and rigid compressed
members,

¢ thin flexible membranes with small elasticity as tensioned members and compliant
compressed members.

In conventional TSs each member is connected to another member at those end
points (two connecting points per each member). In non-conventional TSs, however,
the potential use of members with more than two connecting points may also be
considered. The integration of such components in conjunction with internal actu-
ators, which facilitate shape modification, enables the realization of TSs with vari-
able topologies, thereby enhancing their shape and stiffness modulation capabilities
(Fig.3).

The present focus of tensegrity research is on structures with minimal config-
urations, in which a minimal number of tensioned members are applied to realize
self-tensioning. However, in soft robotic applications, TS with non-minimal configu-
rations, involving more than the minimum necessary number of tensioned members,
can also be targeted. The incorporation of additional tensioned members within these
structures facilitates greater flexibility in modulating their stiffness and geometry, a
phenomenon that is accompanied by an expected augmentation in magnitude. These
supplementary tensioned members are positioned either between compressed mem-
bers or between a compressed member and an additional node. In the latter scenario,
the additional nodes are connected exclusively to tensioned members, a configuration
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analogous to their implementation in star-shaped TS [19]. In addition to elementary
tensegrity units, consideration can be given to clustered TSs. These are constructed
by means of the repetitive connection of several elementary tensegrity units. Due
to their modular design, soft material robotic systems can be realized, which can
be highly adapted to specific individual application tasks [20, 21]. The utilization
of compliant multistable elastomer TS in soft robotic applications holds consider-
able promise. These structures possess multiple stable equilibrium configurations,
defined as states of minimal overall local potential energy. Through the employment
of varying prestress states and, consequently, disparate overall stiffnesses within these
structures’ different equilibrium configurations, the development of variable stiffness
structures and actuators with discrete, switchable characteristics becomes feasible. In
this instance, the alteration of stiffness and shape is contingent on the reconfiguration
of constituent members. It is important to note that the energy expended is solely for
the purpose of transitioning between these equilibrium configurations, rather than
maintaining a constant prestress state within the structure. The main characteristics
of the TS under consideration are:

e reduced morphological complexity—structures correspond to connections of
members with simple geometries,

e global mechanical compliance—also in the case of using some stiff members,

e global complex shape change ability (whole body deformation) due to locally
induced loads—possibility to create complex movement tasks with a small number
of actuators,

e possibility to create variable stiffness structures—stiffness change of these struc-
tures can be realized without change of their shape, and furthermore, possibility
of bidirectional stiffness change (increasing or decreasing stiffness),

e possibility to simultaneously change stiffness and shape—soft actuators with the
feasibility of stiffness variability in their deformed states,

e reduced modelling complexity—due to uniaxial loading of straight members,

e foldability—small ratio between the sum of the member-volumes and the whole
hull volume of the structure,

e redundancy—failure of actuators/sensors can be compensated by other actuators
and sensors, placed on other members.

Furthermore, resulting from the use of soft intelligent materials with integrated
sensing and actuation capabilities (e.g. polyborosiloxanes, thermo-magneto-sensitive
elastomers) in TS a high degree of functional integration—simultaneous use of the
members as sensors (detection of shape and/or stiffness change) and actuators as
well as the possibility of passive adaptability to environmental/operational conditions
(energy free adaptation capability) can result.
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3 Application Examples

This section outlines application examples of applying shape and stiffness variable
TSs as manipulators, sensors, multistable systems as well as locomotion systems.

3.1 Tensegrity-Manipulators

The development of planar and 3D tensegrity robotic arms (manipulators) is a current
subject of research [22]. The conception of tensegrity manipulators is based on two
design principles: either modular design, based on modules with identical topology,
or the use of specific design for each individual functional system part [7, 23, 24].
The configuration of the majority of recognized tensegrity manipulators is predicated
upon the utilization of stacked structures, a methodology that entails the arrangement
of analogous or commensurate modules in a uniform configuration, with the modules
themselves being either elementary 3D TSs or rigid or deformable frames. In [9, 14,
25-28], the focus is on tensegrity manipulators based on tensegrity-antiprisms and
the tensegrity hexahedron, while [29-38] present systems comprising triangular or
tetrahedral frames, or spatial star-shaped modules. The modules of stacked tenseg-
rity manipulators for spatial movements are three-dimensional and interconnected
directly or indirectly only by tensioned members. However, due to the complexity
of their spatial geometry and the extensive use of tensioned members in their inter-
connection, the shape-changeability of these systems is constrained. The utilization
of planar modules in 3D tensegrity manipulators has the potential to enhance the
range of motion while maintaining a straightforward design and actuation process.
These advantageous properties position a tensegrity robotic arm based on planar
X-modules as a compelling solution. Our robotic arm, inspired by [39], consists of
four identical system modules, each comprising a compressed X-member with two
integrated actuator units [40]. Two aligned system modules are intrinsically compli-
antly connected by four intrinsically compliant passive tensioned members and four
active inelastic tensioned members (red ropes in Fig.4). The initial length of these
ropes is adjusted by winding or unwinding them on a rope winch (P.1) powered by
a DC motor (P.2). Starting from the motor, which is positioned at the center of the
X-member, the rope extends outward through a guide in one of the two side covers
(P.3) to reach the end of a compressed member on the opposite side. It is then fastened
using a screw. The utilization of a solitary motor to concurrently wind and unwind a
pair of tensioned members serves to streamline the actuation process. Consequently,
the requirement for each compressed X-member is limited to a maximum of two
motors with winches, thereby ensuring the attainment of the desired level of actua-
tion. The experimental results demonstrate the system’s ability to undergo manifold
shape changes, thereby revealing a substantial workspace.

In the second example, the feasibility of employing flexible, controllable com-
pressed members for actuation within a tensegrity manipulator is demonstrated, as
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Fig.4 Tensegrity manipulator (photos reprinted from [40] with permission, © 2024 IEEE): a CAD
model of the system, b I: workspace of the base unit, II: workspace of the robotic arm with edge
regions (red) and interspace (blue), ¢ example image sequence

illustrated in Fig.5. The chosen topology is based on three tensegrity anti-prisms
stacked vertically with alternating torsional directions, consisting of 12 deformable
compressed members (marked in black). These compressed members are indirectly
connected by tensioned members, which are categorized into three distinct groups
(see Fig.5: red (1, 4) horizontal tensioned members at the top and bottom, blue
(2) vertical tensioned members between layers, and orange (3) horizontal tensioned
members at intermediate layers). Thanks to the symmetrical design of the deformable
compressed members, they can be bent in two directions with the help of actuators,
minimizing the risk of collisions with other members in the structure. Furthermore,
the specific design of the compressed members prevents deformation due to the pre-
stress induced by the tensioned members, ensuring that deformation only can occur
under active control.

Each actuated compressed member consists of five distinct components: the sym-
metrical main body (P.1) with a cover (P.2), and the actuation unit comprising a DC
motor (P.3), a winch (P4), and a cable (P.5). Additionally, each side of the com-
pressed member is equipped with a screw (P.6) and a washer (P.7) for mounting
the tensioned members, as depicted in Fig.5. The movement of the arm is induced
by bending of selected compressed members in defined directions. Movements in
the axial direction (stretching, compression) are also possible by simultaneous and
uniform actuation of the compressed members of the structure.

3.2 Sensor Application

An inherent property of TSs is to transmit and convert external loads into uniaxial
loading of the tensioned members. In turn, the resulting strains of the tensioned
members can be detected and used to draw conclusions about external loads. In
literature, this idea has been previously realized by equipping the tensioned members
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Fig.5 Fully-compliant tensegrity robotic arm—actuation by bending of selected compressed mem-
bers (photos reprinted from [41] with permission, © 2025 Springer): a topology of the considered
tensegrity structures: compressed members (black); tensioned members: bottom (1)/top (4) circum-
ferential (red), vertical (2, blue) and circumferential in the intermediate layer (3, orange), b CAD
model of the compressed member with relevant system parts P.1 to P.7 and the different functional
areas of the main body of the compressed member (framed in a rectangle), ¢ workspace of the
needle tower, d example of motion by activating a compressed member in each of the two lower
layers

with load cells or strain gauges. A contrary approach is to not only extend the existing
tensioned members with sensing capabilities, but to completely replace them using
fiber optic sensors (FOS). In this way, a FOS multi-functionally serves both as a
measuring device and load-bearing structural element, a concept embodied in the
patent application [42].

Here, we employ Fiber Segment Interferometry (FSI), which utilizes range-
resolved interferometry and sinusoidal laser diode modulation to demodulate signals
based on optical path differences [43, 44]. This approach allows for range-resolved
detection of strains within multiple segments of a single FOS with only one light
input and output. The segments are defined by a pair of weak reflectors inscribed into
the core of the fiber. Alternatively, the Fresnel reflections occurring at fiber end faces
may be utilized. Both ideas are briefly demonstrated with two striking applications:
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Fig.6 Basicsensordesign (photos reprinted from [45] with permission, © 2025 Springer): a relaxed
configuration (s = 1), b pre-stressed reference configuration (s < 1), ¢ loaded configuration

a theoretical proof of concept of a planar structure for force-torque measurement
using a single multi-segment FOS [45], and an experimental one of a spatial struc-
ture using three individual FOS for force measurement and localization [44]. In both
cases, pre-stress is a key aspect to change the stiffness behavior, measuring range,
and sensitivity.

3.2.1 Example 1: Planar Structure for Force-Torque Measurement

The structure comprises two rigid bodies (black frames): an outer reference frame
with edge length 2a and a floating body with edge lengths 25 and s - 2b (Fig. 6).
These are connected at their four vertices by strain-sensitive segments (red lines) of
a single FOS running through the structure. In the relaxed state (Fig. 6a), the pre-
stress parameter is s = 1. Any adjustment mechanism setting 0 < s < 1 establishes
the pre-stressed reference configuration (Fig. 6b), where all tensioned fiber segments
_____ 4 = &) < Emax. In the loaded configuration
(Fig.6¢), a force-torque pair causes displacement (rotation and translation) of the
floating body, with measurable tensioned member lengths /; > 0.

To infer the applied force-torque-pair, these lengths are first used to calculate the
position vector ¥ = (x, y)7 and rotation angle ¢ of the floating body, as well as the
orientations of the tensioned members:

¢ = arcsin (%)
Cy (l—sA cos(<p))+Czl sin(¢p) CO = 112 - l% + l% - ZZ
—Sa(w—(1+s)xcos(¢)+1) with Ci=L—-5-G+1 (D
Cz(lf)\ cos(w))fclsk sin(p) C, = 112 + l% — l% — l‘%
—8a((s32~(1+5)2cos(p)+1)

X =
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In (2), T is a standard rotation matrix, and g; and l;,- are vectors defined by a, b, and
s. Using (2) and the material law of the FOS, the forces F; in the tensioned members
are used to infer the applied force-torque pair by the equilibrium conditions:

4 4
F=->"F., M=-Y ThxF with F,=—EAszé 3)

i=1 i=1
The measuring range is limited by the strain restriction (0 < &; < enax, Vi =1, ..., 4)

and depends on the Young’s modulus E, cross-sectional area A, and the ratio A =
b/a > 0.For A = 0.5, the range for dimensionless forces f = F/(EA) and torques
m = M /(E Aa) is shown in Fig.7.

3.2.2 Example 2: Spatial Structure for Force Measurement
and Localization

In Fig. 8a, a schematic of the structure with the sensing setup is shown, along with
a photograph of the actual setup, which consists of two rigid circular aluminum
platforms with U-shaped bar assemblies connected by a central tension spring. Three
peripheral FOS link the platforms at 120° intervals, counteracting the spring. The
spring length is adjustable via a cable mechanism to control the structure’s pre-
stress and mechanical properties. The mechanical model and stiffness behavior are
described in [46].

The experiments involve phase signal recording from the three FOS while the
structure is loaded by a voice coil actuator in steps of 0.196N, up to a maximum
of 0.98 N, at positions marked in Fig.8b. For loading position A3, the results are
shown in Fig. 9a. The sum of the three filtered phase signals in Fig. 9c shows a linear
correlation with the applied load at all positions. As the phase signal ratios ®; ;= 23
vary with the loading position, they can be used to infer the loading point:

Fig. 7 Dimensionless

combined force/torque 10734

measuring range for A = 0.5

(photos reprinted from [45] i 04

with permission, © 2025 g

Springer) 107 3

5-107 0 25107 5107 £l
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Plotting the reconstructed coordinates x¢ and yg against their respective reference
values (x, y) in Fig. 9d reveals a linear correlation as well. The reconstructed points
of force application for all load steps in Fig. 9b are generally in good agreement with
the reference positions indicated by red markers.

3.3 Multistable Structures

Compliant multistable TS offer a great potential for applications in soft robotics.
The main property of these structures is that their prestress states and therefore
their overall stiffness differ in their equilibrium configurations [47]. In [47-52],
we have shown that TSs, consisting of only few members, can have more than
one stable equilibrium configuration and the overall stiffness of these structures
differs significantly in these configurations. By proper design, a reversible change
between the equilibrium configurations by internal reconfiguration of the members
and therefore a discrete change of the overall stiffness can be induced. Based on
these structures, e.g. soft gripper end effectors with discrete variable stiffness, to grip
objects with preliminary defined different maximal gripping forces, can be realized
(Fig. 10a). In [53], we have shown that T'S with the simplest topologies, consisting of
only two compressed member groups as equilateral triangles can show multistable
characteristics (Fig. 10b).
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Fig.8 Experimental setup (photos reprinted from [44] with permission, © 2025 SPIE): a schematic
representation with photograph, b top platform with different loading positions
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3.4 Locomotion

Previous research has shown that the application of curved members in TSs indi-
cates their potential ability for use in rolling mobile robots. Here, the considered TS
comprises two curved bending members, which are connected by eight tensioned
members as shown in Fig. 11 [54, 55]. The theory of large deflections of rod-like
structures [56] is used to analyze the deformation of the bending members [55].
Exploiting the symmetry of the structure, the system is reduced to a model of a
one-sided-clamped beam of length L loaded at the free end (Fig. 11b). The mathe-
matical treatment yields the following nonlinear boundary value problem, where s
denotes the natural coordinate arc length parameter, 6 and «, the slope angle and
pre-curvature of the beam axis, M, the bending moment, E I, the bending stiffness
of the beam, and {F}, F,} the force components:
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Y vuvY 10 - « ¥ v F=020N
T : 38 390 = ' L F=039N
= ! ot S ofX
g -2007 : t,-} B o F=0.59 N
B 4004 - ol el 7107 A - F=078N
—ch3 ” 204 ® |+ FoosN
-600 1 sum. X
0 1 2 3 4 5 6 0 20
t[s] X [mm]
a b
po.s.O pos.A3 pos);A4
A2 C3 C4
pO_% pos)_ pos
g I —*\ — X x 2 x v
5 o E %
g X g 0 —
£ 0.57 ~ Y = _X
@ S o X~
= hd 20 ="
a 0 T T T T T T T
-600 -400 -200 06 -04 -02 0 02
Fload ['] X, Yo [a.u.]
c d

Fig.9 Results (photos reprinted from [44] with permission, © 2025 SPIE): a separate phase signals
with sum of phase signals for eccentric loading at A3 in steps of 0.196 N, b linear correlation between
applied force and sum signal, ¢ linear fit used to obtain real coordinates for loading point from x¢,

vy according to (4), d determination of loading points from measured phase signals, reference
positions marked in red
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d

Y Gine=0 y(0) =0 (8)
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The deformation of one bending member was numerically calculated and validated
in a parameter study using FEM with displacements diverting approximately 0.1 %.
The analytical model is used with equilibrium conditions to find the relation between
the forces of the tensioned members and the resulting stiffness and shape of the struc-
ture, which is sufficiently defined by the distance parameter d (Fig. 11). Affecting the
curvature of the bending members, the distance parameter has significant impact on
the system’s locomotion behavior. This is exemplarily shown in Fig. 12, comparing
the resulting trajectories of the structure with undeformed (rigid) bending members
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Fig. 10 Multistable structures: a use of stiffness change by reconfiguration of a multistable TS
in an end effector application (photos reprinted from [47] with permission, © 2020 Springer),
b multistable TS with three stable equilibrium configurations (8=r/3, B=n and f=57/3) with
potential energy plot on the left based on two compressed member groups as equilateral triangles
[based on [53]]



192 D. Herrmann et al.

(initial structure) and deformed (flexible) bending members (deformed structure) for
different ratios %, where R denotes the radius of the undeformed bending members.

a b

Fig. 11 Tensegrity structure with two curved members, connected by eight tensioned members
(photos reprinted from [55] with permission, © 2024 Springer): a tensegrity structure with char-
acteristic distance d, b one half of a curved element with the model parameters and the acting

forces

Fig.12 Locomotion of initial and deformed structure (photos reprinted from [55] with permission,
© 2024 Springer): Top view on trajectories of contact points of curved members (red and blue) and
on trajectory of center of gravity (green). Upper row—initial and deformed structure with % =0.9,
lower row—initial and deformed structure with % =0.1
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3.5 Towards Passive Stiffness Change Using
Polyborosiloxane

Beyond the active stiffness control of TSs, smart materials enable passive stiffness
changes without external energy. These materials adapt to external stimuli, with
polyborosiloxane (PBS) being a notable example. The synthesis of polydimethyl-
siloxane (PDMS) and boric acids exhibits viscoelastic behavior under shear stress
as a function of load duration: it flows under slow-acting loads but remains solid
and elastic under fast-acting loads, making it ideal for soft, impact-resistant struc-
tures. To explore tunable PBS properties, we prepared PBS samples using two PDMS
types with distinct viscosities (45 — 85 - 107° m?s~! and 750 - 107% m?s~"). First,
we synthesized PBS from each PDMS and mixed the final products in specific ratios.
Then, we achieved the same ratios by blending PDMS precursors before PBS syn-
thesis (pre-mixed samples) [57]. Additionally, we incorporated varying mass ratios
of carbonyl iron powder as magnetically responsive particles [58].

Fourier Transform Infrared Spectroscopy, Raman Spectroscopy, and Scanning
Electron Microscopy were used to assess the quality of synthesized PBS samples.
Rheological analysis revealed their material properties and the ability to continuously
tune the storage modulus, influenced by the intensity of Si-O-B bonds. Pre-mixed
samples provided better predictability of rheological behavior across mixing ratios.
Frequency sweep tests revealed the gel points, marking the transition from a viscous
liquid to a solid rubbery state — critical for soft robotics applications. Additionally,
shape-preserving tests clarified PBS flow behavior under gravity, which mechanical
vibrations and external magnetic fields influenced shape retention duration [57, 58].
The Material characterization suggests potential for passive adaptability in TSs.

4 Conclusion

Soft tensegrity structures offer a versatile and promising approach for advancing soft
robotic applications due to their intrinsic compliance, variable stiffness, and shape
changing abilities. Their unique combination of tensioned and compressed members
in a prestressed equilibrium state enables precise control over mechanical properties
through active or passive adjustments of prestress. This ability allows for independent
or coupled modifications of shape and stiffness, making them highly adaptable to
dynamic and unstructured environments.

Through the exploration of various application examples, including manipulators,
force and contact sensors, multistable grippers, and locomotion systems, this study
underscores the broad applicability of soft tensegrity structures in robotics. These
systems demonstrate enhanced adaptability, improved interaction capabilities, and
functional versatility compared to traditional soft robotic designs. Furthermore, the
integration of smart materials presents additional opportunities for passive stiffness
modulation, reducing the need for complex actuation systems and expanding the
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range of potential applications. By bridging the gap between fully and partially
compliant soft robots, tensegrity structures provide an innovative framework for the
development of next-generation robotic systems. Their ability to combine flexibil-
ity with structural stability enables novel designs that balance compliance, load-
bearing capacity, and responsive actuation. Future research should focus on refining
fabrication techniques, optimizing control strategies, and exploring new material
integrations to further enhance their performance and reliability.

In summary, soft tensegrity structures represent a significant step forward in soft
robotics, offering an efficient and scalable means to achieve adaptable, multifunc-
tional, and resilient robotic systems. Their potential to revolutionize soft robotic
design highlights the need for continued interdisciplinary research at the intersection
of materials science, mechanical engineering, and robotics.
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Abstract Dielectric elastomer (DE) transducers consist of soft capacitors made of
a highly deformable polymeric membrane coated with compliant electrodes on both
sides. DEs can work either as soft actuators or as sensors, and are also capable to
perform the two tasks at the same time (self-sensing), thus they appear highly suitable
for applications in soft robotics. This chapter explores the potential of silicone-based
DE transducers in intelligent soft robotic systems. A DE-driven soft tentacle arm is
chosen as target system, as it represents a challenging platform to demonstrate new
design, fabrication, modeling, control, and self-sensing concepts. Leveraging a bi-
stable design supported by numerical simulations, we achieve a remarkable bending
performance magnification in comparison to mono-stable layouts. The combination
of robust control algorithms with self-sensing proprioception schemes further allows
the robot’s position to be controlled autonomously and without external sensors.
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1 Introduction

Common actuator solutions for soft robots, based on either pneumatic drives [1] or
tendon-driven mechanisms [2], rely on rigid and cumbersome components (compres-
sors, electric motors) which unavoidably affect the system weight, size, and energy
efficiency. A potential means to overcome those limitations is offered by dielec-
tric elastomer (DE) transducers, i.e., highly deformable capacitors made of a thin
polymeric membranes sandwiched between compliant electrodes [3]. A DE can be
operated as an actuator [4], by converting applied stimuli into motion, as well as a
sensor [5], since its electrical capacitance depends on its current geometry. Addi-
tionally, a DE can also work as an actuator and as a sensor at the same time, a feature
often referred to as self-sensing [6]. All these characteristics make DE transducers
highly suitable for soft robotic applications. In this context, DEs allow to replace
bulky elements with softer, simpler, lighter, more efficient, and self-sensing artificial
muscles directly integrated within the robot structure [7, 8]. Example of DE-based
soft robots which have been presented in the scientific literature include grippers
[9], artificial muscles [10], tunable lenses [11], as well as robots capable to crawl
[12], jump [13], swim [14], and fly [15], to mention a few. Even though the existing
prototypes have succeeded in showcasing the high potential of DE technology for the
realization of soft robots, in most of the cases the authors did not perform systematic
studies aimed at investigating system scalability, modeling, and design optimization.
Moreover, the development of control and self-sensing algorithms which allow com-
plex DE soft robots to operate autonomously and an intelligent way has not been
systematically investigated so far.

In this chapter, we present the development of an intelligent soft robotic tentacle
arm with multiple degrees-of-freedom (DoF) based on DE technology. The main
idea is to develop individual soft robotic systems capable of bending in one or more
directions when actuated by DEs, and use them as building blocks for a modular
soft tentacle design. First, we investigated the possibility of realizing such bending
module based on established DE actuator (DEA) layouts, namely double-cone DEAs
with segmented electrodes previously presented in [16]. As this concept turned out
to lack scalability for our envisioned application, we then developed a new type of
actuator concept more suitable for bio-inspired soft robot designs, namely coreless
rolled DEAs. After discussing the rolled DEAs operating principle and manufactur-
ing process, their electro-mechanical performance is characterized, and a physics-
based model is derived. The developed actuators are then employed to develop a soft
robotic planar bending module, consisting of two plates connected by a soft fexible
backbone compressed by an antagonistic pair of rolled DEAs. The application of
high voltage to one rolled DEA causes the structure to bend towards the opposite
side, resulting in a bi-directional bending motion. The main advantage of the pro-
posed structure, other than its modularity, is the fact that it exploits the buckling
instability of the pre-compressed beam as a means to magnify the bending displace-
ment, thus extending established stiffness compensation design principles used in
single-DoF DEA systems [17, 18] to multi-DoF ones. Closed-loop motion control
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algorithms are then developed to stabilize the robot configuration in the open-loop
unstable region in spite of the challenges posed by nonlinearities and underactuation,
thus eliminating the main drawback of the bi-stable design (i.e., loss of proportional
regulation) while keeping its benefit (i.e., large bending displacement). Self-sensing
proprioception algorithms are then proposed, which enable real-time estimation of
the robot configuration solely based on measurement of DEAs voltage and current
signals performed during high-voltage actuation. By combining closed-loop con-
trol and self-sensing, sensorless stabilization of the robot is achieved. To conclude
the chapter, the first steps towards the extension of the developed concept to three-
dimensional soft tentacle arms are discussed. All the material presented hereafter is
based on the authors’ results published in papers [19—41].

The remainder of this chapter is organized as follows. Section2 provides an
overview on the operating principle of DE transducers. A preliminary concept for the
soft tentacle arm, based on double-cone DEAs, is described in Sect. 3. The new core-
less rolled DEA concept is then introduced in Sect. 4, and used to develop the planar
soft robotic module described in Sect. 5. First steps towards the three-dimensional
DE soft tentacle arm are then described in Sect. 6. Finally, Sect.7 concludes the
chapter and provides potential outlook for future works.

2 Dielectric Elastomer (DE) Transducers

A DE consists of a highly stretchable elastomer film (e.g., silicone, VHB acrylic,
natural rubber) coated on both surfaces by compliant electrodes (e.g., carbon grease,
carbon nanotubes, corrugated thin metal films), forming a flexible capacitor [3].
When a voltage difference is applied between the electrodes, electrostatic forces
cause them to attract each other, resulting in a thinning of the membrane followed
by an in-plane expansion (due to incompressibility of the elastomer). This effect,
illustrated in Fig. 1(a), represents the main principle which allows DEs to be operated
as actuators. This phenomenon can be quantified via the Maxwell stress equation
[3], which states that the mechanical stress o, compressing the electrodes can be
computed as follows

o, = —eoe,Ez, @))

where E is the electric field caused by the externally applied voltage, while €y and
€, are the vacuum and DE relative permittivities, respectively. For typical membrane
thickness on the order of 20 — 100 pm, a voltage on the order of 1-10 kV is required
to generate a meaningful actuation.

Other than working as actuators, DEs can also be used as sensors. By referring to
the upper part of Fig. 1b, the undeformed DE capacitance Cy can be computed as

A
Co = eper —, ()
20
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Fig. 1 Operating principle of dielectric elastomer transducers: a dielectric elastomer actuator;
b dielectric elastomer sensor

where Ag and zo represent the electrodes surface area and distance, respectively.
When the membrane is deformed by an external force, as depicted in the lower part
of Fig. 1b, the area increases to A; while the thickness decreases to z;. Both effects
result in the capacitance C; being larger than Cy. Therefore, changes in capacitance
can be related to changes in the membrane geometric state. Eventually, actuation
and sensing can be performed simultaneously, achieving the so-called self-sensing
operation mode [6]. Self-sensing is a highly attractive feature of DE technology, since
it permits to implement feedback control architectures without the need for additional
electromechanical transducers, thus allowing to reduce cost, size, and complexity of
the overall system [42].

DE transducers are characterized by large deformations (> 100%), high compli-
ance (Young’s modulus within the range 0.1-10 MPa), high energy density (0.4 J/g),
low energy consumption (on the order of milliwatts), high energy efficiency (>
80%), fast response (bandwidth of several kilohertz), high flexibility and scalability,
silent operations, and low cost [3]. All those features make them highly attractive for
various applications in mechatronics as well as soft robotics [7, 8].

3 Preliminary DEA-Based Soft Bending System Concept

The first concept for the development of a DE-driven soft bending module is based
on a double-cone DEA system [19]. The main actuating element consists of the
annular DEA membrane shown in Fig. 2a, also referred to as cone DEA. In this type
of actuator, the electrodes are segmented into four parts that can be activated inde-
pendently, causing a local softening of the membrane. In our design, two cone DEAs
are rigidly connected along their outer diameter, and pre-compressed out-of-plane
against each other via a rigid cylindrical spacer. The obtained system, sketched in
Fig.2a, can undergo different actuation modes depending on which combinations of
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Fig. 2 Double-cone DE soft robot: a segmented membrane concept; b double-cone module oper-
ating principle; ¢ model-based optimization; d optimized experimental prototype. Pictures a—d are
based on publication [19], licensed under CC-BY 4.0

electrodes are activated simultaneously. For instance, actuating opposing electrodes
on the upper and lower DEAs results in a bending motion, as shown Fig. 2b.

A physics-based model was derived for the double-cone DEA module, and used to
perform a simulation study with the aim of finding the best geometric parameters that
allow maximizing the bending displacement for a given actuation voltage [19]. The
results of this simulation study are shown in Fig.2c. Here, the abscissa axis denotes
different rigid spacer lengths d, while the different plots represent the inner radius r;
(cf. Fig.2b). The results of the parameter study reveal that a maximal bending angle
of about 9.8° is obtained for d = 7 mm and r;, = 2 mm. A prototype is then built
according to the predicted geometry, and shown in Fig. 2d. Experimental character-
ization revealed a bending angle of about 9.6°, sufficiently close to the theoretical
prediction. Due to the resulting large aspect ratio, however, it is expected that this
optimal design will scale poorly in terms of force and stacking when employed as
building block for a soft tentacle arm.
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4 Rolled DEA

This section introduces the novel rolled DEA concept.

4.1 Actuator Concept and Manufacturing

To overcome the limitations of the double-cone DEA module, we developed a
new rolled DEA layout which is similar to a soft muscle fiber that expands when
activated [20, 21]. The actuator is manufactured starting from two 50 um-thick
silicone membranes (Wacker ELASTOSIL® 2030 250/50) with carbon-based elec-
trodes screen-printed onto one side, as shown in Fig. 3a. The two films are then put
in contact (Fig.3b), and tightly rolled in a spiral-like structure (Fig. 3c).

Ferrules are then crimped to the ends of the rolled DEAs, which allow to imple-
ment the electrical contacts as well as to connect the actuator to an external load
or structure. To simplify the mounting, a nylon rod with a M2 thread is inserted at
the free end of each ferrule. The resulting actuator resembles a thin muscle fiber, as
shown in Fig.4a. By inspecting the inner structure of the roll via transmitted light
microscopy, cf. Fig. 4b, it can be seen that it has a smooth outer surface and an interior
structure without wrinkles or hollow regions. Upon application of high voltage, the
roll contracts in thickness and expands in length, as shown in Fig. 4c. Compared to
other existing rolled DEAs [43, 44], the proposed design is characterized by higher
slenderness, energy density, lightweight, and ease of manufacturing.

Screen-printed electrodes

A,

50 um silicone films

(@) (b) (©

Fig. 3 Rolled DEA manufacturing: a an electrode pattern is screen printed onto two silicone
membranes; b the two membranes are joined together; ¢ the resulting structure is tightly rolled.
Pictures a—c are based on publication [21], licensed under CC-BY 4.0
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Fig. 4 Manufactured rolled DEA: a picture of the rolled DEA; b picture of the actuator cross-
section; ¢ actuation principle. Pictures a—c are based on publication [21]

4.2 Actuator Modeling and Validation

A physics-based, lumped-parameter model of the rolled DEA is developed for sim-
ulation and control applications [22, 23]. A sketch of the rolled DEA in undeformed
and deformed configurations is provided in Fig.5a. The model predicts both the
axial force F and the electrical capacitance C based on inputs given by the actuator
axial length /; and applied voltage v, while also accounting for material and geom-
etry parameters, cf. the block diagram in Fig.5b. Leveraging on a thermodynamic
framework [23], the model of the rolled DEA can be formulated as follows:

3 kv' ll
fu'=—]<——é§v'>, .I:]saM
! Mvj L, !
3 i—1
2L1L,L4 ) ll2 L, 112 2L,
F=——F— 2C; — - — —+—-3
I (; o <L% TWAVERENT
. E)
L, 70 L
_ O.Sageoe,vaE + L_111 + j;kvj <L_1 - fvj))
L,
C =20£e€06,-—ll
L
Quantities &,; for j = 1, ..., M represent internal states describing the material vis-

coelasic dynamics, L, L, L3 are the principal lengths of the unrolled DE membrane
in undeformed configuration, C;o for i = 1, 2, 3 define Yeoh parameters describing
the hyperelastic material response, ¢, is the electrode-to-membrane surface area
ratio (cf. Fig. 3a), €y and €, are the vacuum permittivity and DE relative permittivity,
respectively, while 19, 7yj, and k,; for j =1, ..., M denote viscoelastic material
parameters. The factor 2 appearing in both force F and capacitance C stems from
the fact that the roll consists of a stack of 2 elastomer layers (cf. Fig. 3b), while L,
L,, and Lj refer to a single layer.

The developed model is able to successfully reproduce the experimental response
of three rolled DEA specimens with different geometries, i.e., with membrane surface
area L) x L, equals to 34 mm x 58 mm, 34 mm x 99mm, and 91 mm x 58 mm,
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Fig. 5 RDEA modeling: a actuator model schematic; b actuator model block diagram; ¢ low-
voltage force prediction; d high-voltage force prediction; e electrical capacitance prediction. Picture
a is based on publication [23]

respectively (for all cases, we have L3 =48 um). The model accurately predicts the
force-displacement curves of the rolled DEA, including their nonlinearity and rate-
dependent hysteretic effects, when the applied voltage is either low (Fig. 5c) or high
(Fig.5d). At the same time, the model also well reproduces the linear capacitance-
displacement response of the transducer (Fig. 5Se). Further extensions of the model
allow to incorporate both rate-dependent and rate-independent hysteretic effects of
the material within the same thermodynamic framework, enabling a more accurate
description of the actuator dynamic behavior in a broader frequency range. Details
are omitted for conciseness, the reader may refer to [24, 25] for details.

5 Rolled DEA-Based Planar Soft Tentacle Arm

Aspects related to design, modeling, control, and self-sensing proprioception of the
rolled DEA-driven planar bending module are described in this section.
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5.1 Rolled DEA-Driven Bi-Dimensional Soft Bending
Module

The rolled DEAs are used as main actuator components to develop a second gener-
ation of soft planar bending modules [26, 27]. The system concept is illustrated in
Fig. 6. The structure consists of two rigid plates connected by a flexible backbone.
Two rolled DEAs are mounted in the structure in a pre-tensioned state, connecting
the two rigid plates as shown in Fig.6a. When a rolled DEA is activated via high
voltage, its force decreases and the structure bends towards the unactuated DEA, as
shown in Fig.6b. This way, a bi-directional planar bending motion is achieved. A
picture of the real-life system prototype is shown in Fig. 6c.

5.2 System Modeling and Validation

The presented soft bending module is characterized by several free design parame-
ters. To guide the design, a physics-based simulation model is developed and used to
analyze the impact of key geometric parameters on the resulting actuation displace-
ment [28, 29]. For modeling purpose we define two reference frames, i.e., inertial
frame O — xy depicted in blue in Fig. 7a and attached to the base of the robot, and
frame O’ — x’y’ depicted in red in Fig.7a and attached to the rigid top plate with
origin located in the center of mass of the plate. We describe the robot configura-
tion as g = [qx qy a]T, where (qx, qy) is the position of the origin of the frame
O’ — x'y’ expressed in the inertial frame O — xy, while « denotes the orientation of
frame O’ — x’y’ with respect to frame O — xy. The control input is given by vector
u= [u DEL U DEz]T, where upg; is a control signal related to the voltage applied
to the ith rolled vpg; according to upg; = LnglaeeoerszEi (the meaning of each
parameter is explained in Sect.4.2). The model, based on Lagrangian mechanics,
describes how the robot configuration variables ¢ are affected by the control inputs

Rigid

o top plate °
Rolled 1
DEAs
OFF ON s ==
Flexible
backbone
(a) (®) (c)

Fig. 6 Planar bending soft-robotic module driven by rolled DEAs: a system structure; b actuation
of the rolled DEA on the right-hand side causes the structure to bend to the left-hand side; ¢ picture
of the experimental system prototype. Picture c¢ is based on publication [27]
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Fig. 7 Planar bending module simulation and optimization: a model layout; b simulation-based
parameter study showing transitions from mono-stable to bi-stable operations. Picture a is based
on publication [32], licensed under CC-BY 4.0

u, and is expressed in compact form as follows:
MG+ D(q)g + G(q) = JT(q)u. )

Quantity M € R¥3 is the positive-definite and symmetric inertia tensor which is
constant due to the adopted choice of ¢, D(g) : R? — R**3 is the positive-definite
and symmetric damping matrix accounting for both structural dissipations and DE
material viscoelastic losses, G(g) : R® — R3 is the vector of potential forces given
as the gradient of the total potential energy V(g) : R* — R (accounting for elastic
energy of both beam and DEs as well as gravitational potential energy), i.e., G(g) =
T
where Ipg(q) : R — R? defines the lengths of the actuators as a function of ¢ via
kinematic relationships (cf. Fig. 7a). For the analytical expressions of M, D(q), V(q),
and Ipg(q), the reader may refer to [32].

Model (4) is used to perform a quasi-static analysis, by applying slow-varying
sinusoidal input commands u alternating between the two actuators, with amplitude
chosen such that the DE voltages range within the physical actuator limits (i.e.,
vpgi € [0, 3] kV), and evaluating the resulting ¢. This study is repeated for different
combinations of geometric parameters, and used estimate the robot input-output
map. The right-hand side of Fig.7b shows an example of this study in which the
lower mounting points of the rolled DEAs are varied, namely a and b in Fig.7a.
For the ease of visualization, only the angle « is shown, reported as a function
of the difference between actuators voltages Avpr = vpg; — Vpg2. The left-hand
side of Fig.7b further reports the minimum eigenvalue of the Hessian matrix of
the potential energy of the system in the vertical configuration (see [29] for details),
whose sign determines the stability properties of the voltage-free vertical equilibrium
state (i.e., stable if positive, unstable if negative). As it can be seen from Fig. 7b, some

%‘5"), and J(g) : R® — R?>*? is the actuation Jacobian given by JT(g) =
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Fig. 8 Planar bending module experimental validation: a quasi-static model validation for differ-
ent system geometry parameters; b dynamic response of the mono-stable experimental prototype;
¢ dynamic response of the bi-stable experimental prototype. Pictures a—c are based on publication
[27]

combinations of a and b lead to soft robots whose vertical configuration is mono-
stable (depicted in green), while some others are meta-stable (depicted in yellow), and
finally some other configurations lead to an unstable vertical equilibrium (depicted
in red). It can readily be observed that the unstable design leads to a significant
magnification in bending displacement, which is of £23° and about twice as much
the bending angle obtained for the best mono-stable configuration. On the other hand,
while mono-stable configurations allow to regulate every position in the actuation
range, the unstable design results in a hysteretic input-output map. Physically, this
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hysteresis is explained by considering that the normal force exerted by the pre-
tensioned rolled DEAs onto the beam causes the latter to buckle, and if the system
parameters are properly tuned the buckling direction can be controlled by switching
the actuators voltages. Such hysteresis implies that the robot is not able to operate in a
stable way around the vertical configuration, as it remains bent towards the left-hand
side or the right-hand side when no voltage is applied to the DEAs. The proposed
energy-based method successfully extends well-known bi-stable design principles
for single-DoF DEAs [17], which are based on graphical methods and thus only work
in one dimension, to general multi-DoF DEA soft robots.

Various experimental prototypes are then built based on the simulations [27], by
changing parameters such as rolled DEAs upper mounting point distance w, lower
mounting point distance a, and beam thickness #, (cf. Fig.7a). A camera-based
experimental setup is then built to measure the resulting bending performance. As it
can be observed from Fig. 8a, the experimental data are well matched by the model.
The measured bending angle is reported alongside snapshots of the recorded video
for two selected system configurations, i.e., a mono-stable one shown corresponding
to w =30mm, a = 18 mm, and 7, = 1.4 mm and shown in Fig. 8b, and a bi-stable one
corresponding to w = 18 mm, @ = 15mm, and #, = 1.35 mm and reported in Fig. 8c.
The resulting bending angle range is of +6° for the mono-stable case and of +25°
for the bi-stable case. The mono-stable design always leads the robot to recover the
vertical position when unactuated, while the bi-stable design causes the module to
remain displaced even when the voltage is removed. Those experiments validate the
theoretical predictions of the model, and highlight the advantages of bi-stability for
the design of DE-based soft robots. As a demonstrative example, a tentacle prototype
consisting of a stack of three bending modules is shown in Fig.9.

Fig. 9 Prototype of a planar soft tentacle arm made of three single bending modules
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5.3 Motion Control

To retain all the advantages of the bi-stable design (i.e., large bending displacement)
without losing proportional regulation (because of bi-stability), closed-loop feed-
back control strategies are developed. In a first step, we addressed the problem of
designing feedback controllers which stabilize an arbitrary configuration within the
robot workspace in spite of the several challenges posed by model (4), most notably
nonlinearities and underactuation. More specifically, the problem of underactuation
with configuration-dependent actuation matrix, represented by the rectangular J7(q)
in (4), is known to be highly challenging in soft robotics. While state of the art meth-
ods are based on coordinate transformations to address this control problem [45],
we developed a new approach which does not require any change of coordinates,
but leverages instead an energy-based control framework [31, 32]. The goal is to
develop a feedback law u which regulates the robot configuration ¢ to a desired
target ¢* starting from an arbitrary condition in the reachable workspace, and explic-
itly account for system nonlinearities, open-loop instability, underactuation with
configuration-dependent actuation matrix, control input saturation, and presence of
constant external disturbances. The final form of the controller is reported in the
following (for details, please refer to [32]):

Xe = —Ipr — J (9) W14 — KsDZ,, (K;x.)
m 06ij (iDEi(‘Z)>

u=u"— 9,“ =
;; " BlpEi(q) 5)

stabilizing term u

+ SAT,, (K;x.) + SAT,, (-KPZDE —KpJ (@) qu)

robustifying term u,

Control law (5) consists of the sum of two contributions also illustrated in Fig. 10a,
i.e., a stabilizing term u; which ensures regional stability of the target g* in the
robot workspace, and a robustifying term u, that enables the stabilization goal to
be satisfied in spite of unmeasurable and constant external disturbances. As for the
other quantities appearing in (5), x. is an internal integral state of the controller,
qg=q—q"*and fDE(q) = Ipe(q) — Ipe(g*) denote the control error expressed in
configuration and actuation coordinates respectively, W, is a constant matrix tuned

to ensure that passivity holds true, ¢;; ([DE,- (q) ) are freely-chosen regressors, 6;;

are stabilizing gains, SAT,, (x) and DZ,, (x) denote vector-valued saturation and
deadzone functions, respectively, while Kg, K, and K p are free tuning parameters
(for more details, please refer to [32]). In case input u does not saturate, control law
(5) can be rewritten as:
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trol law (6) can be intuitively interpreted as the sum of three actions, i.e., a feedforward
u*, a PD law in actuator length error [z (¢) where A 4+ K| is the proportional gain
and Kp is the derivative gain, and a PI law in configuration error g projected into
actuator space via matrix J(g)W; where K p is the proportional gain and K; is the
integral gain. This analogy with a PID law can be used for a more intuitive tuning
of free parameters Kp and K;. Figure 10b shows the effectiveness of the proposed
controller in stabilizing the vertical configuration of the system when starting from
different initial conditions, while Fig. 10c shows the controller performance for dif-
ferent choices of gain K;. Further works also investigated the position regulation
of the same system via optimal control techniques, the reader may refer to [30] for
details.
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Next, we investigated the tracking control of smooth arbitrary time-varying trajec-
tories ¢*(¢). As discussed in [45], control of underactuated robots with configuration-
dependent actuation matrix can be achieved provided that a coordinate transformation
is found which brings the system in the so-called collocated form, where the actuation
matrix becomes JT = [I O] T Once in collocated form, robot control can be achieved
straightforwardly using classic robot control theory via partial feedback lineariza-
tion [46]. In [33], we provided a closed-form and analytically-invertible solution
for a nonlinear coordinate transformation which brings model (4) into collocated
form. The proposed choice for the new coordinates is visually illustrated in Fig. 11a.
After converting the system in collocated form, the tracking control is successfully
achieved in simulation via partial feedback linearization. Figure 11b shows the effec-
tiveness of this approach when tracking a polynomial trajectory, while Fig. 1 1c shows
the same result in case of a sinusoidal trajectory. Aspects related to the planning of
feasible trajectories which satisfy constraints due to underactuation and control input
saturation are discussed in [34].

5.4 Self-sensing Proprioception

To implement the feedback position control law in the experimental setup, accu-
rate real-time measurements of the robot own state are required. In the experiments
conducted in Fig. 10, the feedback is obtained via a camera operating at 65 frames
per second. In principle, DE technology allows to implement closed-loop control by
means of self-sensing feedback. Self-sensing is enabled by the dependency between
actuator elongation and electrical capacitance, see Fig.5e. By measuring the actu-
ator electrical voltage and current during high-voltage activation, and using such
data to estimate the DEA capacitance, the resulting actuator displacement can be
estimated in real time. In the case of single-DoF DEA systems, we have succes-
fully used self-sensing to estimate at the same time the actuator displacement and
force (the latter reconstructed by means of an additional state observer), and used
the resulting displacement-force information to achieve sensorless control of the
DEA-environment interaction [35]. In the context of multi-DoF DE soft robots, the
system-level self-sensing architecture shown in Fig. 12a is proposed to achieve sen-
sorless proprioception of the entire robot configuration [36, 37]. The architecture in
Fig. 12a consists of two functional blocks, i.e., a Capacitance-based Actuator Length
Reconstruction block which uses real-time measurements of the DEA voltage and
current signals to estimate their lenghts, and a System-Level Self-Sensing which
uses combined information from DEA lengths and input voltage to reconstruct the
configuration g. The second stage is especially important because the DEA lengths
are only 2 while the system has 3 DoF, therefore the kinematic underdetermination
is solved by incorporating information on the dynamic model through an extended
Kalman filter (EKF). The resulting estimation performance are shown for 2 different
versions of the EKF in Fig. 12b for a motion caused by the voltage applied to the
DEAs, and Fig. 12c for a motion caused by an external mechanical load. In both
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Fig. 11 Planar bending module trajectory tracking: a graphical representation of the coordinate
transformation which brings the system in collocated form; b tracking of a polynomial trajectory;
¢ tracking of a sinusoidal trajectory

cases, the self-sensing proprioception algorithm provides estimations very close to
the reference camera measurements.

Next, we combined the self-sensing proprioception algorithm with the position
feedback law to achieve sensorless closed-loop control. The corresponding sensor-
less architecture is illustrated in the block diagram in Fig. 13a. In the conducted
experiment, we closed the position loop via self-sensing feedback generated by the
EKEF at 5 kHz, and used control law (5) to stabilize the vertical configuration while
simultaneously applying several manual disturbances. The sensorless control archi-
tecture successfully stabilizes the vertical configuration after each manual perturba-
tion. Moreover, the resulting self-sensing estimations always remain tightly close to
the camera measurements, used here as a means of validation. This result shows that
it is possible to compensate for open-loop instability without relying on a complex
and expensive camera system, leveraging instead the intrinsic intelligence of DE
technology.
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Fig. 12 Planar bending module sensorless proprioception: a block diagram of the estimation
scheme; b self-sensing estimation when the motion is caused by the actuation voltage; ¢ self-
sensing estimation when the motion is caused by an external mechanical load. Pictures a—c are
based on [37] licensed under CC-BY 4.0

6 Towards a Rolled DEA-Based 3D Soft Tentacle Arm

This section discusses the first steps towards the development of a rolled DEA-
driven soft robotic module capable to bend freely in three dimensions. A preliminary
3D module concept was developed based on a rigid robot design [38]. Although
lacking the soft features, this system is used to develop useful insights towards the
actuation kinematics of DEA-based manipulators in three-dimensional spaces, and
eliminates fabrication uncertainties due to the flexible element. The system, shown
in Fig. 14a, consists of two rigid circular plates connected by a ball joint in the center.
Nine pre-tensioned rolled DEAs are arranged around the circumference of the two
rigid disks, and electrically controlled in groups of three. When a group of rolled
DEA is activated, it causes the structure to rotate towards the opposite direction.
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Fig. 14 Towards a three-dimensional soft robotic DEA bending module: a initial concept based on
ball joint; b soft version of the three-dimensional bending module; ¢ envisioned full tentacle arm
prototype. Picture a is based on [38]

The difference between this concept and the one from Fig. 6 is the fact that the 3D
structure tends to rotate following a precession-like motion, rather than jumping in-
plane. Based on this concept, rotations are achieved with fixed bending angles of
about 25°.

Next, we conducted a model-based feasibility study on a soft version of the three-
dimensional bending module [39]. This is obtained by simply replacing the ball joint
in Fig. 14a with a cylindrical flexible beam capable of bending in all direction, as
shown in Fig. 14b. By means of numerical simulations based on a detailed physical
model it is shown that, upon a proper tuning of the geometry parameters, the system
can be designed to exploit beam instability as a means to expand the motion range
also in 3D. The simulations show that a theoretical bending larger than 50° is virtu-
ally achievable without exceeding the physical limits of the materials and structure.
Moreover, by properly controlling the driving strategy, this version of the soft robot
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can undergo both a precession (similarly to the ball joint concept in Fig. 14a) as well
as an in-plane bending, thus ensuring a much wider reachable workspace. Experi-
mental validation of these simulation findings will be object of future research. Once
developed, the soft version of the three-dimensional bending module will be used to
develop a soft tentacle arm as the one envisioned in Fig. 14c.

7 Conclusions and Outlook

This chapter has discussed various design, manufacturing, modeling, control, and
estimation solutions which led to the realization of an intelligent soft tentacle arm
driven by dielectric elastomer transducers. A new type of DEA, namely a core-
less rolled DEA, has been used as bio-inspired artificial muscle to develop a bi-
dimensional bending module, which in turn serves as a building block for a soft
tentacle arm. By means a model-assisted bi-stable design, significant magnification
in bending performance is achieved. Although this design solution results in a loss
of proportional regulation of the robot motion, it is demonstrated how proportional
regulation can be effectively recovered by means of stabilizing feedback control
laws, which can be also implemented in an integrated and camera-free fashion by
exploiting the self-sensing feature of DE transducers. Finally, the first steps towards
the development of a three-dimensional tentacle arm driven by rolled DEAs have
been shown.

The obtained results have demonstrated for the first time the benefits of a syn-
ergistic model-based approach to design, control, and estimation of multi-DoF soft
robots based on DE technology. The obtained results will pave the way for future
autonomous and intelligent DE-based soft robots, which fully exploit the high poten-
tial of DE transducers to achieve functionalities not possible only via mechanical
design or electronic control. In the future, it will be essential to investigate the role
of artificial intelligence to further enhance the design, control, and estimation capa-
bilities of DE-driven soft robots. Moreover, potential applications of the developed
rolled DEAs in applications beyond soft manipulators will be investigated, e.g., in
tensegrity-based soft robots as preliminarily studied in [40, 41].
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Stiffness Modelling and Control for Soft )
Material Continuum Robotic L
Manipulators

Jialei Shi, Wenlong Gaozhang, Sara-Adela Abad, and Helge Wurdemann

Abstract Soft robots, made from compliant materials, offer high flexibility and
enable continuous deformation, resulting in inherently safe and adaptive interactions
with their environments. Unlike rigid-link robots where compliance is typically local-
ized at discrete joints, soft robots exhibit distributed compliance throughout their
structure. This fundamental difference underscores a deep understanding of their
intrinsic compliance, or its inverse, stiffness, which is essential for developing other
static models such as forward kinematics and contact force models. This work pro-
vides a comprehensive review of existing stiffness-related modelling approaches for
soft continuum robots, such as techniques based on analytical formulations, numeri-
cal methods, and data-driven strategies. Furthermore, it highlights how robot stiffness
critically influences the accuracy and effectiveness of static models and contact con-
trol methods, which are essential for enabling robust and precise interaction with the
environment.
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1 Introduction

The mechanical behaviour of soft robots, in particular, their ability to deform under
external loads, depends on their stiffness (or its inverse, i.e., the compliance). This
property can be characterised by the Young’s modulus, which defines the relation-
ship between the stress and resulting strain. Unlike conventional robots constructed
from rigid materials, such as metals or hard polymers, which typically exhibit
Young’s moduli on the order of 10° — 10'° Pa, soft robots are fabricated from signif-
icantly more compliant materials with Young’s moduli ranging from approximately
10* — 10° Pa [1, 2]. This inherent compliance can enable safer interactions with the
environment and living tissues but can also limit the robot’s ability to apply large
forces when needed [3].

Tuning and analysing stiffness properties is central to the design, modelling, and
control of soft robotic systems [4—6]. A variety of stiffening mechanisms have been
proposed to modulate compliance, broadly categorised into semi-active and active
methods [7]. Semi-active techniques operate by modulating the intrinsic mechan-
ical properties of the materials from which they are made. Examples include the
use of field-responsive materials, phase-change alloys [8], and granular jamming
systems [9]. In addition, switching between actuation media, such as pneumatic
and hydraulic systems, can be employed to alter stiffness [10]. On the other hand,
active stiffening strategies often utilise antagonistic configurations, where oppos-
ing actuators work against each other. Examples include combined pneumatic and
tendon-driven systems [11-13], dual pneumatic actuators [14, 15], and hybrid setups
where active components are constrained by passive elements. For instance, pneu-
matic actuators may be mechanically limited using non-extendable fabric [16—18],
locked tendons [19], or by leveraging the inherent elasticity of the material itself [20,
21].

This chapter advances the understanding of stiffness-related control of soft mate-
rial continuum robotic manipulators by investigating how compliance characteristics
influence stiffness response and force generation. Developing mathematical mod-
els that capture these relationships is essential for both predictive simulation and
real-time control of interaction forces between the robot and the environment, for
instance. In this context, the work presented here examines the formulation of models
that integrate stiffness properties into the kinematic and force control of soft robotic
systems.

Section 2 provides a comprehensive overview of existing approaches to modelling
compliance and stiffness in soft robotic structures, while sect. 3 reviews established
and emerging frameworks for static force modelling in these highly deformable
systems. Section 4 transitions from static, passive compliance and stiffness modelling
approaches to a review of active, on-demand stiffness control strategies, with a focus
on sensing and controlling interaction forces. Section 5 outlines key open challenges
and future research directions in modelling and controlling stiffness and interaction
forces in soft material continuum robotic manipulators.
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2 Compliance/Stiffness Modelling in Soft Material Robotic
Systems

In rigid robots, the compliance is provided by variable stiffness joints [22]. For
instance, the 3 x 3 Cartesian stiffness matrix Ky in the task space is mathematically
determined based on the Jacobian-based projection in Eq. 1 [23].

aJT
Ky=JtT <q> - WF) JT~J T t. (D)

d is the stiffness matrix of the joints with a diagonal form, 6 is the displacement of
joints, J and J T are the Jacobian matrix and pseudo-inverse Jacobian matrix under
current robot configuration, F is the external force in the Cartesian space. For the
static case of unloaded robot configuration, %F can be approximated as a zero
item. The robot compliance is the inverse of the stiffness in Eq. 1. Instead, many
soft robots are considered continuum manipulators without physical joints, and the
compliance is distributed along the robots [5]. Figure | demonstrates the difference
of compliance generation between rigid-link and soft continuum robots. Moreover,
various static modelling techniques of soft robots usually rely on stiffness properties
of robots. For instance, the material properties (e.g., Young’s modulus), together
with bending, elongation and shear stiffness, are usually considered to calculate
curvatures and strains from actuation forces. The resulting curvatures and strains
complete the statics models, such as the forward kinematics. However, a thorough
stiffness description and analysis for soft robots, e.g., the Cartesian stiffness, is not
investigated in these kinematic models.

The importance of understanding configuration-dependent stiffness/compliance
has been proven for rigid-link and continuum robots [24-27], especially for redun-
dant robotic mechanisms. For instance, the effect of robot configuration on task
force capabilities was investigated in [28], force ellipsoid was initially introduced.

Configuration B

/ Compliance Configuration B
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Fig. 1 Illustration of compliance ellipsoids for a a rigid-link robot and b a soft continuum robot,
under two different robot configurations. The compliance of rigid-link robots is typically localized
at discrete joints, while soft robots exhibit distributed compliance throughout their structure
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To analytically describe the compliance or stiffness properties of soft robots, there
are mainly two ways, i.e., Jacobian projection and finite differentiation of forward
kinematics. The Jacobian projection approach is motivated by Eq. 1. To this end,
the continuum structures of soft robots are discretised into finite elements or joints
first to derive the Jacobian matrices, and a pioneer work for achieving compliance
modelling of continuum robots using the Jacobian projection approach can be found
in [25]. Once the Cartesian compliance matrices are obtained, compliance and force
ellipsoids can be employed to achieve analysis, which is analogous to the techniques
used in the rigid-link robots. Similarly, the stiffness properties of discretised ele-
ments can be written via diagonal stiffness matrices, the Jacobian matrices can be
calculated from the Cosserat rod model [29] or piecewise constant curvature (PCC)
model [27] for instance. Additionally, the finite differentiation of well-established
kinematics models can also deliver the compliance modelling. To achieve this, virtual
infinitesimal forces A f are included in the forward kinematics model to calculate the
corresponding variation of robot configuration, the forces and configuration variation
are used to derive the compliance or stiffness matrices [30], resulting in Eq. 2.

L) — p(L)* p(L) — p(L)* p(L) — p(L)*
Cx = [p( ) — p(L) ’p( ) —p(L) ’p( ) — p(L) ] )

Afx Afy Af:

where p(L) and p(L)* are the 3 x 1 tip position vectors with and without force incre-
ments of Af,, Afy and Af;. Forinstance, the incremented variables are the tip forces,
and the forward kinematics is established based on the Cosserat rod theory [31]. Such
a concept was then adopted and developed by [32] to model the stiffness response of
a parallel continuum robot under different configurations. Inspired by [31], a new set
of compliance differential equations, which was directly coupled to the forward kine-
matics, to derive the compliance matrix of continuum robots [33]. The stiffness of
pneumatic-driven soft parallel robots were analysed with the displacements resulted
from applied loading in different directions [34]. However, the robotic manipulators
were approximated to the slender Kirchhoff rod, whilst large elongation observed
in soft robots were not considered [35, 36]. The stiffness can also be obtained in
combination with the Finite Element Method (FEM) and the pseudo-rigid model, as
demonstrated in [37]. To account for material nonlinearity resulting from robot elon-
gation, the non-linear matrix structural analysis (NMSA) method presented in [5]
can be useful. The NMSA method addresses large deformations in soft bodies by
applying load in predefined steps. This method enables the use of a linear strain-stress
relation to consider large deformations, where the stiffness matrices update in each
step.

As for the efficient mathematical tool for the compliance modelling in robotic
field, Lie theory [43] and, in particular, screw theory have been utilised in robotics
for it concisely interprets rigid-body motions, such as kinematics and statics mod-
elling [44], parameter calibration [45, 46] and identification [47], and compliance
analysis [48-50]. In addition, an analytical model was presented in [40] to model
and analyse the stiffness ellipsoids for a tendon-driven soft-rigid gripper. It is worth
mentioning that recent study in [41] demonstrated that the Cartesian compliance
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Table 1 Examples of modelling and stiffness/compliance analysis for various
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soft continuum

robots
References Model Material Cartesian Compliance | Compliance
behaviour compliance analysis distribution
modelling
317, [33] Cosserat rod | Linear Finite } 4 X
differentiation
[32) Cosserat rod | Linear Finite Ellipsoid X
differentiation
38T Cosserat rod | Linear X } 4 %4
397 PCC Linear Jacobian } 4 X
projection
(407 Pseudo-rigid | Linear Jacobian Ellipsoid b 4
model projection
[41, 42] PCC and (Non)linear Screw theory | Ellipsoid ("4
Cosserat rod
[37) FEM Linear Finite X X
differentiation

X and ¢ denotes that the corresponding modelling or analysis is not considered or considered,
respectively; The superscript ‘ denotes the elongation of the backbone is negligible or inextensible.

along the soft continuum robots can be directly integrated with the forward kinemat-
ics using the Lie theory. This approach does not require Jacobian transformations
or multiple calculations of forward kinematics, which provides a concise approach
to model the configuration-dependent compliance at any positions of the continuum
robot. Specifically, the general form of the compliance calculation yields in Eq. 3.

L

C(s)° = f Ad (s)e(s)PAd),) (s)d(s) (3)
0

s € [0, L], which s the arc length along the backbone of the robot. C (s)? is the Carte-
sian compliance matrix. Ad,,(s) is the adjoint matrix calculated from the forward
kinematics. ¢(s)? is the element compliance matrix.

The compliance properties of soft robots exhibit two characteristics. First, the
compliance distributes along the robot structure and depends on both the soft robots’
configuration and the choice of coordinates (see Fig. 1b). Secondly, modelling of
compliance usually involves the calculation of forward kinematics. Specifically, the
Jacobian matrices come from the forward kinematics, while the finite differentiation
approach needs to calculate the forward kinematics for a few times. The key advan-
tage of Eq.3 is that it only requires a single forward kinematics computation. It is
worth mentioning that these two compliance characteristics are applied for various
continuum robots (e.g., tendon-driven robots), as exemplified in Table 1. It can be
observed that the compliance/stiffness models are less investigated compared to the
kinematics or dynamics models of soft robots. It is also worth mentioning that the
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robot compliance relates the loads and deformations, so it is also pivotal for under-
standing the interaction between the robots and environments, such as the contact
force.

3 Modelling Interaction Forces in Soft Continuum Robots

For rigid-link soft robots, the interaction force in the task space results from the
torque at revolute or prismatic joints. In contrast, the force generation of soft com-
pliant robots is usually produced from the deformation and determined by the com-
pliance properties of robots. Although soft robots are inherently compliant when
contacting with environments, the modelling of the interaction force of soft robots
is of paramount importance to understand their force capability and achieve active
force control [51].

FEM might be the most straightforward approach to achieve the force predic-
tion [52]. For example. constraints need to be applied to one end of soft robots when
predicting the tip contact force. After applying actuation pressures on the internal
surfaces of robots, the bending deformation and the tip contact force can be obtained.
In [53], Abaqus was used to predict the tip force for soft pneumatic actuators with
pleated structures. Similarly, the study in [54] used FEM to evaluate the force genera-
tion of a pneumatic-driven soft gripper with two pneumatic networks. A toolbox was
presented in [55] to expedite the design of bellow soft robots, where the motions and
output forces of soft robots with different parameters are assessed using the FEM.
FEM is easy to be implemented; however, it lacks an analytical description of the
force generation and often involves intensive computation costs.

FEM falls into the category of numerical approaches. Moreover, analytical mod-
els have been developed to achieve the force modelling. An analytical contact force
model was proposed for PneuNets actuators, where the tip force was analysed con-
sidering the equilibrium moment of the PneuNets at the applied pressure [56]. The
force model was validated via both FEM simulations and experiments. Overall, the
analytical model predicts the tip force with errors of less than 10%. In [57], an ana-
lytical model was proposed for PneulNets actuators based on the Euler-Bernoulli
finite strain hyperelastic thin cantilever beam theory. The deformation of the air
chambers used finite strain membrane theory. The proposed analytical model was
applicable to two states of forward kinematics modelling: free-space motion and
tip-contact conditions. The model has similar accuracy with the FEM model, but the
computational time is only 1% of the FEM model. Building on the PCC assumption
and Euler-Bernoulli beam theory, an analytical blocking force model was proposed
in [58]. The model reveals that the tip blocking force is impacted by the change of
air volume and bending angle, meanwhile, the generated force is highly proportional
to the actuation pressure.

In addition to the force models for aforementioned PneulNets actuators, analytical
models for fibre-reinforced actuators were investigated. In [59], an analytical model
was developed that captures the explicit relationship between the input pressure, the
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Fig. 2 Diagram of stiffness model-based stiffness and force control, where the stiffness model
calculates the robot deformation subject to the desired force

bending angle, and the tip force by considering both the hyperelastic material prop-
erty of silicone rubber and the geometry of the actuator. The model was built on the
Neo-Hookean model and was evaluated on soft robots with different cross-section
dimensions and lengths. Results demonstrated that the robot length has minimal
influences on the force generation, while the force is primarily impacted by cross-
sectional dimensions. The extended work of [59] was reported in [60], where the
sensed bending angles of the fibre-reinforced actuator were incorporated to the ana-
Iytical model. In [61], a comprehensive analytical model was developed for fibre-
reinforced bending actuators, the model was also based on the beam mechanics,
which can mathematically depict the relation of free-space bending, block force, and
deflection shape with respect to the input pressure. Specifically, the block force mod-
elling in [61] was based on the moment equilibrium, and the ODEs of the deflection
curve are established. The ODEs were solved using the boundary conditions and
resulted in the new force model.

Above force models are usually established on numerical (e.g., FEM) or ana-
Iytical models, with known robot compliance properties. In particular, the forward
kinematics models are often involved to derive the force models. It is worth men-
tioning that the interaction forces of soft robots can also be predicted via model-free,
data-driven approaches, i.e., using neural networks [62]. One prominent example
is the soft tactile sensors. The inputs of the neural network come from embedded
sensor information, e.g., from camera [20], strain sensors [63], pressure [64]. [65]
reviews the recent progress of the flexible tactile sensors. However, these data-driven
approaches often overlook the underlying compliance characteristics inherent to soft
robots. Section4.2 further summarizes research on interaction force sensing and
control for soft robots.
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4 Interaction Compliance and Force Control

Soft robots exhibit passive compliant behaviour resulting from the soft materials. To
make the most of their passive compliance properties during robot-environment inter-
action, active interaction control must be designed. To this end, the robot deformation
has to be considered when developing the controllers. Two types of interaction con-
trollers will be discussed in the following sections, including the compliance/stiffness
control and the force control. A typical control flow for stiffness model-based inter-
action control is illustrated in Fig.2. In this scheme, the stiffness model computes
the desired deformation based on the target force. The desired force can be either
explicitly specified, as in force control, or derived from the desired stiffness matrix
in the case of stiffness control.

4.1 Compliance and Stiffness Control

Models presented in Sect.2 describe passive compliance/stiffness modelling
approaches of soft robots in the Cartesian space. These stiffness properties are inher-
ently determined by the robot design and material selection. Similar to the compli-
ance regulation for rigid-link robots [23], on-demand and active stiffness/compliance
control has been investigated for soft robots.

The common approach to regulate robot stiffness is using stiffening mechanisms
elaborated in [7]. For instance, once the robots are controlled to desired configura-
tions, the vacuum pressure will be applied to actively increase the rigidity of soft
robots, e.g., via layer jamming [66, 67] or granular jamming [68]. To avoid intro-
ducing stiffening mechanisms, the antagonistic actuation approach has been devel-
oped [69]. For instance, a variable stiffness joint was proposed in [70], where two soft
air bellows acted antagonistically on a single joint. In this actuator, various pressure
combinations can lead to the same joint angle and allow to additionally adjust the
joint stiffness. The same antagonistic stiffening approach was also applied in [71]
to vary the stiffness of soft robots made of pneumatic artificial muscles. Thanks to
the introduced stiffening mechanisms, the robot configuration and compliance can
be controlled independently. However, embedding stiffening mechanisms or apply-
ing antagonistic actuation approach in space-restricted applications, for instance,
minimally invasive surgery, can be challenging.

As demonstrated in Sect.2, the robot passive compliance is configuration-
dependent and can be analytically or numerically described. In principle, it is possible
to control robot configurations to regulate compliance/stiffness of soft robots. The
first stiffness control paradigm for soft robots without embedded stiffening mecha-
nisms can be found in [4]. To achieve a desired tip stiffness, the controller actuated the
robot to a deflected configuration which produced a required tip force for a measured
tip position. And the desired force was calculated from a desired stiffness matrix.
The robot kinematics was described using the Cosserat rod model. Similarly, the
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study in [72] achieved the stiffness control for a parallel continuum robot based on
estimated force and robot pose, using the Cosserat rod theory. Results demonstrated
that the stiffness controller can vary the natural stiffness of soft robots by about a
factor of two along the x and y-axes. Building on the PCC assumption, a Carte-
sian stiffness control approach was proposed for a multi-segment soft robot [27].
The Cartesian stiffness was described using Eq. 1. A desired compliance ellipsoid
was defined to formulate optimization objective functions, and the robot configu-
ration was then derived from solving the optimization problems. The compliance
of the robot was regulated by changing the internal pressure of the tendon-driven
robot. A tendon-tensioning method was proposed to control the stiffness of a dual-
segment tendon-driven soft robot based on depth vision. A closed-loop controller was
designed for stiffness compensation [73]. In line with Fig.2, a compliance model-
based control approach was presented in [74] to regulate the Cartesian compliance
in desired directions for pneumatically driven soft robots. It is noteworthy that the
compliance regulation in [74] exclusively relies on varying the actuation pressure
without additional structures.

4.2 Interaction Force Sensing and Control

To regulate the Cartesian forces of soft continuum robots, force control techniques
from rigid-link robots could be referred to. A prominent force control approach is
discretising soft robots into finite elements and regulating virtual joint forces from
each element using Jacobian projection [75], and the Cartesian stiffness matrix is
tuned as a control gain. For instance, an intrinsic force sensing approach was proposed
to estimate the wrench exerted at a tendon-driven continuum robot tip by monitoring
the actuation forces [76]. Consequently, this estimated wrench is further advanced
as feedback information to implement closed-loop force control [77]. In particular, a
hybrid motion and force control approach was proposed for tendon-driven continuum
robots to achieve force regulation or contact surface estimation from sensed forces
in the task space. In aforementioned cases, actuation forces usually can be obtained
from force transducers in tendon-driven or parallel continuum robots [32, 78]. In
contrast, additional consideration is required to convert fluidic pressure or volume to
generalised actuation forces or torques for fluidic-driven robots [79]. For hydraulic-
driven soft robots, the combination of fluid volume and pressure can be utilised for
intrinsic force sensing and control of soft parallel robotic systems [80], where the
Cartesian stiffness matrix was estimated by solving the linear least-squares problem.
Likewise, a compliance model-based contact force control approach for soft robots
was presented in [81], where the compliance model was analytically derived.

In addition to model-based force sensing and control, technological advances
enable deployment of force sensing devices on soft robots, e.g., forces exerted on
robots can be measured by attached force/torque (F/T) sensors directly [82, 83]. The
F/T sensors are usually rigid and limited to its feasibility of being embedded in soft
robots. Fibre optics exhibit naturally flexibility [84] and are capable of sensing forces
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from measuring strains, e.g., stretchable sensors were developed for prosthetic hand
based on optical waveguides [85]. Moreover, material sciences have advanced the
development of flexible force sensors, e.g., using piezoelectric polymers [86], liquid
metals [87] or pneumatic fluids [88]. In particular, fusion of sensed information and
models provides new insights on interaction force estimation and regulation of soft
robots [89, 90]. A vision-based external forces sensing approach was proposed in
combination with finite element method, where the intensities and the locations of
the external forces can be estimated [91]. Similarly, the deformation of soft robots
derived from vision or motion tracking information can be utilised to achieve force
and motion control [92], estimate or attenuate external force disturbances [73, 93].

Another force sensing and control paradigm for soft robots is data-driven
approach [94]. A sensorless force and displacement estimation approach was intro-
duced by exclusively utilising fluidic pressure and volume in pneumatically powered
soft actuators [64]. A learning-based closed-loop force control approach was pre-
sented combining embedded soft sensors and recurrent neural networks, which can
cope with significant drift and hysteresis in feedback signals [63]. It is worth men-
tioning that the efficacy of data-driven approaches rely on and is determined by
the training set. Please note that robots’ stiffness properties may affect the gener-
alizability of data-driven approaches, as high robot compliance can introduce more
uncertainties.

5 Conclusions

Robot compliance/stiffness and force capabilities are exhibited characteristics when
soft robots interact with environments. The interaction compliance and force
behaviour of soft robots result from the continuous deformability of soft materials.
The compliance/stiffness properties essentially connect applied wrenches (including
forces and moments) and corresponding twists, i.e., linear or angular deformations.
Building on various models developed to describe the statics of soft robots, this
review reported on the interrelationship between robot kinematics, Cartesian com-
pliance/stiffness, and force generation capability. Understanding these connections
is essential for effectively modelling and controlling interactions between soft robots
and their environments, as illustrated in Fig. 3. In particular, these static models can
be utilised for achieving various model-based control, e.g., the inverse kinematics,
compliance and force regulation. Modelling the stiffness of soft robots with hybrid
actuation mechanisms remains a challenging task. In such systems, overall stiffness
is influenced not only by the material properties but also by factors like actuation
pressure and tendon tension. Accurately modelling and controlling the stiffness of
these systems is an interesting research direction.

Whereas notable work has been achieved for static cases, modelling the dynamic
behaviour of soft robots remains a significant challenge due to the highly non-linear,
time-varying, and often distributed nature of their deformation. Unlike rigid-body
systems, where mass and inertia are well defined, soft robots require the incorporation
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of continuum mechanics and viscoelastic properties to accurately capture transient
responses. Dynamic modelling is essential for tasks involving high-speed motion,
impact mitigation, or interaction with dynamic environments. Coupling dynamic
models with stiffness representations enables advanced control strategies, such as
variable impedance control, which can regulate both motion and interaction forces
in a time-varying manner. However, developing integrated frameworks that jointly
model dynamics and compliance remains an challenging problem. Such models must
account for actuation principles, non-linear material behaviour, and environmental
contact, representing a critical direction for advancing real-time, adaptive control of
soft robots.
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Tendon-Driven Continuum Mechanisms: | M)
Modeling, Workspace and Force Control | <o

Tianxiang Dai®, Jonas Breuling(®, Remco L. Leine(®, and Simon R. Eugster

Abstract Tendon-driven continuum mechanisms (TDCMs) offer high flexibility
and adaptability, making them ideal for medical robotics, search and rescue, and
inspection applications. However, their inherent nonlinear behavior poses challenges
for modeling and control. This study presents the design, modeling, and control of
a TDCM consisting of a soft silicone cylinder actuated by four tendons. The sys-
tem is modeled as a shear-deformable, nonlinear elastic rod using the Cosserat rod
theory and discretized by a Petrov—Galerkin finite element formulation. An inverse
static control strategy is formulated as a constrained optimization problem to achieve
motion control. Experimental validation using strain gauges and fiducial markers
demonstrates the accuracy of the modeling and control approach. The results high-
light the influence of tendon routing on deformation modes and the effectiveness of
the control strategy in regulating movement. While open-loop inverse static control
achieves reasonable accuracy, residual errors suggest the need for closed-loop feed-
back. This study contributes to advancing TDCM experimental research and control
methodologies.

1 Introduction

Softrobots are characterized by their ability to continuously deform, providing unpar-
alleled flexibility and adaptability in complex environments. Their inherent compli-
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ance allows them to interact safely with unstructured environments, making them
particularly well-suited for applications such as minimally invasive surgery, search
and rescue, and inspection in confined or hazardous spaces. However, the nonlinear
characteristics of these robots, including hysteresis, stress softening, and extreme
hyper-redundancy, pose significant modeling and control challenges [1].

Tendon-driven continuum mechanisms (TDCMs) are a class of soft robots actu-
ated by unilateral tendons. One straightforward modeling strategy to simulate soft
robots is to use three-dimensional finite element methods for deformable solids (3D-
FEM [2]). While this method provides high geometric fidelity, it is often computa-
tionally prohibitive. Additionally, the selection of a specific material model and the
identification of its parameters is not always straightforward. For TDCMs with slen-
der structures, Cosserat rod theory [3] is widely regarded as the most comprehensive
one-dimensional framework capable of capturing all relevant deformation modes,
such as bending, twisting, shearing, and stretching.

Since the seminal work of Simo [4], the structural mechanics community has
proposed many rod finite element formulations to address both static and dynamic
problems. An extensive survey of Cosserat rod finite element formulations is provided
by Meier [5]. In the early stages of soft robotics, however, alternative modeling
approaches proved more effective for specific applications. To solve the boundary
value problem in static situations, Rucker [6, 7] proposed a shooting method for
Cosserat rods. While the classical structural dynamics rod finite elements were mostly
position- and orientation-based, Renda [8, 9] introduced rod finite element methods
that are based on strains as the unknown fields. Such strain-based formulations would
be the ideal model with the vision of being capable of measuring strains—at least
discretely.

Discrete elastic rod models are closely related to finite element models [10—12].
These models do not approximate the virtual work of the Cosserat rod but rather
its kinetic and potential energy. Then, they apply a variational principle, such as
Hamilton’s principle in dynamics or the principle of minimum of potential energy in
statics. With a particular choice of test and trial functions, as well as with the correct
quadrature rule for the spatial integration, discrete rods can also be considered as a
low-order finite element method.

In our approach, we adopt a Petrov—Galerkin finite element formulation for
Cosserat rods, following the framework established in [14—16]. The rod kinematics
are discretized using total Lagrangian interpolation strategies, with nodal positions
and orientations serving as the primary degrees of freedom. By independently inter-
polating both the kinematic fields and their variations, the Petrov—Galerkin projection
simplifies the expressions for the virtual work functionals, as discussed in [15, 16].
This formulation can also accommodate alternative orientation parameterizations,
such as non-unit quaternions, and provides robust performance in both static and
dynamic simulations.

This study presents the design and development of our TDCM consisting of a sil-
icone cylinder actuated by four tendons, detailing the mechanical model formulation
and the implementation of an inverse static control strategy. Experimental results
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Fig. 1 a Tendon-driven continuum mechanism with parallel tendon routing configuration, b A
close-up view of the left motor and attached strain gauge

validate the proposed approach, demonstrate its feasibility for controlled actuation,
and lay the foundation for future advances in tendon-driven continuum robotics.

The remainder of this chapter is structured as follows. First, the experimental
test bench used for constructing and actuating the TDCM is introduced in Sect. 2.
The forward static model, based on the Petrov—Galerkin finite element formulation
for Cosserat rods, is then presented in Sect. 3. Reachable workspace analysis using a
brute-force sampling approach is covered in Sect. 4. An inverse static control problem
is formulated as a constrained optimization task, and the control strategy is outlined
in Sect.5. Section 6 details the experimental results, including material parameter
identification, workspace validation, and control performance assessment. Finally,
Sect.7 summarizes the key findings and discusses potential directions for future
research.

2 Test Bench

The TDCM consists of a top platform, a silicone cylinder with two connectors
attached to each end, and four tendons (Dyneema) for actuation, as illustrated in
Fig. la. The soft cylinder was molded from Dragon Skin Shore 20A silicone, fol-
lowing the procedure in [17]. It has a height of 95 mm and a diameter of 60 mm. The
connectors and top platform were 3D-printed using polylactic acid (PLA), with the
bottom connector fixed to the base, while the top connector is fully embedded into the
top platform. The connectors and top platform have heights of 11.5 mm and 14.5 mm,
respectively, resulting in a total mechanism height of 121 mm. Excluding the tendons,
the top platform and silicone cylinder weigh 185 g and 433 g, respectively.

The tendons are anchored to the top platform and pass through guide holes in the
base, with each tendon guided by two pulleys before reaching its respective electric
motor (Dynamixel XH430-W350-R), as shown in Fig. 1b. Actuation is achieved by
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parallel clockwise counterclockwise

undeformed

deformed

Fig. 2 Comparison of parallel, clockwise, and counterclockwise tendon routings in both unde-
formed and deformed states. Tendon numbering is indicated by the symbols D-@. Note that Q) is
not visible, as it corresponds to the tendon located behind the silicone cylinder

adjusting the tendon lengths, inducing movement in the top platform. For motion
tracking, the top platform is equipped with four fiducial ArUco markers [18], which
are recorded by a Sony RXO II camera positioned above the top platform. Sixteen
additional markers on the ground enable localization of the camera relative to the
inertial frame of reference. Tendon forces are measured using strain gauges mounted
on beam-like holders for the second pulley. A PC running ROS 2 nodes [13] serves
as the central controller, handling hardware communication. Voltage signals from
the strain gauges are digitized using a Texas Instruments ADS1256 analog-to-digital
converter and transmitted to the PC via an Arduino. The electric motors are controlled
through a USB interface (Dynamixel U2D2). Figure2 shows three tendon routing
configurations employed in our investigation, each inducing different deformations
in the soft cylinder. While the parallel tendon routing generates both compression
and bending, the clockwise and counterclockwise tendon routings cause torsional
deformation.

3 Forward Statics

We model our TDCM as a multi-body system, where the top platform is treated as a
rigid body, the soft silicone cylinder as a shear-deformable nonlinear elastic rod, and
the tendon actuation and gravity as external forces. Using the non-unit quaternion
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Petrov—Galerkin finite element formulation for Cosserat rods [14—16], the elastic rod
is discretized into n¢ elements. Each element contains p + 1 equally spaced nodes
in the reference arc length. The last node of an element and the first node of the next
element coincide. Therefore, the generalized coordinates of the rod are given by
Qroa = (g0, ...,q([),_l, Y 7 LA g qZ“':]l, qp~"), where the
N’ = (pne + 1) nodal generalized coordinates qf = (rope, py) € R7 include the
nodal centerline positions rop: € R? and the non-unit quaternion p; € R* of the
nodal rotations, resulting in 7N’ degrees of freedom in total. The top platform, mod-
eled as arigid body, is described by the tuple qop = (rlgp;, ,p'P) € R7, representing its
position and quaternion parameterization for rotation. Thus, the global set of gener-
alized coordinates for the entire system is q = (Qrod, qiop) € R’Y with N = N’ + 1.
Following the procedure for deriving the virtual work in [14—16], the system satisfies
the static equilibrium condition

£ (q) + £ (q) + W,(q)Ay + Wi (@A, Os
f(q, g, 1) = g(q) =10y |, (D
g:(q) 0,

where £ and f'™ model the generalized external forces and the generalized internal
forces of the rod caused by the elasticity, respectively. Since non-unit quaternions
do not represent valid rotations, they must be normalized before being used for this
purpose. Therefore, we introduce the constraints g to enforce unit length. Additional
geometric constraints g, € RR'? are employed to ensure the rigid connections between
parts, i.e., the first node of the rod is fixed at the base, and the last node of the
rod and the top platform are clamped together. This leads to constraint forces A, €
R'? and their associated generalized force directions W, € RV*12 entering (1).
Similarly, the tendon actuation influences the system through tendon forces A; €
R* and force directions W, € RO"*4_ Currently, only the gravity is considered as
the source of external forces. The static properties of the system are characterized
by the axial stiffness E A, shear stiffness G A, bending stiffness E/, and torsional
stiffness G J, where the Young’s modulus E and shear modulus G must be determined
experimentally. These stiffness parameters enter the internal forces f" in (1) through
the constitutive laws, given by zn := C, &, and pm := C, &, respectively. Here,
C, :=diag(EA, GA, GA)and C, := diag(GJ, EI, EI), while &,, and &, represent
the objective strain variables.

Due to the deformability of the system, a pure kinematic analysis is not suitable.
Instead of a forward kinematics, one has to deal with forward and inverse static
analyses. In a forward static analysis, the static equilibrium condition (1) is solved for
given tendon forces A;. For this purpose, we employ the Newton—Raphson algorithm,
an iterative root-finding approach. In each iteration, it solves the linear system

JxE, A AxF = —f(xF, L), 2)
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where k denotes the iteration index and J the Jacobian matrix, i.e. the partial derivative
of f with respect to the system state variables x = (q, A,) € R’V*12 given by

O a
I = o= (5 2. 3)

The system states are updated iteratively using x**! = x* 4+ Ax* until convergence.
This algorithm is initialized with an initial guess, often obtained from a previous
solution or the designed configuration without tendon actuation.

4 Reachable Workspace

The reachable workspace of a mechanism consists of all points that one point of
moving top platform can access while constrained by its physical limitations [19].
Since tendons can only pull, not push, the tendon forces must be positive. In addition,
an upper limit requirement is useful to prevent tendon failure. As a result, the top
platform cannot reach all positions in space. Instead, its motion is restricted to the
statically reachable workspace [20].

Wu = {roo@wp) | £(d, Ag, 1) = 0,1 € U}, “4)

where Q is a reference point on the top platform and U = {A € R*|0 < A,; <
Amax, I = 1, 2, 3, 4} defines the bounded force space. Without loss of generality, the
center of the ArUco-markers on the top platform is defined as Q, which results in

r00(Qp) =T + Arp(P™)sTro, (5)

where A (p™P) is the transformation matrix of the top platform determined by the
quaternion p'°P, and prpg is the position vector from point P to point Q expressed
in the body-fixed frame B.

A common approach for analyzing the workspace is brute-force sampling. Here,
the force space U is uniformly discretized in all directions, generating a set of grid
points S = {ki eU|i=l1,..., M}.Forevery A, the static equilibrium condition (1)
is solved, producing a sampling Ws of the reachable workspace. To get its surface
0Ws, MATLAB’s alphaShape function is applied on it. The o-shape algorithm [21]
provides a triangulation of the boundary points extracted from Ws. However, since
the displacement of the top platform in the z-direction is significantly smaller than in
the x- and y-directions, the raw sample points can lead to an inaccurate shape repre-
sentation. To improve the algorithm’s performance, the samples are first normalized
to the interval [0, 1] along each axis before computing the «-shape. This ensures a
well-balanced geometric representation and prevents the boundary points from being
missed. As the number of samples approaches infinity, the boundary Vs converges
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Fig. 3 Inverse static control of the tendon-driven continuum mechanism

to the real workspace boundary dWV,,. The reachable workspace is visualized and
discussed further in Sect. 6.2.

5 Inverse Static Control

For controlling the movement of the top platform, we use cascade control and model
inversion techniques. The electric motors are operated in velocity control mode, with
each motor regulated by an embedded proportional-integral controller (PI controller).
As Fig. 3 shows, the motors receive desired angular velocities ¢* from the outside.
To realize tendon forces as system inputs as required by the mechanical model (1),
four decoupled proportional controllers (P controllers) are implemented externally in
ROS 2 to command ¢*, based on the difference between the desired tendon forces A;
and the force measurements A,. Contrary to the forward statics, the “inverse statics”
block computes A; for a desired position - It is not possible to invert the static
model (1) directly. Since the number of tendons is more than three, the dimensions
of the top platform’s position, the model inversion is also not unique. Hence, we
formulate the inverse statics as a constrained optimization problem

A{ = argmin A, st f(q, 2, A) =0 and rog(qup) = r*OQ. (6)
rMeU

This problem is solved using the sequential least squares quadratic programming
(SLSQP) provided by SciPy [22], where the desired position rp,, is incorporated
into the equality constraints as

c(A) =roo(Gop(R)) — rpp- )

The static equilibrium condition (1) is treated as a subproblem, solved by the Newton—
Raphson solver when evaluating the equality constraints and their derivatives with
respect to the optimization variables A, given by
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Table 1 Summary of experimental configurations. The tendon routings are illustrated in Fig. 2

Experiment Relevant stiffness | Tendon routing | Active tendon Slack tendon
Compression 1 | E Parallel D,0 2.®
Compression2 | E Parallel Q,® (OXO)
Torsion 1 G Clockwise (OXC©), 2.®
Torsion 2 G Clockwise 2.® ®.®
Torsion 3 G Counterclockwise | D, @ (ONO)
Torsion 4 G Counterclockwise | @), @ (OXO)
Bending 1 E,G Parallel @ ORONE)
Bending 2 E,G Parallel ) D,3,®
Bending 3 E,G Parallel ©) (ORORO
Bending 4 E.G Parallel @ D,2,3

ac _ 31‘0Q _ 31‘0Q 8qmp _ aI'OQC ox
oA oA 0quop 9 0qQup 0

, ()

where C € R”*"N+12) i5 an appropriate Boolean connectivity matrix extracting the
coordinates of the top platform out of the global state variables. Since x and A, are
both arguments of f, the implicit function theorem [23] allows to compute the partial

0x
-1
ox (8f> o _ o o)

derivatives 7, a8
an \ox/) o o

where J is assumed to be of full rank and therefore invertible as in (2).

6 Experimental Result

To validate our modeling and control approach, we conducted a series of experi-
ments using the presented test bench. The experiments aimed to identify material
parameters, assess the accuracy of the static model, and analyze the performance of
the inverse static control strategy.

6.1 Parameter Identification

To identify the Young’s modulus E and shear modulus G of the silicone cylinder, we
conducted ten experiments with different active and slack tendons, as summarized
in Table 1. These experiments included two compression experiments, four torsion
experiments, and four bending experiments. As their names suggest, the compres-
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Fig.4 Compression experiment 1: pose measurements ( x and e ) compared to model predictions
( ——). x and e indicate measurements during increasing and decreasing active tendon force
Aactive, Tespectively

sion and torsion experiments determined E and G, respectively, while the bending
experiments were influenced by both stiffness parameters. During each experiment,
the forces in slack tendons were maintained at zero, while the P controllers for
active tendons were commanded step-wise from ON to An.x = 50 N and then back
to ON with a step size of SN. Each step was held for 5s to ensure that the con-
troller had sufficient time to regulate the tendon forces to their commanded values.
To evaluate material isotropy and the consistency of the assembly, experiments of
each type—compression, torsion, and bending—were duplicated with the active and
slack tendons swapped in the compression and torsion experiments or alternated in
the bending experiments.

To exclude dynamic effects of system, only the measurement in the middle of
each step was used for the parameter identification. This resulted in 22 measure-
ments for each experiment and 220 measurements in total. These are denoted as

{(Xt, r, 0 1ﬁ 15 i=1, ..., 220}, where the rotation vector 1# ;  represents the mea-
sured orientation of the top platform. Then the stiffness parameters £ and G were
obtained by solving the optimization problem

220
mln ZHI'OQ(qmp rOQ” +H'/’13(qtop V’IBH , (10)

Ar((‘;]; Alﬁmp i=1
st f(g' AL k) =0.
Due to assembly tolerances, the top platform was initially displaced in horizontal

directions and rotated around the vertical axis relative to the top connector of the sili-
cone cylinder. Therefore, initial deviations Artoolj, for position and Aiﬁtlog for rotation
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Fig. 5 Torsion experiment 1: pose measurements ( x and e ) compared to model predictions (
). x and e indicate measurements during increasing and decreasing active tendon force
Aactive, Tespectively

were included in the optimization problem beyond E and G. The equilibrium condi-
tion (1) was governed by the Newton—Raphson solver for each measurement individ-
ually, but the errors between static model and measurement was accumulated glob-
ally. The optimization problem was solved with the Levenberg—Marquardt algorithm
provided by SciPy [22]. The resulting stiffness parameters, E = 707.287 kPa and
G = 228.672 kPa, were found to be close to the values reported in [17]. The detected

initial deviations were sufficiently small, with Arlgﬁ’p = (—0.443,0.217,0) mm and

A:ﬁ‘,"g = (0, 0, 0.88) degrees, such that their impact on the top platform movement
was negligible, except for causing slight asymmetry. Due to space limitations, we
present only the first experiment from each type. Other experiments of the same type
yielded similar results, differing only in displacement direction or rotation axis due
to symmetric design.

As shown in Fig.4, for the compression experiment, the primary deformation
in the silicone cylinder is a displacement in the z-direction with maximal 4.5 mm.
Displacements in directions other than the z-axis and all rotational components are
nearly zero. There is no significant distinction between the loading (crosses) and
unloading (dots) cases. The model prediction (red polylines) matches closely the
measured data, with an average deviation of 0.16 mm and a maximal deviation of
0.562mm in position, and an average deviation of 0.136° and a maximal deviation
of 0.423° in rotation.

In the torsion experiment, rotation around the z-axis is dominant, reaching up to
45.8°, as shown in Fig.5. A noticeable hysteresis effect is observed. Despite the
tendon forces changing, the rotation angles during the first two unloading steps are
nearly identical. This hysteresis is attributed to the friction between the tendons and
the guide holes. Since our model does not account for friction, the prediction polylines
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Fig. 6 Bending experiment 1: pose measurements ( x and e ) compared to model predictions (
). x and e indicate measurements during increasing and decreasing active tendon force
Aactive, Tespectively

for loading and unloading overlap and fall in between. The maximum deviations in
position and orientation are 0.764 mm and 5.353 °, respectively.

Figure 6 illustrates the bending experiment, where displacements in the x and
z directions, along with rotation around the y-axis, are combined. The maximum
model prediction errors for these quantities are 5.264 mm, 2.145 mm, and 3.581°,
respectively. While the hysteresis effect in rotation is less pronounced than in the
torsion experiment, it introduces hysteresis in the displacements.

6.2 Workspace Sampling

Figure 7a illustrates the boundary points and workspace surface of our TDCM
with the parallel tendon routing configuration, following the procedure described
in Sect.4. The workspace consists of two umbrella-shaped surfaces sharing a com-
mon perimeter, with their boundary points forming polylines define the “ribs” of
the umbrellas. The region enclosed by these surfaces approximates the reachable
workspace. Due to the nonlinear property of static equilibrium, the shape of the
workspace is neither a polyhedron nor a convex hull. To provide further insight,
Fig.7b presents 2D representations of the workspace in a cylindrical coordinate
system. The transformation from Cartesian coordinates to cylindrical coordinates,
®:(x,y,2) = (p, 9, 2),1s given by
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Notably, the workspace exhibits periodicity in ¢, repeating every 90°, with the “ribs”
appearing at ¢ = 0°,45°, ..., 315°. This symmetry arises from the uniform design
of the TDCM and the consistent tendon force constraints. By extruding the hatched
region—where no boundary points exist—along the g-direction, we obtain a rota-
tionally uniform workspace, denoted as Wg"if. While this representation simplifies
workspace analysis by avoiding the complexities of the actual geometry, it provides
a conservative yet practical estimation of the reachable workspace.

6.3 Inverse Static Control

To validate the inverse static control, ten discrete circular trajectories were generated
within the rotationally uniform workspace ngf, as shown in Fig. 8. These trajec-
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tories were designed to cover a significant portion of the workspace. The discrete
positions along each trajectory were sequentially commanded to the “inverse statics”
block, with each step held for 5 s. To minimize the influence of dynamic effects, only
the measurements taken at the midpoint of each step were considered. The tendon
forces were well-regulated, with a mean absolute error of 0.056 N and a maximum
absolute error of 0.524 N—relative to a maximum applied force of 50 N—observed
in the most challenging trajectory with the largest radius of 50 mm. In contrast to
the precise force control, the position errors, color-coded in the trajectory plot, were
significantly larger. The maximum position error of 11.1 mm occurred for the trajec-
tory with the largest radius, where the required actuation forces were at their highest.
This deviation is not entirely unexpected, as inverse static control operates in an
open-loop manner without position feedback.

7 Conclusion

In this study, we conducted a comprehensive investigation into the design, model-
ing, and control of a tendon-driven continuum mechanism (TDCM). Using strain
gauges and fiducial ArUco markers, we measured the partial states of the system and
established a robust physical basis for subsequent analysis. Using the finite element
formulation of the Cosserat rod model, we successfully analyzed the behavior of the
system under various actuation conditions. Our analysis of the reachable workspace
of the TDCM revealed a complex, non-convex shape caused by the tendon actuation
constraints.
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For position control, we formulated the inverse statics as a constrained optimiza-
tion problem. Combined with a force controller, the effectiveness of this control
strategy was experimentally demonstrated. However, the open-loop control approach
resulted in non-negligible position errors, highlighting the need for more advanced
control techniques.

In our experiments, we also observed hysteresis effects in the system, primarily
due to friction between tendons and guide holes. This friction-induced hysteresis
affects both force transmission and position accuracy, making precise control more
challenging. The current model does not explicitly account for frictional effects,
which limits its predictive accuracy under varying loading conditions. Future work
should focus on incorporating a friction model [24] into the system to better capture
these effects and improve control performance.

Regarding workspace analysis, brute-force sampling, while effective for smaller
systems, becomes computationally expensive as the number of tendons increases. To
overcome this, alternative methods such as continuation techniques [20, 25] could
be explored to more efficiently determine the workspace boundary. However, these
methods require refinement to avoid identification of interior boundaries.

In terms of control strategies, the current inverse static control method operates
in an open-loop fashion, resulting in residual position errors. Future work should
focus on developing nonlinear closed-loop control strategies to improve accuracy.
In addition, accelerating the model to enable real-time computation is critical, as
the current constrained optimization approach for inverse statics is computationally
intensive.

By addressing these challenges, future research can significantly improve the
performance and applicability of tendon-driven continuum mechanisms, enabling
their broader adoption in complex and dynamic robotic applications.
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The Soft Material Robotics Toolbox: )
Coherent Methodology for Modelling e
and Design of Soft Material Robots
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Jorg Wallaschek®, Thomas Seel®, and Annika Raatz

Abstract Researchers and developers strive to understand the special behavior of
soft material robots (SMR) to leverage their systems’ inherent flexibility and adapt-
ability. These robots are revolutionising fields such as industrial automation, health-
care, and exploration due to their flexibility, safety and ability to operate in unde-
fined spaces. To fully exploit their potential and the ability to adapt both actively and
passively, a comprehensive set of tools is required for their efficient development
for future applications. Effective modeling techniques that address the unique chal-
lenges posed by the soft and deformable nature of SMR are crucial. These include
modeling kinematics, statics, dynamics, and environmental interactions, which are
essential for the design and control of SMR. Such methods enable accurate prediction
of robot behavior, enhance motion planning, and improve interactions with humans
and unstructured environments. Advanced contact modeling and material character-
isation further enhance the development of strategies that leverage environmental
contact, significantly extending operational capabilities. The main objective of this
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proposed project is to develop a coherent methodology for the modeling and design of
SMR. These approaches aim to establish a foundation for innovative methodologies
that empower engineers and researchers to harness the full potential of soft robotics,
paving the way for widespread use and transformative applications outside research
institutions.

1 Introduction

The inherent safety of SMR, due to their softness, makes them ideal for interaction
with humans or the environment and suitable for operation in narrow or cluttered
spaces as well as direct interaction with humans. This potential indicated that SMR
could make revolutionary changes in industrial, clinical or exploratory environments.
However, from a modeling point of view, the soft material is a challenge itself. For
instance, the composition of incompressible material and fiber-reinforced pressure
chambers leads to a complex actuation behavior.

Different tasks, ranging from system design over motion planning to control,
impose different demands on models and simulations regarding accuracy, time effi-
ciency, and the flexibility to adjust parameters [1].

On the one hand, the system design of SMR is challenging due to the nonintuitive
prediction of a soft system’s performance [2]. For iterative design finding for a task
that involves complex motion and interaction of the robot with its environment,
models need to account for contact, be computationally efficient and accurate [3].
On the other hand, the control of SMR becomes difficult as models have to make
a trade-off between computational efficiency and accuracy, restricting the choice of
methods that are suitable to the demands [4]. In parallel, system parameters change
during field tests either due to environmental influences or unmodeled effects [5]. This
challenge is heightened by the absence of reliable information on output quantities
to implement feedback control, as soft material robots, in theory, inherit an infinite
number of degrees of freedom, and commercially available sensors are incapable of
directly measuring this complex deformation [1].

So far, existing modeling of SMR rarely includes contact considerations, whether
in design, motion planning, or control. But to navigate in environments requires,
besides controlled free motion, strategies for contact detection and behavior. Wang
et al. [6] provide a comprehensive overview of the contributions to and challenges
in the field of perceptive robots, emphasizing particularly the challenge of modeling
and predicting contact behavior.

This chapter summarises the outcomes and insights gained into SMRS concerning
statics, dynamics, material characterization, contact modeling, and state estimation.
As outlined, each topic poses a challenge for engineers and researchers and is dif-
ficult to access, especially if approached from scratch. Research in recent years has
seen considerable efforts and advancements in developing more general modeling
frameworks rather than focusing on specialized models for very specific soft robotic
systems. To name a few, we refer the reader to SOFA [7], TMTDyn [8], Sorotoki [9],
SoRoSim [10] and PyElastica [11].
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Next to these general Frameworks, that have been developed in recent years, our
toolbox leans towards widely investigated soft pneumatic systems, offering insights
into their unique challenges and opportunities. A strong priority is given to bridging
the sim2real gap for these systems.

This chapter highlights our contributions to static and dynamic modelling of these
systems, material characterization, contact modeling, and state estimation. For a more
comprehensive literature review on these topics we refer the reader to our respective
publications.

In the following, we will give a brief overview of the project’s objectives and
the overall approach. After explaining the basics of the applied models, we will
present the basic tools implemented within this project and highlight capabilities
and limitations. To demonstrate the toolbox’s capabilities in the example of a soft
pneumatic continuum robot, we will present key results, foundational to basic tools,
findings from these tools, and methods that expand on them.

1.1 Objectives

The overall goal is to leverage the potential of SPA and develop sophisticated methods
to facilitate the development of SMR for engineers and researchers. The research
provides fundamental methods and implementations for the design, modeling, and
control of soft continuum robots. It equips engineers in research with a toolbox to
bring soft robots from the lab to practical applications. To summarise, the project’s
objectives are to

e Acquire a coherent methodology for modeling and designing slender soft material
robots.

e Generically determine enhanced models for kinematics, statics, and dynamics
under consideration of contact with the environment.

e Transfer methods into easy-to-use design framework (SMaRT).

e Examine soft material robotic systems regarding control, motion planning, and
contact.

1.2 Toolbox Concept

The main concept and (software) components of the intended Soft Material Robotics
Toolbox are visualized in Fig. 1. We set up a basic toolchain starting from commer-
cial FE software. Detailed but computationally costly FEM serve as a reference for
model identification of computationally cheaper Cosserat rod models. Set-up rod
models are incorporated in subsequent model-based methods for motion planning
or model-based control. The toolbox was primarily developed using a soft pneu-
matic continuum robot with fiber-reinforced air chambers and the ability to move in
three-dimensional space.
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For the development and application of the toolbox, extensive material parameter
identifications were carried out, detailed FEM were built, computationally efficient
rod models were implemented and further developed for the modeling of contact and
control purposes. Models and methods were evaluated on a test bench. The interac-
tion of soft manipulators with their environment was considered in FEM as well as rod
models. The project contributes estimation strategies that provide system states using
the modeling knowledge gained in previous work. Physical parameters are adapted
online using a predictor-corrector scheme so that unmodeled effects are effectively
compensated, which is an important property for a successful application to real
systems. Additionally, this work contributes to closing the loop for the design pro-
cess for single modules or multi-segmented robots to determine application-specific
design parameters to successfully accomplish a given task.

2 Underlying Models

Soft robotic systems are characterized by their low stiffness, which is a great advan-
tage when operating in an unknown environment or in human-robot interaction. For
targeted development of SMRS, models with different levels of detail need to be
developed as discussed above.

2.1 Finite Element Model

In the emerging field of soft material robotics, FEM have become indispensable tools,
as demonstrated, for example, in Runge et al. [12] and Moseley et al. [13] for simu-
lating and understanding the complex behaviors of soft robots. These robots employ
highly flexible materials, which can, therefore, undergo large deformations, which
lead to geometrical nonlinearities. Additional nonlinearities due to material behavior
or contact can also occur. All these nonlinearities can be addressed in a finite element
model as in Tawk and Alici [14]. Another advantage of finite element modeling is
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the possibility to use simulation results instead of costly physical experiments [15].
The FEM is set up in ABAQUS in a modular way so that design adjustments can
automatically be realized.

2.1.1 Hyperelastic Material Models

Hyperelastic materials show a nonlinear relationship in their stress-strain curves. To
describe such a relation, energy density functions are being used. In the following
section two of the most commonly used material models are presented.

In the Yeoh model as introduced by Yeoh [16] the strain energy density function
U is described based on the strain invariants / of the Cauchy-Green deformation
tensor.

" RN | A
Uyeon = ) Cilh =3)' + ) - (J = 1)* )
i=1 i=1

The material constants C; need to be defined for each material that is described by
the Yeoh model. Here, J¢ is the elastic volume strain, that describes the volume
change. For incompressible materials J¢' = 1. In general, the number of terms can
be chosen depending on the accuracy of the model. For most cases n = 3 leads to a
good accuracy.

The Ogden material model, as introduced by Ogden [17], describes the energy
density function based on the principle stretches A.
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In Eq.2 p, @ and D are material constants that need to be defined for each material.
For incompressible materials, the second term of the formula can be neglected for
both material models.

2.1.2 Viscoelastic Material Models

Besides the discussed nonlinear hyperelastic material behavior, many materials show
frequency—and time-dependent behavior. The deformation of the material depends
not only on the applied stress but also on time and frequency. This material behavior
needs to be considered for dynamic applications. Regarding their long-time behavior,
many polymers used in the field of soft material robotics show viscous behavior. An
approach to model this characteristic is a combination of springs and dampers. While
the dampers represent the viscous behavior, the springs describe the elastic properties
of the material. In the generalized Maxwell model, spring and damper elements are
connected in parallel, as shown in Fig. 2. Depending on the material, the complexity
and, therefore, the number of spring and damper elements can vary [18].
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Fig. 2 Schematic figure of
the generalized Maxwell
model with spring and
damper elements
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The Prony series, in general, is a method to describe frequency-dependent signals
with multiple linear equations. With regards to viscoelastic materials, the Prony series
is used to fit the generalized Maxwell model [19]. When used to describe viscous
material behavior, the Prony series is also used as a term for the material model
itself [20]. In Eq. 3 the storage modulus G’ and loss modulus G” are given, described
by a Prony series.

N 2.2
/ 8iT;w
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While 7 is the time relaxation constant, g describes the shear modulus of the material.

2.2 Cosserat Rod

A widely used approach to describe the behavior of a (soft) continuum robot in a
computationally less expensive manner than a detailed spatial FEM is the Cosserat
rod modeling approach. The body of a slender system is reduced to a one-dimensional
backbone curve and three directors indicating the orientation of a rigid cross-section.
The Cosserat rod model incorporates both translational and rotational deformation
(shear, elongation, bending, torsion) to describe the state of soft continuum robots.
A set of differential equations describes the rod’s statics. These equations are
derived from the rod’s kinematics (relation of local strains to the position of a cross-
section and an attached orientation frame) and the balance of forces and moments
at an infinitesimal element along the rod. Constitutive relations link internal forces
to strains based on the rod’s cross-sectional and material properties. The dynam-
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ics can be formulated as a set of PDE, considering time-dependencies (velocities,
accelerations, and related damping and inertia terms).

To solve the differential equations, various numerical solutions have been applied
in the area of (soft) continuum robotics in recent years, ranging from approaches
like the shooting method to Rifz methods. For a comprehensive overview, refer to
[4] or [21].

3 Basic Tools

3.1 Static Simulation Tool

The static simulation tool for soft continuum robots is built upon the Cosserat rod
modeling approach. It is implemented in MATLAB to simulate multi-module soft
robots under various conditions! [22, 23]. The simulation relies on the single shoot-
ing method, a numerical technique well-suited for static simulations of slender struc-
tures [24]. By iteratively refining initial condition estimates (unknown base reaction
forces and moments), the method ensures that predicted static configurations of soft
robots under given loads achieve equilibrium.

The simulation tool can handle various forces and moments that affect soft con-
tinuum robots. It accounts for internal actuating forces, such as those generated by
pneumatic pressure, as well as external influences like gravitational loads and addi-
tional forces and moments applied along the robot’s structure. Incorporating these
factors into the simulation is crucial for achieving realistic predictions of how the
robot behaves under real-world conditions. Moreover, the tool offers a flexible mod-
ular architecture, allowing users to combine multiple robot segments, both active and
passive, and thus facilitates the exploration of diverse robotic designs and configu-
rations.

A contact modeling component further enhances the tool’s functionality. Utilizing
a penalty method, it effectively simulates interactions between the robot and its
environment [23]. This includes basic rigid primitives acting as contact partners,
providing a simple yet effective way to predict the interplay between soft robots
and surrounding objects. This aspect of the tool is particularly relevant in scenarios
where the robots must navigate cluttered or narrow populated spaces or manipulate
external objects.

A specific focus in developing the tool was laid on SPA. The lateral compression
effect, a critical phenomenon in SPA, is taken into account [25]. This effect describes
the influence of internal actuating pressure on the lateral walls of the cavities. By inte-
grating this effect into the Cosserat model, the simulator can more accurately predict
how pneumatic pressure influences the actuator’s performance. Material parameter
identification further ensures the accuracy of the simulations. By leveraging the basic
FE tool, linear elastic material parameters are identified.

1 https://github.com/match-SoRo/soft-continuum-robot-modeling.
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With this tool, researchers and can simulate the behavior of soft pneumatic con-
tinuum robots under various conditions, significantly reducing the trial-and-error
process traditionally required in soft robotics design and analysis. The simulation
tool serves as a basis for higher-level algorithms, such as motion planning and design
finding algorithms, which are currently under investigation.

3.2 Dynamic Simulation Tool

The following summarises the findings from our recent publication [26]. The study
presents a coherent methodology for simulating soft-material robots, emphasizing
integrating Cosserat rod theory into the SIMULINK environment while enhancing com-
putational efficiency. Central to this approach is using neural networks to approx-
imate the inverse of nonlinear material models, a crucial step for achieving faster
computation speed. The work outlines a procedure to derive material parameters
for these models using FE simulations, thereby eliminating the need for exhaustive
experimental analyses.

The methodology, illustrated in Fig.3, employs FEM to simulate the detailed
behavior of soft pneumatic actuators and to derive essential material parameters
validated against experimental data. Cosserat rod theory is applied for dynamic sim-
ulations, effectively reducing the model to a 1D representation suitable for slender
structures like manipulators. This leads to partial differential equations using (differ-
ential) kinematics, conservation laws, and constitutive equations describing the mate-
rial’s behavior. Extending the linear Kelvin-Voigt material model, nonlinear effects,
including hyperelasticity and damping, are incorporated. To solve the partial differ-
ential equations, the BDF-a method is applied to replace gradients w.r.t. time [27].
The spatial discretization is then addressed using the indirect single-shooting method.
A feed-forward neural network approximates the inverse function of the nonlinear
material model required for the spatial integration scheme, further enhancing com-
putational efficiency. Thus, the simulation time remains comparable to that of linear
material models without sacrificing accuracy compared to, e.g., Newton-Raphson
methods to solve the nonlinear material equation.

The presented methodology effectively identifies material parameters from FE
simulations without requiring labor-intensive experiments and data collection. Vali-
dation against dynamic experimental data for a soft pneumatic actuator shows good
agreement, with a mean squared error of approximately 7%, demonstrating the
model’s validity. Additionally, the proposed methodology successfully reconstructs
a benchmark dynamics simulation from existing literature, confirming its accuracy.
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Fig. 3 Methodology and implementation of the proposed parameter identification and dynamics
simulation integration into simulink. Taken from [26]

The development includes a modular, object-oriented simulation framework,
which is publicly available.? This allows users to quickly configure and simulate soft-
material robots in SIMULINK for control applications and further research. Overall,
this study contributes a systematic approach to designing soft pneumatic actuators
in simulation, facilitating rapid development and iteration of soft-material robotic
systems.

4 Model Based Methods and Results

To showcase the toolbox’s capabilities, we will present selected key results that build
the backbone of basic tools, selected findings obtained with basic tools, and selected
methods that build on these basic tools. Therefore, we will take a closer look at the
finite element model, the contact simulation for soft continuum robots, and adaptive
state estimation.

4.1 Study Case: Soft Pneumatic Actuator

All methods discussed in this work are implemented and investigated in the example
of SPA. They rely on pneumatic pressure to move. The central body part of the SPA
is made of a silicone rubber named Ecoflex 0050 (Shore Hardness 00-50) [28] with a
very low stiffness. As shown in Fig. 4, the actuator is supported with a layer of Drag-
onskin 30 (Shore Hardness 30A) [29] to prevent the cross section from deforming
strongly. The SPA has three air chambers circumferential along the longitudinal axis.
Two fibers reinforce all chambers to ensure a mere lengthening when pressurized.

2 https://gitlab.com/soft_material_robotics/cosserat-rod-simulink-sfunction.
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Fig. 4 Pressurised two segment SPA including a schematic sketch of a single segment with three
fiber-reinforced chambers

4.2 Material Models

While the finite element method is well known in all engineering fields, the proper
modeling of the soft material behavior is a challenge that will be addressed in the
following. Both silicone rubbers used for the SPA show hyper-viscoelastic mate-
rial behavior. The respective material models are implemented in a finite element
model in ABAQUS. The results are then compared to physical measurement data
to validate the material models. Since various research groups work with the same
materials, this paper aims to contribute material models that can be used in a common
soft material database like Marechal et al. [30]. For determining the parameters of a
hyperelastic material model, a tensile test was conducted with five different samples
of 2 mm thickness at room temperature.3 According to DIN 53504 norm [31], dumb-
bell shaped specimens were considered for the stress-strain measurement. Uni-axial
tensile measurements are performed using a Zwick 1456 tensile tester (ZwickRoell
GmbH, Ulm, Germany) equipped with optical strain measurement according to DIN
ENISO 527-2 [32]. A cross-head speed of 200 mm/min is used, and then the samples
are stretched to the failure. The resulting stress-strain curves from these measure-
ments are shown in Fig.5 for the materials Ecoflex (left) and Dragonskin (right).
For both materials, the results for all samples show a good agreement except for
one sample, which was removed in the following evaluation. Furthermore, it can

3 Hyperelastic Measurements conducted by the team of Dr. Amit Das, Leibniz-Institut fiir Poly-
merforschung Dresden e. V.
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Fig. 5 Measurement data from a tensile test for the material Ecoflex 0050 (left) and Dragonskin

30 (right) for five different samples

Table 1 Hyperelastic material model for Ecoflex and Dragonskin

Material model Coefficient Ecoflex Dragonskin

Yeoh model Ciin Pa 26042.6565 123698.092
C, in Pa 357.697778 11666.9401
Czin Pa 10.9015536 —247.930046

Ogden model o 2.08687140 0.900606064
a 2.25048648 1.07566285
a3 1.91473039 0.720953758
w1 in Pa —7643088.22 —108804905
w1 in Pa 3663693.98 54896236.8
w1 in Pa 4036560.00 54141661.1

be seen that the Ecoflex material is very elastic and can undergo large deformation.
For Ecoflex, a clear nonlinear stress-strain relation can be shown, while for Drag-
onskin, the stress-strain relation is approximately linear, especially for small strains.
The tensile test data was evaluated up to a strain of 400 %. The discrete stress-strain
values were exported to ABAQUS to fit the hyperelastic material models using a
least-squares method. The resulting coefficient for the material models can be seen
in Table 1. Both material models were validated using physical experiments to ensure
good model accuracy.

To describe viscoelastic behavior of the silicone rubbers, time and temperature
depending test data is needed. In common testing setups a sample of the tested
material undergoes a tensile test with sinusoidal excitation. The response force is
measured and can be evaluated with respect to the excitation. The test is conducted
with different frequencies at different ambient temperatures. With the help of the
WLF-shift a master curve can be created for a specific temperature [33]. Both mate-
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Fig. 6 Ecoflex material master curve (left) and Dragonskin master curve (right) with fitted Prony
parameter

Table 2 Prony parameter for Ecoflex and Dragonskin

Ecoflex Dragonskin

Go in MPa 0.424164963 0.56

i T;ins gi T;ins gi

1 1.00E+03 2.03E-02 1.00E+03 2.43E-02
2 2.31E+02 4.31E-03 2.31E+02 0.00E+00
3 5.34E+01 4.73E-03 5.34E+01 1.34E-02
4 1.23E+01 8.41E-03 1.23E+01 1.34E-02
5 2.85E+00 1.36E-02 2.85E+00 1.78E-02
6 6.58E-01 1.86E-02 6.58E-01 2.15E-02
7 1.52E-01 2.81E-02 1.52E-01 2.63E-02
8 3.51E-02 4.25E-02 3.51E-02 2.78E-02
9 8.11E-03 6.53E-02 8.11E-03 3.62E-02
10 1.87E-03 9.02E-02 1.87E-03 4.33E-02
11 4.33E-04 1.37E-01 4.33E-04 4.42E-02
12 1.00E-04 2.48E-01 1.00E-04 9.54E-02

rials show very low stiffness. As a result, the well known measurement setup is not
suitable. Instead a cubical sample with a torsional excitation was used to investigate
shear behavior. The measurement was performed by the DEUTSCHES INSTITUT FUR
KAUTSCHUKTECHNOLOGIE E. V.. Different ambient temperature values were cho-
sen in the range from —85° to 55 °C. The measured frequency range was set from
0.1 ”’d to 100 < ”‘d . In Fig. 6, the calculated master curves for Dragonskin and Ecoflex
are shown ata reference temperature of 20 °C. The Prony parameters were fit to the
master curve for i = 12 Prony parameters as listed in Table 2. These parameters can
be implemented in finite element software.
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4.3 Mechanical Contact Model for Soft Continuum Robots

Soft robotic systems provide built-in safety and adaptability because of their high
material compliance. Consequently, these robots are well-suited for operating in
unfamiliar environments and performing tasks that require or leverage interactions
with their surroundings. When applying soft robots, integrating contact models into
modeling frameworks is essential for simulation tasks for as design finding, motion
planning, or control. In [23], the static simulation tool from Sect. 3.1 is enhanced to
deal with contact anywhere along its length. The proposed contact implementation
for Cosserat rod models of slender soft continuum robots is capable of simulating
multiple contact points along the structure. The model considers the robot’s radius for
contact detection and forces and moments on the structure’s backbone curve induced
from the point of contact.

The penalty contact method uses virtual springs to apply normal forces based on
penetration depth and penalty stiffness to simulate contact constraints. This approach
helps separate the soft robot and its contact partner by generating forces when they
penetrate each other. A regularised coulomb friction model handles tangential forces.
For frictional contact, the coefficient of friction is based on [34].

Cosserat rod simulations are evaluated in different scenarios against the high
fidelity FEM from Sect.2.1. The Cosserat rod model and the FEM exhibit similar
behavior, suggesting that the stiffness parameters identified from FE to Cosserat are
valid. This validity extends to contact simulations (see Fig.7), although minor dis-

crepancies arise due to the rod model’s simplifications, such as using linear material
models and constant cross-sections.
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Fig. 7 Experimental, FE simulated backbone curve and Cosserat rod simulated backbone curve
when in contact with a cylindrical rigid object. The deformation for three different pressure states is
visualized (increasing from left to right). The dark grey curve in the last tile indicates the Cosserat

rod simulated backbone curve with the same actuation but no contact as a reference. For more
insights see [23]
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Despite these differences, the deviations remain acceptably low for the case stud-
ies discussed in the article. However, greater contact forces can lead to significant
deformations, and simulations diverge notably from experimental data. This diver-
gence is possibly due to manufacturing inaccuracies and idealizations, like constant
friction coefficients not accurately representing real conditions. As a result, the mod-
els might not perfectly reflect real-world scenarios.

Further investigations are necessary to better describe contact behavior. Overall,
despite some accuracy issues compared to real-world data, the Cosserat rod model,
which is computationally efficient, can rival the detailed FEM in terms of accuracy. In
future research, we will conduct additional studies and examine the contact area more
thoroughly. We also intend to incorporate the contact model into motion planning
schemes and a dynamic framework.

4.4 Adaptive State Estimation for Soft Continuum Robots

This section summarises the works in [35, 36]. The papers address the complex chal-
lenge of achieving accurate trajectory tracking for SPA by introducing a novel method
for state estimation using base-reaction forces and torques. This study uniquely con-
tributes to the field by employing an UKF to estimate the dynamic state of soft
robots based on force-torque sensors, avoiding reliance on additional rigid struc-
tures or internal sensors that could alter the robot’s dynamics. This approach enables
real-time state estimation using a special case of the CS model, a low-order spatial
discretization of the Cosserat rod model.

The method begins by modeling the system’s kinematics and dynamics with a
floating-base formulation and a CS kinematics approach [35]. This allows for fast
predictions of the dynamics at the cost of model accuracy. The reaction force and
torque at the robot’s base are the outputs of the model. Mounting the sensors at the
robot’s base avoids adding additional mass to the end-effector, which would limit
the actuator’s workspace.

The discretized model is tailored to the UKF’s requirements. Furthermore, the
state space is augmented with the bending stiffness to mitigate errors introduced by
the strong kinematic assumption of constant strains. This dominant parameter within
the system is, therefore, identified online.

The method was validated through experiments (Fig. 8) using both experimental
data from a real SPA and simulation data generated from the Cosserat rod simula-
tion in Sect. 3.2. The UKF demonstrated real-time capability, achieving satisfactory
estimation accuracy across various dynamic conditions. Findings include an average
position estimation error of about three to five millimeters, illustrating the method’s
potential for tackling more complex control tasks.

The paper concludes by highlighting opportunities for future research, such as
integrating more complex models like variable curvature or rod models. Future work
may also explore the online identification of dynamic parameters to accommodate
changing conditions such as load variations or material fatigue. Overall, this approach
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Fig. 8 Results of the proposed state estimation using the constant-curvature models and an
unscented Kalman filter. The validation is done using the tip positions from camera tracking. The
color indicates the estimated parameter of the bending stiffness. Taken from [36]

offers a reliable solution for SPA state estimation that preserves the robot’s inherent
compliance and dynamics characteristics.

5 Conclusion

The project outlines a methodology from CAD design over optimal path generation
to control applications. The methodology is validated using a soft continuum robot
with pneumatic actuation. The Cosserat rod model has become the gold standard
in soft continuum robotics and is also fundamental to this toolbox. However, the
findings in the project indicate, that depending on design and actuation of the robot
as well as the application of model, different depths of modeling are necessary for
sufficient results.

The described FEM enables a detailed analysis of the SPA’s static as well as
dynamic behavior. The level of detail comes at a high computational cost. Neverthe-
less, the SPA’s design can be adapted, and it was shown that the FEM could be used
to identify model parameters for rod models and consequently serve as the basis for
simplified and, therefore, efficient model approaches.

Design optimization and offline path generation require details like the lateral
compression effect that can be derived from the analysis in FE a priori to any exper-
iments. With the help of FEM, it is possible to acquire computationally cheaper yet
comparably accurate models that can be used for prediction and higher-level algo-
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rithms like path generation and system design. The applicability of a derived Cosserat
rod model expands to the simulation of contact scenarios, as evaluations against FE
simulations and experiments suggest [23].

In control applications, on the other hand, these details complicate the computation
to the point that the requirement of real-time capability is usually not met. If they
are left out, it follows that model uncertainty has to be taken into account, and it is
required to implement models that are compatible with estimation algorithms such
as the unscented Kalman filter or particle filter. It was indicated that this leads to
accurate information for the control of soft continuum robots.

A variety of identification strategies of models and parameters have been inves-
tigated to bridge the sim2real gap, including the use of hybrid methods (model- and
learning-based) [22, 26], online identification [36] and analysis using FEM [25].

5.1 Discussion

The soft material robotics toolbox is, by choice of the model order reduction to 1D-
continua, suitable for soft continuum robots. It follows, that it is not applicable for
arbitrary designs and deformation. However, a manifold of current soft robot designs
is, in fact, slender structures [4, 37]. While a broad range of core challenges for this
type of SMR are successfully addressed, open aspects remain.

Thus far, derived simulation tools show satisfactory accuracy and simulation times
for the considered soft pneumatic system and its range of motion. They are able to
handle moderate deformations and strains, but their accuracy for models with very
high deformations and material nonlinearities remains to be verified.

With the toolbox, we are able to simulate contact with the robot’s environment,
both with the FEM tool and the rod-based static simulation tool. The agreement
with experimental data is promising even without explicit identification for contact
modeling. However, the rod-based simulation tool operates with a very basic contact
model that requires fine-tuning of method-specific parameters (e. g., penalty stiffness)
to avoid convergence issues. Besides this, the contact area plays a significant role in
more complex contact scenarios, which are not yet considered, neither in the static
nor the dynamic Cosserat rod tools.

The claim, that the derived and implemented models are suitable for motion
planning, system design, and precise control is still unproven and requires further
testing. Moreover, the methods have only been evaluated on a single system for now.
In terms of a toolbox this raises questions about the tools’ applicability to the totality
of different soft robotic systems such as different pneumatic or hydraulic robotic
systems or even different actuation systems like e. g. dielectric elastomers.



The Soft Material Robotics Toolbox: Coherent Methodology ... 271

5.2 Outlook

Building on the static simulation tool, current and future work evolves around motion
planning schemes for multi-module soft continuum robots in cluttered environments.
Aside from obstacle avoidance, leveraging of contact is a crucial aspect considered.
Having a path planning scheme to indicate whether (and to what extent) an intended
design is able to fulfil a task at hand, design optimisation methods will be applied
to adapt the design for this specific task. Thereby, we will close the loop from the
initial design idea over FE and rod modeling to design findings.

This work introduced modeling approaches for incorporating contact in rod mod-
els, specifically for static scenarios. Currently, dynamic modeling with contact has
only been achieved using FEM, but future work will extend this to dynamic rod mod-
els. Furthermore, the contact model will be enhanced to handle more detailed and
multi-dimensional scenarios, addressing area contact and deformation within the con-
tact zone. Current and future work in control is focused on hybrid modeling strategies,
that can be incorporated with the proposed adaptive estimation method. Especially in
the domain of soft continuum robot control, hybrid methods like physics-informed
neural networks [38] are of interest. The current focus lies on implementing models
suitable for machine-learning frameworks like PyTorch. Moreover, the application in
model predictive control using modern optimization algorithms have a high potential
since the inference of shallow neural networks is computationally fast compared to
a model inference of Cosserat rod models.

6 Material Data
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Wireless Miniature Medical Soft Robots )
Inside Our Body e

Mingtong Li, Tianlu Wang, Ziyu Ren, and Metin Sitti

Abstract The complex internal biological environment of the human body presents
numerous organ movement, spatial variations and constraints, and fluid flows, posing
significant challenges to the mobility, positioning, and functional performance of
wireless miniature medical robots within the body. To tackle these challenges,
this work proposes shape-programmable and physically adaptable soft miniature
magnetic robots with multimodal locomotion and versatile functionality. We specif-
ically propose three types of wireless miniature soft milli-scale robot designs: a
sheet-shaped magnetically controlled soft robot, a stent-shaped robot, and a balloon-
shaped robot. These robots respectively demonstrate multimodal locomotion in phys-
iologically relevant mockup and ex vivo environments, controllable movement and
anchoring capability in vascular models with fluid flow, large output force (~ 70 N),
and high work capacity (~ 175.2 J g~!). Thus, they can achieve adaptive locomo-
tion and multiple medical functionality within confined fluid-filled body sites that
are risky or impossible to access with current minimally invasive medical devices,
such as catheters. These robot designs enable novel miniature medical devices for
various clinical applications, including targeted/local drug delivery, embolization,
blood clot opening, aneurysm treatment, balloon-angioplasty, in-situ sensing, and
reversible stenting.

Keywords Miniature soft robot - Multimodal-locomotion + Adaptability - Work
capacity - Biomedical application
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1 Introduction

Wireless miniature soft robots that are capable of adaptively, robustly, and minimally
invasively reaching risky, challenging or inaccessible body sites, hold significant
promise for future healthcare applications, [1-7] including targeted drug delivery, [8,
9] minimally invasive surgery, [10—14] tissue engineering, [15—17] endoscopy, [18—
21] diagnostics, [22, 23] and in-situ sensing [24—-26]. Inside our bodies, numerous
physical constraints and fluidic environments, such as the gastric mucosa in the
gastrointestinal tract, food residues, and blood flow in the brain, cardiac or periph-
eral vasculature, pose significant challenges to the movement, positioning, and func-
tionality of miniature soft robots [27-30]. Consequently, how to design the struc-
ture and composition of soft robots, as well as to develop gait control strategies to
enable multimodal locomotion, precise positioning, and specialized functionality in
complex, confined fluid-filled body sites, remains a critical challenge in the medical
robotics field.

The shape- and motion-programming capability and adaptability of wireless
miniature soft robots are critical for enabling locomotion, positioning, and func-
tionality within the body [31-33]. The softness of the constituent stimuli-responsive
materials provides a foundation for the adaptive deformation capabilities, enabling
soft-bodied multimodal locomotion of miniature soft robots [34, 35]. This approach
has allowed robots to pass through dry confined regions or be passively transported by
fluid flows in bent tubes [36, 37]. However, achieving active locomotion and precise
positioning in specific biological environments, such as fluid-filled blood vessels
and stomach with food residues, still requires further research and validation. Active
soft-bodied locomotion and maneuverability in fluid-filled confined spaces have yet
to be fully demonstrated, and the impact of various factors in such environments on
soft-bodied locomotion remains poorly understood.

Additionally, while the softness of the materials enables robots to undergo large
deformations, it also limits their force output performance [2, 38]. For instance,
existing magnetically responsive soft robots generate a small output force of approx-
imately 60 uN and a low power density of around 1073~10? J kg~!, whereas common
in-body medical applications, such as stent deployment or tissue cutting, require a
large force of about several Newtons [39]. This limitation constrains the application
of wireless miniature soft robots in biological environments. Therefore, generating
sufficient thrust to overcome fluid drag and tissue boundary friction is essential for
enabling the functionality of miniature soft robots within the body. To enhance the
output performance of soft robots, researchers have recently developed various high-
performance soft actuators, including dielectric elastomer actuators (DEA), [40, 41]
artificial muscles, [39, 42—44], and hydraulically amplified self-healing electrostatic
actuators (HASEL) [45]. These actuators, driven by stimuli, such as electricity and
heat, can achieve driving forces of up to 30 N and work capacities of 100 J g~!.
However, these high-performance soft actuators are typically larger in size, often
on the centimeter scale, can require high voltages, and are predominantly driven by
wired systems, limiting their feasibility for inside-the-body medical applications.
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To address these challenges, this work uses soft magnetic actuation methods that
are compatible with medical applications inside the human body and can generate
fast and precise actuation in 3D translation and rotation [4, 31, 46]. Using elas-
tomeric soft composites with embedded hard magnetic microparticles, we can shape
program, rotate or pull soft magnetic millirobots. As soft millirobot designs, we
introduce three design types. First, focusing on fluid-filled confined body sites, we
investigate the locomotion capabilities of a sheet-shaped miniature magnetic soft
robot. By implementing a series of magnetic programming-based control strategies,
the robot can switch between different locomotion modes, such as rolling, undulatory
crawling, swimming, and helical surface crawling, adapting to various environmental
conditions in confined spaces with either stagnant or low-velocity fluids. Second,
targeting cardiovascular applications, we develop a stent-shaped miniature magnetic
soft robot. Under magnetic control, this robot demonstrates adaptive locomotion and
safe anchoring capabilities in arteries characterized by high-speed pulsatile blood
flow, complex curved pathways, bifurcating branches, and dynamic lumen diame-
ters. Finally, to enhance the output performance of wireless miniature soft robots
and expand their functional capabilities within the body, we design a balloon-shaped
inflatable wireless miniature soft robot composed of a magnetic soft composite. This
design significantly improves the robot’s output force (up to 70 N) and work capacity
(175.2J g~1). Through remote magnetic radiofrequency (magnetic-RF) heating, the
robot achieves controllable functions such as opening, closing, jumping, and stenting.
In summary, this work explores the locomotion, functionality, and medical device
application capabilities of wireless miniature soft robots, which show great potential
for minimally invasive disease diagnosis and treatment in future clinical applications.

2 Soft-Bodied Sheet-Shaped Robot for Adaptive
Multimodal Locomotion in Fluid-Filled Confined Spaces

Soft-bodied locomotion in fluid-filled, confined spaces is essential for the next gener-
ation of wireless medical robots designed to navigate the vessels, tubes, channels,
and cavities of the human body, which are often filled with stagnant or flowing
biological fluids. However, achieving soft-bodied active locomotion becomes highly
challenging when the size of the robot is comparable to the cross-sectional dimen-
sions of confined spaces [27-29]. Inspired by small-scale soft-bodied organisms, in
this part, we introduce a wireless sheet-shaped magnetic soft robot, demonstrating its
multimodal locomotion capability inside fluid-filled confined environments (Figs. 1
and 2).

We achieve various adaptive locomotion modes by exploiting the surrounding
boundaries, hydrodynamics, frictional forces, and active soft-bodied deformation of
the robots. We also develop a series of control strategies for magnetically programmed
sheet-shaped soft robots, enabling them to switch locomotion modes to adapt to
different environmental conditions in confined spaces filled with stagnant or flowing
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Fig. 1 Miniature sheet-shaped magnetic soft robots for adaptive multimodal locomotion in
various confined body sites, from [47], licensed under CC-BY 4.0. a In a big gap, the robot
curls into a C-shape when the magnetic field B lies in the x-z plane. b In a small gap, the robot
deforms into the sinusoidal shape when B lies in the x-z plane. ¢ Inside a cylindrical tube, the robot
adopts a helical shape when B lies in the y-z plane. Finite element simulations predict deformation
modes under specific boundary conditions. Red arrows denote the direction of B and the colormap
represents equivalent von Mises strain. Experimental setups are filled with viscous fluid. Scale bars,
1 mm. This figure is adapted with permission from Ref. [47], AAAS

fluids. Moreover, we further computationally simulate and experimentally charac-
terize the locomotion of the sheet-shaped soft robots within fluid-filled channels, by
utilizing single- and multi-wave body undulation as well as novel helical locomotion
modes to enhance our understanding. In environments with gaps much larger than the
robot’s size, the robot can roll by curling into a circular shape (Fig. 1a). In narrower
gaps, it can perform undulatory crawling or swimming locomotion (Fig. 1b). Within
cylindrical tubes, the robot achieves helical surface crawling and can even with-
stand dynamic fluid flows (Fig. 1¢). Each locomotion mode offers distinct advan-
tages. For instance, undulatory crawling excels in navigating highly bent paths with
small gaps, while undulatory swimming enables rapid traversal through straight slits.
Helical surface crawling provides propulsion both with and against fluid flows and
can even resist flow forces when actuation is turned off, making it a versatile and
robust solution for challenging in vivo environments.

Furthermore, we investigate the physical mechanisms underlying the locomotion
modes of the wireless miniature magnetic sheet-shaped soft robot. The results indi-
cate that undulatory crawling and helical surface crawling rely on friction between
the body surface of the robot and the surrounding boundaries to achieve efficient and
robust propulsion. In contrast, the undulatory swimming mode generates thrust force
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Undula
crawli

Fig. 2 Demonstration of the sheet-shaped soft robot navigating phantom structures with
diverse cross-sectional geometries and sizes using its multimodal locomotion capabilities, from
[47], licensed under CC-BY 4.0. a The robot is steered in a brain aqueduct-mimicking phantom by
adjusting the magnetic field’s rotation frequency. Red arrows show rotating magnetic field directions.
Scale bar, 5 mm. b Anatomical model of the human ear, with the red dashed box highlighting the
Eustachian tube, mimicked by the simplified phantom. ¢ The robot adapts to local environmental
constraints in the phantom by switching locomotion modes, including helical surface crawling,
undulatory swimming, undulatory crawling, and rolling. Red arrows indicate the B direction. This
figure is adapted with permission from Ref. [47], AAAS

by transporting the fluid. Building on this understanding, we further propose perfor-
mance enhancement strategies to improve the robot’s locomotion speed, maneuver-
ability, and ability to resist opposing fluid flows. Remarkably, all these locomotion
modes can be achieved using a single soft robot design. Finally, we demonstrate
the robot can successfully navigate through a brain aqueduct-mimicking phantom
and a phantom mimicking the Eustachian tube by employing these multiple loco-
motion modes (Fig. 2). We believe that the proposed control strategies and perfor-
mance improvements establish the sheet-shaped robot as a promising tool for future
applications within various lumens of the human body.

3 Adaptive Wireless Stent-Shaped Robot Locomotion
into Distal Vasculature

We then focus our attention on cardiovascular and cerebrovascular diseases, investi-
gating the locomotion performance of wireless miniature soft robots within vascular
environments. In recent clinical practice, miniaturized medical catheterized devices
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have facilitated various endovascular procedures, including drug delivery, emboliza-
tion, and thrombectomy within vascular systems. However, deeper vascular regions,
including tortuous routes, branches, and distal areas away from the catheter deploy-
ment port with complex flow conditions, remain challenging in accessibility [48—-51].
Despite burgeoning efforts have been made to develop micrometer and millimeter
untethered robots, which could be actively controlled to move into these hard-to-
reach regions because of their tether-less performance and possible advantages in
dimensions, these state-of-the-art robotic designs lack self-locking capability within
the surrounding lumen, making them susceptible to being easily displaced by the
fluid flow, especially when the control signals are disrupted and turned off. Addi-
tionally, the distributed robots are unpredictable and accumulate in non-target tissues
and organs, which might persist for years and lead to prolonged health risks [52—54].
Therefore, in this part, we propose a wireless stent-shaped magnetic soft millirobot
that can achieve all of the above requirements to operate in the distal M4 segment of
the middle cerebral artery (Fig. 3).

In this work, we design a wireless miniature magnetic soft robot with a cylin-
drical hollow stent shape featuring a helical surface structure (Fig. 4a). This shape is
chosen for its radial deformability and low fluidic drag, enabling effective locomo-
tion and anchoring capability in arteries with high-speed pulsatile flow and dynamic
lumen diameters. To facilitate rotational and translational magnetic actuation, we

The distal cortical arteries, e.g., the M4 segment of the
middle cerebral artery (MCA), which spread out over
the convex surface of the cerebral hemispheres,

are challenging for catheterizati/(')n.

T~-1.5 mm 4—-—?;'
Manipulated by a 7-DoF robotic arm_a
Zl2 N
| ey
= /
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Fig. 3 Overview of application scenarios in the distal vasculature, exemplified by the chal-
lenging catheterization case in the M4 segment of the middle cerebral artery, from [55], licensed
under CC-BY 4.0. Key locomotion capabilities of the proposed wireless soft robot include forward
and backward shape adaptation to varying lumen diameters, passive flow resistance without a
magnetic field, and navigation through curved paths and branches. The robot can also serve as a
mobile platform for functional tools to treat acute ischemic stroke, aneurysms, and arteriovenous
malformations. This figure is adapted with permission from Ref. [55], Springer Nature
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incorporate ferromagnetic NdFeB microparticles into the robot’s body and magne-
tized it uniformly. To enhance the adaptive locomotion and anchoring functionality
within blood vessels, we optimize the robot’s design by adjusting the open area of the
stent structure, the density of the helical surface pattern, and the composed material
stiffness. After refining the material and structural parameters, we demonstrate that
the stent-shaped robot can achieve adaptive locomotion within lumens as small as
1 mm in diameter (Fig. 4b). The performance meets the requirements for forward
and backward locomotion in lumens with diameters transitioning from 1.5 mm to
1 mm in the distal M4 segment of middle cerebral artery. Additionally, the robot
exhibits reliable locomotion through highly curved routes, bifurcating branches with
angles up to 120°, and pulsatile blood flow at speeds up to 26 cm/s with a heart rate
of 80 beats per minute (bpm) (Fig. 4c—e). Moreover, it exhibits a safe self-anchoring
capability, remaining securely positioned even when the external magnetic actuation
input was deactivated.

Beyond controlled and precise navigation, we demonstrate that the robot variants
possess several essential medical capabilities. For instance, the robot can deliver
tissue plasminogen activator (tPA) on demand to achieve targeted thrombolysis
(Fig. 5). Additionally, it can function as a flow diverter to regulate blood flow,
preventing it from reaching undesirable sites such as aneurysms or certain branches.
These features open new possibilities for minimally invasive, targeted therapies
for conditions like acute ischemic stroke (AIS), aneurysms, cerebral arteriovenous
malformations (CAVMs), dural arteriovenous fistulas (dAVFs), and brain tumors
located in distal and tortuous vascular regions. Given its exceptional locomotion
capabilities in distal arterial lumens under pulsatile flow conditions, the miniature
stent-shaped magnetic soft robot shows great promise as a wireless medical device.
Finally, we demonstrate two proof-of-concept functions: localized on-demand drug
delivery and flow diversion. These innovations have the potential to enhance existing
catheter-based therapies for AIS, aneurysms, and AVMs in challenging distal artery
environments.

4 Wireless Miniature Magnetic Inflatable Balloon-Shaped
Soft Robot

Wireless miniature soft robots hold significant promise for impactful applications in
medicine, robotic grippers, and artificial muscles [4, 56-58]. However, their potential
is currently limited by low output forces and insufficient work capacity. This limi-
tation arises from the softness of their constituent materials and their constrained
volume, which make it challenging to store and release high levels of mechan-
ical energy. Most existing miniature magnetic soft robots exhibit a work capacity
ranging from approximately 1073-10% J kg~!, which falls short of the requirements
for medical devices, manipulation tasks, and other applications demanding higher
energy output. Additionally, the maximum output force of current magnetic soft



284 M. Lietal.

b 12 ml/min
(11 — 25 cm/s, 80 bpm)

[®)]
[
o
f*’H protrusmns =
f N} 1\ ) 3{
1 8 T magnetized (%)
- @
c
‘©
()]
<
e
12 mi/min” <_-’ - 12 ml/min /
— AN /t- 0-15 mmJ .-3
d 12mli/min _________
— e
= Es ﬂa [ \' o 8
L RS t=3 -6 min
— t=10—17 min'~_
— t=0-6min R— &

Fig. 4 Adaptive magnetic stent-shaped soft robotic locomotion and anchoring in distal vascu-
lature in the brain, from [55], licensed under CC-BY 4.0. a CAD design and prototype of the robot.
Key design parameters include strut spacing (%), radius of curvature at the crown junction (p), and
axial amplitude of each segment ( f). The robot is embedded with NdFeB ferromagnetic micropar-
ticles, uniformly magnetized using a 1.8 T homogeneous magnetic field. Right-handed helical
structures with a helix angle ¢ were applied. Scale bar: 1 mm. b Snapshots of the robot’s retrievable
radial shape adaptation in a lumen with diameter variations from 1 mm to 1.5 mm. Scale bar: 2 mm.
¢ Locomotion of the robot through a tortuous route with radii of curvature ranging from 2.5 mm to
5 mm. d Locomotion of the robot through an extremely curved route with a 180° inclination angle
and a radius of curvature of 1 mm. e Navigation of the robot among branches in a 2D environment.
The scale bar from c to e is 5 mm. This figure is adapted with permission from Ref. [55], Springer
Nature

robots is around 60 puN [39, 59]. In contrast, many medical procedures, such as
stenting, require devices capable of generating forces exceeding 1 N, which is about
10,000 times greater than the current maximum output force of magnetic soft robots
[60].

To address these challenges, we present a balloon-shaped inflatable wireless
miniature soft robot made from a magnetic soft composite (Fig. 6). This composite
consists of silicone rubber (Ecoflex) embedded with hard-magnetic NdFeB micropar-
ticles and iron oxide nanoparticles (Fe;O4NPs). The balloon is filled with a low-
boiling-point liquid (Novec 7000, with a biocompatible boiling point of &~ 34 °C).
The embedded NdFeB microparticles enable actuation via an external magnetic field,
while remote magnetic-RF field-based heating of the Fe;O4NPs triggers a phase
change in the liquid, causing inflation (Fig. 6). This phase change mechanism signif-
icantly enhances the robot’s output force (up to 70 N) and work capacity (175.2J g~ 1)
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Fig. 5 Demonstration of stent-shaped robot on-demand drug delivery and flow diversion from
[55], licensed under CC-BY 4.0. a A design variant incorporating shape memory polymer (SMP)
based foldable structures for local on-demand delivery of endovascular tPA for acute ischemic
stroke therapy. Scale bar: 0.5 mm. b RF-based heating demonstration for releasing composite cargo
composed of silk fibroin and fluorescein dye. Scale bar: 2 mm. ¢ Thrombolysis effect using carried
tPA, with thrombi outlined by black dotted lines. Scale bar: 2 mm. d Experimental demonstration
of flow diversion by the robot, deployed via a microcatheter and magnetically guided to the target
lesion in phantom. Scale bar: 5 mm. This figure is adapted with permission from Ref. 55, Springer
Nature

(Fig. 6¢). The proposed balloon-shaped actuator combines magnetic and pneumatic
soft actuation methods, offering a novel approach to overcoming the limitations of
existing soft robots.

First, we systematically characterize the inflation behavior of the balloon-shaped
soft actuator. Next, we investigate the design principles, including material properties
and geometrical parameters, to optimize its output mechanical performance. Building
on these insights, we develop a generalized theoretical model to serve as a refer-
ence for guiding design and understanding the actuator’s nonlinear behavior. This
model establishes the relationships among design parameters (composite modulus
and thickness), control inputs (internal pressure), and outputs (actuation strain, force,
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Fig. 6 Design methodology of wireless miniature magnetic inflatable balloon-shaped soft
robot, from [61], licensed under CC-BY 4.0. a Schematic and b experimental camera video snap-
shots illustrating the inflation process of the balloon-shaped actuator under magnetic-RF heating.
¢ Comparison of various soft actuators in terms of the materials modulus and the output work
capacity, indicating the proposed balloon-shaped robot achieves a higher work capacity despite its
low material modulus. This figure is adapted with permission from Ref. [61], John Wiley and Sons

and work capacity). We then demonstrate the actuator as a soft device prototype
for potential future applications in angioplasty (Fig. 7a-b). To further broaden its
functionality for biomedical applications, we integrate the actuator with a thermally
responsive shape-memory composite and a bistable metamaterial sleeve (Fig. 7c¢).
This bistable structure enables reversible shape changes and self-locking capabilities.
By adjusting the power of the remote magnetic-RF heating input, the device achieves
controllable opening and closing functions (Fig. 7d). Additionally, we showcase its
ability to navigate and even jump out of granular media (Fig. 7e). Finally, the actuator
is encoded with a custom magnetization profile, allowing it to undergo deformation
induced by internal magnetic torques under an external magnetic field (Fig. 7f).
Beyond enhancing force output, this integration of magnetic soft materials with
phase-change materials introduces programmable bending deformation, in addition
to programmable inflation and deflation. This expand functionality further enhances
the actuator’s potential applications in soft robotics and biomedical engineering.
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Fig. 7 Wirelessly activated balloon toward angioplasty, locomotion inside granular media,
and bimodal actuation, from [61], licensed under CC-BY 4.0. a—b Schematic showing the
robot’s locomotion and inflation behavior under a rotating magnetic field and magnetic-RF heating.
¢ Schematic and camera image of the reversible stent design. d Camera images showing the
reversible stent’s operation under varying magnetic-RF heating power inputs. Reversible anchoring
is achieved by leveraging the different response temperatures of the magnetic balloon-shaped actu-
ator and the bistable sleeve, controlled by adjusting the Fe304NPs concentration in the SMP matrix.
e Schematic illustrating the jumping behavior of the balloon-shaped actuator under magnetic-RF
heating inside the granular media. f Sequential images of the magnetic balloon-shaped soft robot
walking and inflating inside a glass tube under magnetic torques and magnetic-RF heating. This
figure is adapted with permission from Ref. [61], John Wiley and Sons

5 Conclusion

Faced with the challenges of enabling wireless miniature soft robots for various
disruptive medical applications inside the human body, this project proposes three
types of wireless magnetically controlled soft robot designs: sheet-shaped, stent-
shaped, and balloon-shaped robots. These robots demonstrate, respectively, multi-
modal locomotion in confined fluid-filled spaces, adaptive locomotion and anchoring
in blood vessels, and enhanced force output and functional capabilities, broadening
their potential medical applications. Despite these advancements, challenges remain
in applying wireless miniature soft robots within the body. Looking forward, we
propose several future directions for their development.
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First, although we have demonstrated the soft robotic capabilities for multi-
modal deformation and locomotion ex vivo and in physiologically relevant artificial
mockups, the highly complex in-vivo environment remains a significant hurdle. For
instance, the frictional properties of human tissue differ from those of the materials
used to construct the test environments, which could alter the robot’s locomotion and
function behavior. Additionally, many bodily fluids, such as mucus and blood, are
non-Newtonian. While the robot has been shown to perform all locomotion modes,
anchoring, and function capability in a shear-thinning fluid, further investigation
is needed to understand how the fluid’s shear-thinning properties and viscoelas-
ticity affect the robot’s locomotion. The non-Newtonian behavior of these fluids can
modify the fluid forces acting on the soft body, influencing both the robot’s defor-
mation amplitude and the propulsion it generates. Therefore, these robots need to be
tested in in-vivo animal models to validate their capabilities and medical functions.

Next, a promising future approach (such as inverse design) would be the devel-
opment of automated design frameworks. By integrating measured environmental
properties, such as boundary conditions and fluid characteristics into dynamic loco-
motion model-based or data-driven learning-based algorithms, the robot designs and
control signals could be automatically generated. Such automation combined with
active programmable magnetic materials would optimize the use of adaptive multi-
modal locomotion for biomedical applications, ensuring more effective and robust
performance in complex internal environments.

Third, since the proposed robot design is not restricted to a specific material, the
materials currently used in the prototype might not simultaneously meet the biocom-
patibility and hemocompatibility requirements of a medical device. Biocompatibility
is crucial as it determines whether the robot can be safely used within the human body
and for how long. The robot can be fabricated using various FDA-approved materials
for medical devices or coated with biocompatible materials, such as polyurethane,
polyethylene, or even metals, enabling a wide range of potential applications in the
future.

Finally, current high-output soft actuators still face challenges in their application
for wireless medical devices inside the body. For instance, thermo-responsive actu-
ators suffer from low cooling efficiency due to their slow thermal diffusion process,
particularly in rubber polymer materials on the actuator’s outer surface, which have
poor thermal diffusion properties, leading to prolonged cooling times [4]. For alter-
natives, electro-responsive actuators require a high voltage (approximately 10 kV)
to achieve high output performance, making them unsuitable for in-body use [45].
Additionally, other high-output flexible actuators, such as pneumatic and hydraulic
actuators, face difficulties in achieving wireless remote control and miniaturization
[62]. Acoustic waves present a promising energy source for mechanical soft actua-
tion due to their deep penetration into biological tissues and fluidic media. However,
ultrasonic actuation mechanisms are limited by material density, making them chal-
lenging to implement in flexible materials [63]. Therefore, future work should focus
on exploring novel actuation mechanisms or structural designs to amplify the output
performance of the wireless miniature soft actuators, enabling them to perform more
functions within the body.
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Abstract Gripping, holding, and moving objects are fundamental tasks for robots.
Since the advent of automation, optimization of these functions has been a key
focus in the field. Numerous strategies have been pursued to develop grippers that
are cost-effective, reliable, and versatile, while reducing their weight and energy
consumption, as well as production and maintenance costs. Although significant
advancements in precision and flexibility have been achieved, these solutions often
rely on complex support systems, such as advanced sensors and sophisticated control
methods, making them unsuitable for applications requiring a balance of efficiency,
simplicity, and cost-effectiveness. To address these challenges, this chapter intro-
duces bio-inspired gripper designs that achieve adaptive grasping through morpho-
logical encoding and passive compliance: (1) a multi-segmented design inspired
by insect tarsal chains, and (2) monolithic designs that leverage compliant double-
spirals for passive shape adaptation and stiffness tuning. Fabricating the designed
grippers and evaluating their performance confirms the effectiveness of bio-inspired
morphological encoding for passive, energy-efficient grasping and secure holding.
The findings presented in this chapter advance our understanding of the poten-
tial of bio-inspired multi-chain structures in robotic grasping, paving the way
for the development of energy-efficient, adaptable gripping solutions for diverse
applications.
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1 Tritrap: A Soft Gripper Based on Insect Tarsal Chains

TriTrap is a biomimetic gripper inspired by the insect tarsal chain. Insects have
a rigid exoskeleton that gains mobility through joints, tendons and muscles. The
tarsus, or foot, lacks intrinsic muscles and is mainly moved through a long tendon by
an external retractor muscle. Mimicking this biological system, the TriTrap gripper
employs a set of underactuated digits that rely on morphological encoding and passive
conformation resulting in a robust, versatile, and cost-effective design. The gripper’s
performance was evaluated using various everyday objects of different sizes, weights,
and shapes. The TriTrap successfully lifted, rotated, transported, and released most
of the objects. These results demonstrate the viability of the insect tarsal chain-
inspired approach. Subsequently, interfacing modules inspired by insect adhesive
structures were designed to enhance the performance significantly, benefiting from
the additional compliance and/or enhanced adhesive/frictional properties.

1.1 Biological Inspiration

A wide range of solutions has been evolved for locomotion and object interaction/
gripping in living organisms [1]. Insects, in particular, exhibit a wide array of such
structures due to the specific properties of their exoskeleton, which offers significant
strength combined with flexibility, enabling the evolution of numerous structural
adaptations for gripping [2, 3]. In certain insect species, the typical locomotory
legs are modified to carry out more specialized tasks. Examples include praying
mantises using their forelegs to grasp prey [4], cicadas jumping with their hind legs
[5], corbiculate bees utilizing complex collecting structures to gather pollen [6],
webspinners spinning and maintaining silk with their forefeet [7], and mole crickets
using shovel-like legs for digging [8], among others. Evolutionary pressures lead
to solutions that combine an optimal balance between energy/material investment
and functional benefits, supporting survival [9]. Although insects tend to have rela-
tively short lifespans, they are highly adaptable to various environments, employing
a simple and effective “digit paradigm” that operates efficiently in diverse conditions
with minimal direct control [10]. These characteristics are primarily associated with
the distal segments of insect legs, known as the tarsal chain, a highly underactuated
system (see Fig. 1).

In robotics, ongoing research is often focused on improving the precision and
adaptability of gripping systems, with many innovative and promising approaches
emerging [12]. However, nearly all these methods rely on additional infrastruc-
ture (e.g., pumps, heating, magnetic field generation), sophisticated sensor arrays
(e.g., spatial, optical, or force sensors), and/or complex control systems (e.g., adap-
tive movement programs, machine learning, artificial intelligence) [12]. Although
these requirements can enhance gripping performance, they may lead to challenges
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Fig. 1 SEM micrograph of the tarsal chain on one of the legs in the stick insect Sungaya aeta.
It consists of several, loosely linked elements, called tarsomeres, and is actuated only by a single
tendon. This results in a large number of passive degrees of freedom. From [11], licensed under
CC-BY 4.0

in certain situations. Environmental factors, such as extreme humidity, tempera-
ture variations, or chemical hazards can negatively impact the components of these
complex systems. The additional space required by advanced components might
be problematic. Moreover, increased complexity often leads to a higher likelihood
of malfunctions, requiring more maintenance and greater financial investment. In
contrast, the insect tarsal chain operates with a relatively simple internal structure,
requiring minimal construction and maintenance when adapted to technical appli-
cations [13]. The tarsal chain, despite its simplicity, offers a surprising range of
applications, as demonstrated in nature [1-8], and functions with minimal control.
In this study, an artificial gripper end effector based on the tarsal chain principle was
designed and constructed to leverage these advantages.

As illustrated in Fig. 1, the biological tarsal chain is composed of several loosely
connected segments, called tarsomeres [14]. The actuation of the chain is driven by a
tendon running along its entire length, offset laterally from the pivot points between
the tarsomeres. When the muscle pulls on the tendon, the force applied is off-center
relative to the joints’ neutral positions, generating a torque toward the tendon side
of the chain. Figure 2 illustrates the generalized force interactions in this scenario,
using a representative pair of isolated elements connected by a joint. It outlines the
key relationships that must be taken into account when designing an artificial folding
structure inspired by the tarsal chain. In the schematic, the pulling force along the
tendon (F;) generates a force (F4,) at the tip of the upper element, which in turn
causes a folding motion at the joint. The magnitude of this force can be determined
from the total reaction forces resulting from the tendon pull.

1.2 The TriTrap Gripper

The TriTrap gripper prototype, shown in Fig. 3, consists of three parts: (1) the gripper
arms for gripping, (2) the actuation cage housing the pulling handle and force distri-
bution disc, and (3) the base plate supporting both the arms and cage. Each arm has
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Fig. 2 The generalized working principle of tarsal chain actuation. a Model insect species previ-
ously studied, Sungaya aeta (licensed under Creative Commons (CC BY 4.0)). b 3D model of its
tarsus created using micro-computed tomography. ¢ Simplified mechanical representation as beams
linked by joints. d Schematic showing the forces at play during the actuation of individual links,
using a tarsomere-tarsomere joint as an example. From [11], licensed under CC-BY 4.0

Fig. 3 Overview of the TriTrap gripper. a The gripper in its open state, displaying the handle (1),
actuation cage (2), and arms (3). b The gripper held in hand while fully unflexed. ¢ The gripper
fully flexed, actuated by hand. From [11], licensed under CC-BY 4.0

seven linked segments, or “links,” with the topmost link ending in a pointed wedge
resembling an insect leg’s claw. The links mimic tarsomeres, and rubber bands act
as elastic energy storage units for unfolding, similar to resilin patches on insect legs
[15]. The arms’ anchor joints are arranged in a triangle on the base plate, converging
when fully flexed. The links’ lengths decrease from bottom to top, and folding angles
are adjusted to imitate natural tarsus-tarsus bending. The arms move in an “embrac-
ing” motion, meeting at the base plate’s center. The gripper is actuated by pulling
a single handle connected to the arms via a force distribution disc, which splits the
actuation force across three tendons (Fig. 4).
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Fig. 4 The TriTrap gripper’s actuation cage and its key components, including the tendon and
preload spring, handle assembly, and force distribution disc. a The disc is in equilibrium, meaning
all arms either require the same force to flex or are at rest. b The disc is tilted as the main actuation
cord is pulled (large arrow). Two of the three arms encounter greater resistance to folding (marked
with crossed boxes) or may be jammed due to the object’s shape, while the remaining arm is free
to continue folding (small arrow). From [11], licensed under CC-BY 4.0

The force distribution disc sits beneath the base plate, within the actuation cage.
This structure serves two main functions: housing the force distribution disc and
providing an anchor point for the actuation handle. The force distribution disc is a
simple 3D-printed component with four holes—one at the center and three positioned
equidistantly around it, forming an equilateral triangle (Fig. 4, a). The outer holes
serve as attachment points for the tendons controlling the arms, while the central
hole secures the handle cord. When the handle is pulled, the cord applies a pulling
force at the center of the disc, causing it to move away from the base plate. As a
result, the attached arm tendons retract, actuating the arms simultaneously. The disc
serves two key purposes. First, it evenly distributes the pulling force among the three
arms, ensuring they flex in simultaneously, provided they encounter equal resistance.
Second, if the arms experience different levels of resistance—such as when gripping
an asymmetrically shaped object—the disc tilts, allowing the free-moving arms to
close independently of the obstructed one (Fig. 4, b). This design enables a single
linear actuation mechanism while maintaining the gripper’s adaptability to various
object shapes.
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Fig. 5 Interfacing modules created for the TriTrap gripper. a snap-on fixture to attach to the TriTrap
gripper arms, consisting of the PLA base (1), U-shaped distance pieces made from packaging
material (2), and a self-adhering Velcro strip that serves as the attachment point for the interfacing
tapes (3). b A snap-on fixture fitted with an interface tape (friction tape shown). ¢ Hairy tape (1),
friction tape (2), and bubble tape (3). The friction tape is already attached to a snap-on fixture. d—f
Close up images showing the three different tapes (hairy, friction, air bubbles). The insets illustrate
their main working principle (interlocking by hairs, friction, compliance). From [16], licensed under
CC-BY 4.0

1.3 Interfacing Modules

In order to enhance the TriTrap gripper’s compliance, biologically inspired inter-
facing modules were designed (Fig. 5) [16]. They are inspired by the attachment
structures of phasmids (stick insects), and are modeled loosely after their contact-
improving pads. Three types of interfacing modules were designed: (1) modules with
hairy pads, (2) modules with high-friction tape, and (3) modules with soft bubble-like
pads. These interfacing modules were constructed to be easily attached and detached
from the TriTrap gripper.

1.4 Gripping Tests and Evaluation

Gripping tests were conducted for two sets of objects. For the first set (Fig. 6, a),
a test was performed using just the bare TriTrap gripper without any interfacing
modules. It was attempted to pick up, carry, and place back down the objects shown.
The TriTrap gripper was deemed viable for an object, if at least one such attempt
was successful (Fig. 7).

The TriTrap gripper was able to successfully transport each tested object, though
multiple attempts were sometimes required. This test was meant to support the
viability of the tarsal chain base concept and to highlight necessary improvements
before moving to more quantitative testing. After the interfacing modules had been
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Fig. 6 Test objects used for testing of the TriTrap gripper. a First set [11]. 1: Polystyrene vase
(20 g). 2: Empty beverage bottle made of plastic (30 g). 3: Steel grill attachment (160 g). 4: Textile
bag (40 g). 5: Electric water boiler (600 g). 6: PC keyboard (400 g). b New, additional test objects.
1: plastic canister (515 g). 2: cardboard profile (140 g). 3: Bicycle helmet (400 g). 4: Ceramic
vase (1500 g). 5: Package of kitchen paper (750 g). 6: Semi-depleted spool of 3D printing filament
(285 g). From [16], licensed under CC-BY 4.0

Fig. 7 Snapshots of the TriTrap gripper gripping and transporting objects. a Plastic bottle. b Grill
attachment. ¢ Keyboard. d Polystyrene vase. e Textile bag. From [11], licensed under CC-BY 4.0

designed, a second test was conducted with the same objects using the modules
equipped. Each module was able to grip each tested object securely. The two excep-
tions to this were the combination of the water boiler with hairy and bubble modules,
which failed in all cases. Overall, it was shown that the use of interfacing modules
drastically improved the TriTrap gripper’s performance over its prior capabilities
because almost all items could be picked up and held at the first attempt.

Subsequently, a second set of items (Fig. 6, b) was used to test the TriTrap gripper
and its interfacing modules quantitatively. Here, each item was attempted to pick up
30 times, with an attempt deemed successful, if the gripper was able to securely hold
the item in the air for at least 3 s. The success ratio out of 30 attempts was recorded
and is shown in Table 1.

It can be seen that the friction tape was superior in most cases, with the exception
of the hairy tape/spool combination, in which the hairy tape slightly outperformed
the friction tape. The bubble tape showed itself to be the second-best option out of
the three, with the hairy tape coming in last. Overall, the TriTrap gripper successfully
proved the viability of the tarsal chain base principle applied to gripping tasks. When
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Table 1 Relative gripping success per interface module and object

Module/ | Paper Cardboard | Spool (%) | Canister (%) | Vase (%) | Helmet (%)
Object package (%) | (%)

Friction | 100 100 96.6 96.6 100 100

tape

Bubble 100 100 93.0 63.0 100 33.0
tape

Hairy 30.0 100 100 26.7 0 0

tape

Values refer to successful attempts out of 30 performed in total per interface module and object [16]

equipped with interfacing modules, such as the friction tape, the gripper demonstrated
remarkable performance across objects of varying shape, weight and aspect ratios.

2 Compliant Double-Spirals in the Design of Monolithic
Soft Grippers

Following the development of the tarsus-inspired TriTrap gripper, which relies on the
rotation of rigid segments interconnected by monoaxial joints [11], compliant double-
spirals were used to introduce spiral-based soft grippers with monolithic designs [17].
These grippers aimed to function by leveraging the mechanical compliance of their
constituent double-spirals, allowing for adaptive performance without the need for
discrete joints. This approach aimed to take one more step towards the world of
soft robots, where functionality is achieved through material deformation rather than
relying on rigid mechanisms [18, 19].

2.1 Compliant Double-Spirals

Double-spirals are mechanical elements inspired by natural spirals, used in various
technical applications ranging from rotational springs and joints [20—24] to stretch-
able electronics [25, 26] and metastructures [27-29]. Depending on their intended
function, double-spirals can have specific geometries and material compositions.
Nevertheless, they all feature two free ends, allowing them to serve as joints or
modules capable of connecting to other double-spirals and components (Fig. 8) [20].

The planar design and fixed cross-sectional profile of double-spirals facilitate
their design, manufacturing, and integration into different mechanical systems. This
design results in simple scalability and compatibility with a wide range of manufac-
turing techniques and materials [30]. Double-spirals fabricated using a single-nozzle
fused deposition modeling (FDM) 3D printer and thermoplastic polyurethane (TPU)
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Fig. 8 Examples of double-spiral designs with varying geometries. While double-spirals can have
different geometries depending on their intended function, all feature two free ends that can be used
for connection to other components

filament have been presented as compliant joints with high potential for use in tech-
nical applications [17, 23]. TPU, as a material with high elasticity and durability,
enables double-spirals to deform in multiple directions without permanent structural
changes under repetitive loads, supporting long-term mechanical stability [31-33].

Compliant double-spirals are designed to undergo pre-programmed, reversible
deformations in response to mechanical loads, aiming to achieve specific functions.
Consisting of well-known spiral curves, the geometry of double-spirals is governed
by mathematical equations and can be easily modified using only a few design vari-
ables [34]. Properties such as variable stiffness, compressibility, extensibility, and
degrees of freedom can be tuned by adjusting the number, thickness, density, and
curvature of the coils within a double-spiral [23, 30]. While the mechanical behavior
of a single double-spiral is governed by its geometry, arranging multiple rationally
designed double-spirals in specific configurations can lead to modular metastruc-
tures with a broader range of highly tunable mechanical characteristics, including
anisotropic behavior, asymmetric deformation, pre-programmable shape changes,
and spatial heterogeneity [28].

All these features make compliant double-spirals valuable mechanical elements
for developing simple yet efficient adaptive structures, capable of performing
complex tasks through their pre-programmed reversible deformation. Building on the
authors’ recent research [17], in which various spiral-based structures were developed
as examples of engineered designs harnessing the mechanical compliance of their
constituent double-spirals to achieve desired functionalities, two gripper prototypes
are presented in the following section.

2.2 Gripper Prototypes

Freeform Passive Gripper. The first gripper was developed by connecting a series
of double-spirals with similar geometries to form a continuous loop (Fig. 9, a).
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This design takes advantage of the high rotational deformability of double-spirals,
allowing the structure to adapt passively to various objects and surfaces. Each spiral
deforms locally, enabling the entire loop to conform to curved or irregular shapes
with minimal external force.

To highlight this structural adaptability, a second loop of the same diameter and
thickness (1 mm) but without double-spirals was fabricated. The two structures were
tested on five substrates with distinct curvatures (Fig. 9, b). When placed on the
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Fig. 9 Freeform passive gripper. a Models of double-spiral and circular loops, illustrating their
structural differences. b Interaction of the double-spiral and circular loops with flat, concave, and
convex surfaces, demonstrating deformation under their own weight. ¢ Elongation of the double-
spiral loop caused by its own weight and an additional 1 kg load. d Small disc magnets attached to
the lower half of the double-spiral loop using double-sided tape, with close-up views from the top
and side perspectives. e The spiral-based magnetic gripper used to lift a 50 g Allen wrench, a 50 g
shoehorn, two 15 g tweezers, and 2 g steel beads. Reproduced from [17], licensed under CC-BY

4.0
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substrates and released, the double-spiral loop exhibited higher compliance and
conformed more closely to the surfaces compared to the circular loop, demonstrating
the contribution of spiral deformability to overall adaptability.

While the double-spiral loop remains highly compliant under bending and
compression, it shows increased stiffness under tensile loading (Fig. 9, c). This char-
acteristic allows the structure to adapt to objects of various shapes while withstanding
the forces needed to hold them, making it well-suited for gripping applications. The
combination of chain-like deformability and increased tensile stiffness reflects prin-
ciples observed in biological systems, such as insect tarsi [11]. This balance of
flexibility and stiffness is essential for effective attachment and load-bearing in both
natural and engineered systems.

To validate the practical performance of this design, the loop was transformed into
a magnetic gripper by attaching small neodymium magnets along the outer surface
of the lower half, using double-sided tape (Fig. 9, d). This addition did not affect
the overall shape or stiffness of the loop. The freeform passive gripper was tested by
lifting five objects of various shapes and masses (Fig. 9, e). It successfully conformed
to all objects and lifted them, demonstrating its ability to achieve its intended purpose
effectively.

Highly Extensible Enveloping Gripper. The second gripper prototype was
developed by connecting three pairs of symmetric double-spirals in the form of
a triangular structure, creating a three-jaw gripper capable of enveloping objects
(Fig. 10, a). This design relies on (1) the high extensibility of double-spirals to signif-
icantly increase the area enclosed by the gripper, and (2) their structural compliance
to conform to various shapes.

High reversible extensibility of the double-spirals allows the gripper to expand
significantly when uncoiled, increasing the enclosed area by up to 100 times (Fig. 10,
b). At rest, the triangular area inside the gripper has a side length of 30 mm, which
expands to 150 mm upon uncoiling, maximizing the gripping area. After release, the
double-spirals return to their original coiled state, demonstrating reversible deforma-
bility. The compliance of the double-spirals allows the gripper to adapt to objects of
various shapes, generating the normal force required to ensure a stable grip through
static friction.

To evaluate the performance of the gripper, tensile tests were conducted on 3D-
printed double-spirals (Fig. 10, c). One end of each double-spiral was fixed, and
displacement was applied to the other, extending the double-spirals to varying lengths
and holding them in place to simulate the gripping function. This process provided
insight into the mechanical behavior of the double-spirals in response to repeated
loading and unloading. The tests showed that while the double-spirals initially soft-
ened during the first few cycles, their performance stabilized in the following cycles.
This behavior, known as the Mullins effect [35, 36], indicates that the gripper can
adapt to different object sizes while continuing to function reliably over time. The
results also demonstrated that the force required to keep the double-spirals extended
gradually stabilized during the holding phase of each cycle, confirming their ability
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to generate gripping force through static friction. Over multiple cycles, the double-
spirals were repeatedly extended, held, and returned to their original state without
significant degradation.

The Highly Extensible Enveloping Gripper was tested by lifting objects of various
shapes and masses (Fig. 10, d). The extended double-spirals conformed to the surfaces
of the objects, held them securely through friction, and maintained a reliable grip.
These results show that the double-spiral design provides both adaptability and
stability in gripping applications.

3 Summary and Outlook

In this chapter, multiple soft gripping devices were designed and fabricated. In the
first part of the chapter, the TriTrap gripper, a gripping device based on insect tarsal
chains, was presented. It showcased the potential for passive conformability and
morphological computation inherent to insect tarsal chains and was successfully
used to pick and place different everyday objects. It furthermore was enhanced with
interfacing modules to increase its object contacting, all of which were likewise
based on insect attachment modules. The results show that the TriTrap gripper is a
viable gripping device that requires very little in terms of active control or additional
infrastructure and is simple to manufacture. This way, it represents a very economic
gripping principle. However, the discrete nature of its segment—joint—segment struc-
ture limits its feature resolution in terms of compliance with target objects. This
encouraged the development of a continuous-stiffness alternative.

In the second part, two spiral-based grippers were presented as compliant, mono-
lithic structures capable of passive adaptability through their reversible deformation.
Without including discrete joints in their design, these grippers demonstrated the
ability to conform to objects of varying shapes and sizes, eliminating the need for
external actuators and reducing energy consumption. In contrast, many existing soft
grippers rely on active actuation systems, such as vacuum, hydraulic, or electrically
driven mechanisms, to perform tasks like tuning stiffness, conforming to surfaces,
and holding objects [37-40].

Although the two designs presented here differ in their configuration, both rely
on the similar principles of compliance and passive adaptation inspired by insect
tarsus. One prototype emphasized surface conformability, while the other combined
high reversible extensibility with frictional interaction to envelop and securely hold
various objects. Together, they demonstrated the versatility of double-spirals as
functional mechanical elements in soft robotics.

The ongoing research is focused on optimizing the performance of spiral-based
grippers by exploring the mechanical characteristics of double-spirals with alter-
native geometries and material compositions, aiming to enhance their functionality
and durability. Current efforts also include the development of new gripper designs,
such as tendon-driven configurations, that result in grippers with greater efficiency,
versatility, and improved gripping precision for more complex tasks. The integration
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of sensing and actuation elements remains an area of interest, bringing compliant
structures closer to fully autonomous soft robotic systems. These advancements are
expected to expand the application of multi-chain spiral-based grippers across various
engineering fields.

Funding This research was funded by the German Research Foundation (DFG) under grant
number 405032442,
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Tom Kwasnitschka(®, and Annika Raatz

Abstract Deep-sea research offers invaluable opportunities to uncover hidden
ecosystems, unknown biodiversity, insights into Earth’s history and climate change
impacts. However, exploring these environments traditionally requires costly equip-
ment designed to withstand extreme conditions. Our research addresses this challenge
by developing a novel, lightweight suction sampling system, which is a widely used
tool for sampling sediments in the deep sea. The system envisioned in our project
consists of two primary components: a robotic manipulator for suction sampling,
which facilitates precise steering of the sampling tube towards the sediment, and a
sample storage system designed to hold the sediment containers. Both components
of the suction sampling system depend on a carrier platform, which can be any type
of remotely operated vehicle (ROV) rated for operation at depths of up to 6000 m.
For the robotic manipulator, our designs take advantage of the benefits offered by
soft material actuators and continuum robot concepts. We explored various designs,
including soft actuators combined with rigid, bistable mechanisms; spring-loaded
continuum robots; and soft actuation systems with stiffening mechanisms. All the
designs share a common feature: they are intentionally designed to be modular, scal-
able, and cost-effective relative to existing solutions for deep-sea suction sampling.
Throughout the course of the project, various designs were developed and rigorously
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tested. With its successful implementation, the envisioned system has the potential
to greatly enhance deep-sea sampling and research, significantly broadening access
and empowering a larger community of researchers to advance this important field .

1 Deep Sea Suction Sampling

The collection of deep-sea sediment is a crucial technique employed in seafloor
exploration to gather important information on sedimentation and sediment trans-
port processes [1]. Yet effort and expenses are considerable as the deep ocean is an
extreme environment for robotics, characterized by high pressures up to 1100 atmo-
spheres, low temperatures around 4 °C, corrosive seawater, and limited permeability
for electromagnetic radiation, resulting in challenges for navigation and communi-
cation. Consequently, robotic probes must operate either tethered or autonomously,
using limited acoustic communication.

Most scientific research is conducted at depths shallower than 6000 m, while the
majority of commercial activities are confined to depths shallower than 4000 m, pri-
marily within a few hundred meters on the continental shelves. However, from an
operational standpoint, designing marine scientific equipment to function up to a
depth of 6000m is reasonable and sustainable. This capability allows access to the
vast majority of oceanic environments, with the exception of the deepest trenches,
which account for less than 1% of the Earth’s surface [2]. Attempting to extend capa-
bilities to 100% of marine environments, including these extreme depths, would dis-
proportionately increase the technical complexity and costs involved in the systems
development.

There are several types of robots specifically designed to reach the required
depths for deep-sea research: Fully or semi-autonomous underwater vehicles (AUVs)
are used for inspection, whereas tethered remotely operated vehicles (ROVs) with
hydraulic manipulators handle tasks that require more force, like industrial applica-
tions. There is a distinction among ROV classes: working class for heavy-duty tasks,
inspection class for lighter operations, and miniature ROV for small-scale (shallow)
observation tasks [3].

Currently, great depths of several thousand meters can only be reached by inter-
vention class ROVs that can be equipped with a suction sampler. Thus they are the
preferred option used for sampling sediments from deep-sea volcanoes. Traditional
methods like dredging are often imprecise and inefficient considering that no spatial
information on the sampling location is retained. Push core sampling with hydraulic
ROV manipulators aims to obtain stratigraphically controlled samples but is only
applicable in flat, soft terrain. Suction samplers, widely used in scientific underwa-
ter robotics, provide a solution for precise, localized sediment collection [4]. These
devices consist of a large, rigid hose operated by a manipulator, directing samples
through a series of interchangeable filters. By generating a vacuum, the sediment
is transported through the sampling tube into the containers [5]. Utilizing an inter-
vention class ROV, which can weight up to 5 tons [6], makes the suction sampling



ASDDSA Active Suction Device for Deep Sea Application 311

process very expensive as an appropriately big research vessel is necessary to deploy
this type of ROV.

2 Goals

This interdisciplinary project aims to develop a suction sampling system that is
more lightweight, cost-effective, and offers greater sample storage capacity than
current systems. The project tasks are divided between two partners: the GEOMAR
Helmholtz Centre for Ocean Research Kiel, and the Institute of Assembly Technology
and Robotics (match) at Leibniz University Hannover.

Figure 1, illustrates the starting point of the ASDDSA project: the GEOMAR is
responsible for providing the carrier platform, which will be outfitted with the new
sampling system. To enhance the sampling capacity and prevent cross-contamination,
the GEOMAR is designing a sample storage system that holds multiple sampling
containers. Meanwhile, the match is tasked with developing the new robotic manip-
ulator for the suction sampler. The envisioned actuation system must enclose the
suction sampling tube to ensure precise sediment sampling. The new lightweight
design will enhance portability and reduce the operational burden associated with
deploying sampling tools. Initially, the intention was to adopt a classic soft robotic
design featuring a multi-channel hydraulic silicon actuator.

Over the course of the project, and following initial testing, perspectives shifted
slightly to consider new ideas and options for the overall system design. At
GEOMAR, the Modular Mobility program introduced the concept of using smaller
remotely operated vehicles (ROVs) that are easier to transport and specifically
designed for suction sampling. This contrasts with the traditional working-class ROV,
which, while versatile for a wide range of applications, becomes bulky and heavy due
to its extensive equipment. The change in carrier platform options altered the require-
ments for the actuation system of the suction sampler. The new suction sampling
system needed to be compatible with various sizes of host ROVs, thereby expanding
deployment options and reducing the reliance on large, costly research vessels. Given
the significance of the Modular Mobility program in shaping these requirements, it
will be briefly introduced in the following sections. Subsequently, the developed
sample storage system and the different concepts for the robotic manipulator for
suction sampling will be presented.

3 Carrier Platform and Sample Storage System

This section introduces the new carrier platform and details the adapted sample
storage system. Both designs are informed by GEOMAR’s extensive expertise in
engineering systems for the exploration of deep-sea volcanoes.
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$
GEOMAR\ )

Fig. 1 The ASDDSA project aims to develop an innovative suction sampling system designed to
reduce the costs associated with deep-sea sediment sampling. The system comprises two main com-
ponents: a robotic manipulator, responsible for guiding the sampling tube, developed by the match
team (highlighted in green), and a sample storage system, developed by GEOMAR. Additionally,
GEOMAR will provide the carrier system (highlighted in blue), which houses the sample storage
system and serves as the mounting platform for the robotic manipulator. In this early concept sketch,
the envisioned carrier platform was the working-class ROV Kiel 6000 [7]

3.1 Modular Mobility: A Small-Scale Robotic Carrier
Platform

Within the GEOMAR internal development program Modular Mobility, we currently
develop a small to miniature ROV of less than 250 kg mass that will have a maximum
operating depth of up to 6000 m. This is achieved by tethering the vehicle to a bigger
towsled which is in turn connected to the host vessel. Thus, the ROV is only affected
by the dynamics of a 30 m long neutrally buoyant tether. This platform is ideally suited
for inexpensive access to actual, deep seafloor outcrops. At the same time, it provides
an ideal showcase of the scaleable approach we take in the design of our actuated
suction sampler technology that will not just serve big vehicles but especially small-
scale platforms such as Modular Mobility (Fig.2). The challenges for the ASDDSA
system are to minimize power consumption, volume, mass, and buoyancy anomaly of
the system, to keep the mode of operation as simple (and fault-tolerant) as possible,
while, at the same time, maximizing the number of samples taken. Ultimately, a
large number of samples translates to finer detail in the geochemical assessment of
seafloor deposits, especially in the case of vertically stratified volcanic outcrops.
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— buoyancy foam \

Fig.2 Functional sketch of the Modular Mobility ROV prototype including the suction and sample
storage system prototype underneath. The conduit is depicted schematically without the manipulator

3.2 Sample Storage System

The biggest challenge in the design of the entire conduit and sample container assem-
bly is the minimization of the risk for sample cross contamination, meaning there
must be no grooves or dead volumes in the conduit where sediment may get trapped.
At their rear end in the direction of suction, the segments contain a sieve of various
mesh size (1 mm down to 65 um) to contain the sample while every other segment is
left open without a sieve to facilitate flushing, but also to establish a steady flow of
sediment through the conduit before the revolver is advanced towards the next sieve
container. When not aligned with the conduit, the segments are hermetically sealed
by a top and a bottom plate that also act as a railing for the chain drive. The actuation
of the chain is realized by a single brushless DC motor which components have been
encapsulated with polyurethane resin to withstand the open exposure to the ocean
water. Both positioning, pump control and monitoring of the flushing and sampling
process is realized using miniaturized deep-sea cameras, i.e. through personal, visual
control. The motor control is relies on industrial subsea robotic components (e.g.,
Blue Robotics).

To generate the negative pressure necessary for the sampling system to collect
sediments, we implement the suction pump using a standard ROV thruster, acommon
practice in the design of many suction sampler systems. The thruster is mounted at
the end of the conduit assembly in a way that its exhaust acts as thrust towards
the sample location, i.e. the vehicle is not deflected by the operation of the pump.
Critically, this design allows for the reversal of the flow and thus the flushing with
fresh water in between samples, to avoid cross contamination. The sampler itself is
realized as a set of tube segments that are contained in a revolver chain assembly.
By varying length and geometry of the chain drive assembly, the number of sample
containers is easily scalable and adapts to a wide range of vehicle geometries (Figs.
3 and 4). The dimensions of 40 mm diameter by 60 mm length for the individual
segments are the result of an iterative practical experimentation campaign in which
we attempted to contain a volcaniclastic sediment sample suspended in fresh water
using a series of 3D printed sample container prototypes.
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PMMA frame

sample container

maltese cross drive

suction thruster

Fig. 3 An early design for integration into a working-class ROV featured a carousel revolver
approach, where individual sample containers were advanced using a discrete maltese cross drive,
inspired by a design from the Monterey Bay Aquarium Research Institute [8]. The drawback of this
design is its large diameter, requiring significant space on the host vehicle

suction thruster ————————————> A e fluid inlet

motor S P ‘ s p ——— transparent PMMA frame

sample container

Fig. 4 Schematic close-up of the revolver chain drive sample storage system, designed for inte-
gration into the Modular Mobility carrier platform, including the suction sampler pump and drive
motor assemblies

4 Robotic Manipulator for Suction Sampling

The design process of the manipulator for suction sampling began with the defi-
nition of specific requirements. Following this, an extensive investigation into the
current state of the art regarding deep-sea soft and continuum robots was conducted.
Based on the findings from this research, multiple design concepts were subsequently
developed.
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4.1 Requirements

The requirements for the actuation system were developed in collaboration with
expert users of the existing suction sampling system, currently integrated into the
Kiel 6000 equipment at the GEOMAR research center. The following section is
focused specifically on the mechanical design requirements, aligned with the current
status of research: Firstly, the system must be capable of operating at a depth of
6000m, necessitating a pressure-neutral design. Achieving this involves selecting
appropriate materials and manufacturing techniques to eliminate air pockets within
components. The system components must be adaptable in terms of dimensions,
configuration, and fabrication processes. External elements, such as motors, should
be selected from a range of scalable products to ensure compatibility with various
host vehicles. The design’s modularity must also facilitate easy access to components
susceptible to breakage. The entire system should be designed to achieve near-neutral
buoyancy, thus excluding the use of metal parts. To prevent environmental pollution,
alternative actuation approaches should be explored in place of traditional hydraulic
systems. The final design of the actuation system must match the length of the current
sampling tube, approximately 2-3m. It should also allow for sediment sampling
while the host ROV hovers roughly 1 m above the seafloor to minimize sediment
disturbance. Furthermore, the workspace must be situated within the camera’s field
of view, positioned at the top of the ROV, to ensure effective operation.

4.2 State of the Art: Underwater Continuum and Soft Robots

A similar concept of integrating soft materials or continuous robots with a deep-
sea remotely operated vehicle (ROV), illustrated in Fig. 1, was initially proposed
by Davies et al. in 1998 [9]. The authors envisioned attaching a soft robot akin to
an elephant’s trunk to a deep-sea ROV and equipping it with a camera to facilitate
exploration tasks requiring high dexterity. Even though this concept was not followed
up on by the authors since then, several other underwater robots made from soft or
flexible materials have since emerged: Phillips et al. introduced a soft robotic arm
specifically designed for handling delicate samples in deep-sea environments [10].
Li et al. developed an untethered soft robot inspired by a snailfish, capable of with-
standing the pressures of the Mariana Trench, marking a significant advancement in
deep-sea exploration technology [11]. The Eelume robot has been tested at depths
of up to 150 m. Although developers are working to improve its pressure resistance
for potential deep-sea deployment, its thruster system currently limits its ability to
effectively collect sediment samples [12]. Xue et al. presented a tethered, snake-like
manipulator designed for deep-sea applications. This system consists of seven joints,
each providing two degrees of freedom, granting the manipulator a high degree of
dexterity. However, the requirement of 14 motor systems results in a substantial size
for the actuation system [13].
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Despite the advancements in underwater soft robots and snake-like robots, there
remains, to our knowledge, no deep-sea suitable design specifically intended for
use as a manipulator for suction sampling. Current approaches predominantly focus
on grippers or untethered biomimetic robots, which often lack sufficient pressure
resistance to function effectively at depths beyond a few meters [14, 15].

4.3 Concepts

To meet the outlined requirements, a diverse array of concepts was derived from
existing literature and constructed for testing.

These structures range from soft material actuators and compliant continuous
structures to rigid hyper-redundant systems. Each approach offers unique character-
istics and potential advantages for specialized applications. Figure 5 illustrates the
various concepts and their current stages of development. Each concept begins as
a proof of concept. If successfully implemented, it progresses to a first prototype
and, with further development, aims to become a minimally viable product in the
near future. The different concepts will be described in more detail in the following
section.

4.3.1 Single Channel Soft Robotic Actuator

This prototype is a single-channel soft robotic actuator designed to bend in six direc-
tions using a low melting point alloy (LMPA) for switchable strain-limiting struc-
tures. It employs a single valve to actuate six hydraulic chambers distributed around
the circumference of the cylindrical silicone body. Three LMPA chambers allow the
actuator to lock in its bent state, enabling energy-efficient operation during deep-sea
suction sampling. The major advantage of using LMPA in water is its rapid cooling
capability in cold environments [16] (Fig. 6).

In the future, we plan to scale this proof of concept into a full-scale prototype.
To achieve this, adjustments will be made to the shape of the LMPA chambers. A
potential concern with the current design is that it might be too heavy to develop
into a full 2-meter-long actuation system. Alternatively, it may serve effectively as a
dexterous tip for the actuation system.

4.3.2 Bistable Mechanism with Torsional Origami-Inspired Actuators

This prototype addresses the concern that soft actuators alone are not sturdy enough to
form a long actuation system. Therefore, we paired soft actuators with a supporting
skeleton. The prototype consists of a simple bistable mechanism integrated into
the outer rigid shell. Each module includes three actuators arranged in a circular
formation and is designed for hydraulic actuation.
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Fig. 5 For the various prototypes, two types of actuation concepts were considered: seawater
hydraulic and tendon-driven designs. The structures and materials designed range from classic soft
actuators to compliant structures, and even completely rigid structures. Each concept was developed
into a proof of concept. If a concept proved feasible during this initial stage, it will now be developed
into a prototype. Concept a is derived from the classic silicone soft actuator and incorporates
additional strain-limiting channels filled with low melting point alloys (LMPA). In concept b, a
hybrid design is presented that combines origami-inspired soft actuators with a bistable mechanism.
Concept ¢ resembles a spring-loaded continuum robot featuring fiber-reinforced polymer springs.
The joint described in d is the only discrete joint developed and retains the damping characteristics
of a virtual rolling contact. Concept e is entirely rigid, composed of rotating angled cylinders, and
the rotation of these cylinders induces bending in the overall structure

Fig. 6 The single hydraulic
channel in this prototype
reduces the number of
necessary valves. Bending is
achieved by using chambers
filled with low melting point
alloy (LMPA). When the
LMPA is melted, the actuator
section can stretch, allowing
it to bend in the opposite
direction of the chamber
when the pressure in the
hydraulic chambers is
increased
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Fig.7 For this prototype, two types of bistable mechanisms were developed and tested by combin-
ing soft, origami-inspired actuators with a rigid, stabilizing shell. While these mechanisms proved
functional, manufacturing considerations led to the discontinuation of this concept. The numerous
small parts involved in the bistable mechanism made it impractical to scale up to the intended length
of the actuation system [7, 17]

In the first version, the bistable mechanism, shown in Fig. 7a, b, was inspired by
the mechanism of a pen. Although this type of bistable mechanism performed well,
its manufacturing required a high-precision 3D printer [7]. Additionally, the force
necessary to activate the bistable mechanism appeared to cause long-term damage
to the linear soft actuators.

For the second version, depicted in Fig.7b, c, we simplified the bistable mech-
anism to reduce manufacturing costs. It consists of a groove within the outer rigid
shell. Inside the groove, a pin is manipulated by the torsional origami actuator to
reach either the upper or lower stable position [17].

Overall, this concept proved to be too susceptible to failure due to dirt or impre-
cise manufacturing. Additionally, assembly was a concern because even the simpler
bistable mechanisms consisted of multiple parts that required assembly. For these
reasons the concept will not be followed up on.

4.3.3 Tendon-Driven Continuum Robot with Glass Fiber Reinforced
Polymer Springs

To find a middle ground between a compliant soft robot and a rigid structure, this
design resembles a classic tendon-driven continuum robot with a spring backbone
(Fig. 8). To avoid corrosion issues associated with metal springs, we aim to use springs
made from carbon or glass fiber composite materials. Manufacturing these springs
presented a significant challenge, as it typically requires specialized equipment.

To achieve low-cost production, we tested several spring designs and manufactur-
ing processes. The resulting springs are meander springs, as they can be manufactured
from fiber tubes, which eliminates the need for post-processing. In the resulting pro-
totype, three springs are arranged equidistantly. The actuation mechanism will be
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Fig. 8 This concept draws a)
inspiration from the e
traditional design of g

tendon-driven continuum
robots with a spring-loaded
backbone. Since
conventional springs cannot
withstand the corrosive
environment of the deep sea,
this design utilizes glass
fiber-reinforced polymer
springs. This not only makes
the system resistant to
corrosion but also reduces its
overall weight

tendon-driven [18]. With the option to now manufacture sufficiently good springs
this concept will be followed up on by assembling a full scale prototype in the next
step.

4.3.4 Tendon-Driven Virtual Rolling Contact Joint

The virtual rolling contact joint is the design closest to a traditional industrial robot,
as it allows for the assembly of a robot with discrete joints using rigid materials.
This design is particularly suitable for our current application because it enables the
sampling tube to be fed through the center of the joint.

Additionally, the joint’s damping characteristics help protect the ROV from sud-
den forces acting on the suction sampling system. The actuation is tendon-driven,
which allows for a centralized actuation system within the ROV. This centralization
reduces the need to pressure-proof individual motors located at the joints, simplifying
the design and enhancing its reliability [19]. After completing a prototype (Fig.9)
that has been successfully tested in water, we plan to combine multiple joints to
construct the complete actuation system.

Fig. 9 The virtual rolling
contact joint mimics the
motion of two touching
spheres, enabling a large
bending radius. This design
advantageously allows the
sampling tube to be centrally
positioned
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Fig. 10 This structure is
composed of angled
cylinders that can be rotated
relative to one another to
achieve bending. The design
is hollow, allowing the
sampling tube to pass
through the center of the
actuation system

4.3.5 Tendon-Driven Continuum Robot with Angular Rigid Joints

This design features a series of angled joints that enable the structure to flex when the
cylinders are rotated by tendon actuation, shown in Fig. 10. The use of rigid materials
enhances its robustness. However, it lacks the damping characteristics found in the
previously mentioned designs.

Nevertheless, the simple design can be manufactured and assembled with minimal
effort and it is lightweight and robust [20]. In the next iteration of this concept, the
joints will incorporate bearing spheres instead of 3D-printed surfaces to facilitate
smoother motion. Additionally, the routing of the tendons will be improved, as the
current configuration, positioned on the exterior of the structure, results in high
friction.

5 Conclusion and Future Work

With several options for the mechanical structure designed, the next step involves
developing the actuation and power supply systems, which are essential for operating
the prototypes outside of the laboratory environment. To minimize the size of the
actuation system, we are considering a binary approach. Literature suggests that this
approach could significantly reduce the number of sensors required to track the suc-
tion sampler’s configuration, thereby allowing for a very robust [21] and lightweight
structure [22]. Once the design of the suction sampling system is finalized, we aim
to test it in its intended application environment: the deep sea.
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Abstract At the 2025 Symposium on the Future of Soft Robotics in Hannover,
a group of international experts gathered for an insightful panel discussion. The
conversation addressed the significant challenges currently facing the field of soft
robotics and examined potential solutions. Helge Wurdemann facilitated the discus-
sion, while Annika Raatz, Perla Maiolino, Sabine Ludwigs, and Matteo Cianchetti
contributed their expertise as panelists (Fig. 1). Drawing from diverse backgrounds
including material science, engineering, and applied robotics, the panelists discussed
the current grand challenges, technological trends, emerging applications, and col-
laborative strategies shaping the future of the field. Their discussion emphasized the
importance of interdisciplinary convergence, the need for improved scalability and
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durability in soft systems, and the critical role of new functional materials such as
stimuli-responsive polymers and self-healing composites.

1 From Materials to Market Challenges in Soft Robotics

The initial part of the panel’s discussion centered on the evolving role of materials
in soft robotics. While early developments relied on simple elastomers, like poly-
dimethylsiloxane (PDMS), and commercially available silicones, like Ecoflex™ and
Dragonskin™, recent advances have introduced stimuli-responsive, self-healing, and
multi-functional materials. These materials now exhibit properties such as tunable
stiffness, environmental responsiveness, and embedded sensing capabilities.

This evolution faces several critical challenges that impede its widespread adop-
tion. Scaling presents a multifaceted problem - not just in physical dimensions (both
miniaturization and scaling up), but also in manufacturing reliability and production
volume. While soft robotic prototypes mostly function reliably in laboratory settings,
most soft devices currently lack the durability required for industrial deployment,
where thousands of repeat cycles are typically expected. To address these challenges,
automating the manufacturing process would be a crucial step forward.

Of course, scalability [...] involves not only dimensions but also
[...] reproducibility, endurance and quality.

Annika Raatz

Fig. 1 Participants in the panel discussion from left to right: Annika Raatz, Sabine Ludwigs, Perla
Maiolino, Matteo Cianchetti, Helge Wurdemann
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Materials that perform well in controlled environments often degrade or change
properties over time in real-world conditions, affecting consistency and reliability.
Meanwhile, the field suffers from “overselling,” where researchers use buzzwords
and make promises that raise unrealistic expectations. This creates a problematic
hype cycle where, as one participant noted, people begin asking “where are the
applications?” before the fundamental challenges have been adequately addressed.

The literature is full of buzzwords like artificial muscles [...] which
raises of course the expectations of their applicability. However,
there are still a number of issues to be addressed to really mimic
natural systems, such as an octopus or human motion.

Sabine Ludwigs

These interconnected issues require both focused application development and
continued fundamental research to bridge the gap between laboratory demonstrations
and practical implementation.

2 The Unique Appeal of Soft Robotics Where Freedom
Meets Function

The panelists unanimously emphasized that the soft robotics community has become
a melting pot for interdisciplinary research. Initially a niche, the field now draws
together mechanical engineers, chemists, material scientists, neuroscientists, and
control theorists. Soft robotics has become an integral part of the broader robotics
conversation. This is evident through the rising number of publications on innovative
soft material robots and specialized journals like “Soft Robotics.” Major conferences,
such as ICRA and IROS, now include dedicated sessions on soft robotics, and the
IEEE International Conference on Soft Robotics was established in 2018, underscor-
ing its growing significance in the field. This convergence has broadened not only the
scientific toolkit but also the intellectual framing of the field. Materials chemists now
co-author projects with roboticists, and engineering labs increasingly train students
in soft material synthesis. The shared sentiment was that disciplinary openness has
become a cornerstone of progress.

What makes soft robotics truly special and amazing is its remarkable ability to
break free from traditional constraints of robotic design while creating new possi-
bilities for human-machine interaction. Unlike conventional robotics with its rigid
structures and predefined movements, soft robotics embraces flexibility, compliance,
and adaptability inspired by biological systems like octopuses and elephant trunks.

Soft robotics gives us the opportunity [...] to explore things that we
were not thinking could be achievable.

Perla Maiolino
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Softrobotics represents a paradigm shift that allows researchers to become creative
with designs that were previously unimaginable. This interdisciplinary field brings
together diverse expertise from materials science, biology, mechanical engineering,
and medicine, fostering innovation through collaboration.

What makes soft robotics so amazing is that traditional robotics
comes from mechanic engineering, electrical engineering and
informatics and now we have material science, neuroscience [...]
and so many other disciplines coming together in this field,
broadening our view [...].

Annika Raatz

What makes this community so great is that the topic is versatile
and new, it is attracting many talented people.

Matteo Cianchetti

While still facing challenges in sensing, durability, and scalability, soft robotics
excels in applications requiring gentle interaction with delicate or irregularly shaped
objects, from medical devices that safely interface with human tissue to grippers that
can handle delicate agricultural products. The beauty of soft robotics lies in beyond
in mimicking nature—it lies in understanding fundamental principles that allow us
to develop entirely new capabilities that expand what robotics can achieve.

3 The Evolving Applications of Soft Robotics From
Grippers to Artificial Organs?

Current applications of soft robotics are primarily centered around manipulation and
grasping, with grippers being the most developed “low-hanging fruit” technology
that’s seeing commercial adoption in areas like food automation. However, the panel
experts suggest that soft robotics should not be viewed as a standalone field but
rather as becoming integrated into robotics as a whole, where softness is applied
when beneficial.

We will not get rid of stiff or rigid robots. [Soft Robotics] will find
its niche. The soft robotics community [...] will be integrated into
the general field of robotics, so [...] soft robots and traditional
robots will no longer be distinguished.

Annika Raatz

Future applications show promise in healthcare (though with longer development
timelines due to regulatory requirements), deep-sea exploration, wearable technolo-
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gies, and potentially artificial organs. The experts emphasize that while application-
driven research is important for advancing technology readiness levels, the field

shouldn’t abandon curiosity-driven fundamental research.

Soft robotics is not a religion. We need to see what the real need is.

Matteo Cianchetti

Researchers should be pragmatic about when soft approaches are appropriate
versus traditional rigid systems. The consensus seems to be that rather than seeking a
single “killer application,” soft robotics will likely find success in specialized niches
where compliance, safety in human interaction, and adaptability to unstructured
environments are essential.

I don’t see that there is a single killer application. I think that soft
robotics becomes part of robotics in the sense that [...] when you
need to interact with humans you need to provide safety and
compliance.

Perla Maiolino

The field of soft robotics faces fundamental challenges in materials development,
sensing capabilities, control systems, and scaling from laboratory prototypes to real-
world applications. In fact, soft robotics could transform fields ranging from medical
devices to environmental monitoring to industrial automation, but the community
needs sustained support to consolidate its exploratory work into practical, reliable
systems that can meet the high expectations currently placed on the field.

We are not limited by applications, it’s just a matter of technology
advancement. We really need time and money.

Matteo Cianchetti

4 The Future of Soft Robotics

The future of soft robotics lies at the intersection of multiple disciplines working
in harmony rather than in isolation. As highlighted throughout the panel discussion,
promising advances can emerge when roboticists collaborate closely with mate-
rial scientists, biologists, medical professionals, and engineers from diverse back-
grounds. This interdisciplinary approach is not merely beneficial but essential.

Communication and continuous interaction between experts on
diverse fields is absolutely phenomenal.

Matteo Cianchetti
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A prominent example of interdisciplinarity is the advancement of novel materials,
which is expected to be critically important. According to Sabine Ludwigs, stimuli-
responsive materials, which have the ability to both sense and actuate, hold significant
transformative potential.

We can tailor materials that are self-healing [...] and
biodegradable. [...] The vision would be sensing and actuation in
one system by using smart and stimuli responsive materials [...].

Sabine Ludwigs

The panel consensus suggests that soft robotics will not replace traditional rigid
robots but will find valuable niches—in particular, healthcare, human-robot interac-
tion, and environments requiring gentle manipulation of irregular objects. As these
technologies mature beyond the current exploration phase into consolidation, we
will see soft robotic components increasingly integrated into mainstream robotics,
creating hybrid systems that combine the best aspects of both rigid and compliant
structures.

The panel concluded on an optimistic but measured note. Soft robotics continues
to evolve as a richly interdisciplinary, inventive, and impactful field. The community
is aware of its limitations and actively working to overcome them. Most importantly,
the spirit of collaboration—across domains, institutions, and continents—was seen
as the field’s greatest strength.
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