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Abstract: Enhancing contact compliance and task flexibility is essential for expanding the
real-world use of robotic systems. This paper presents a modular collaborative robot system
that combines antagonistic actuation with hybrid soft-rigid variable-stiffness components,
including a modular variable-stiffness bending joint (mvsBJ), a modular variable-stiffness
rotational joint (mvsRJ), and a modular variable-stiffness link (mvsL), supported by an
integrated control framework.

Experimental characterisation shows that the mvsBJ achieves a 55.96° bending range and
nearly threefold stiffness variation, from 9.16 to 24.72 Nm/rad, through fluidic pressure
adjustment. The mvsRJ achieves 145° bidirectional rotation.

The platform is benchmarked across repeated trials in healthcare assistance and industrial
support scenarios. In an assistive feeding task, a 3-DoF RBBL configuration operates in a
low-stiffness mode, maintaining bounded force-tracking variation with mean error drift below
0.16 N. Collision tests across 40-60 mm/s show peak interaction forces increasing predictably
from 3.93 N to 5.38 N. In an industrial chamfering task, the 2-DoF RB configuration achieves
pressurised rigidity comparable to a conventional mechanical workbench.

These results demonstrate plug-and-play reconfigurability with reliable adjustable
compliance, providing a novel architecture for diverse physical human-robot collaboration
applications.
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1. Introduction

In recent years, lightweight robots designed to collaborate with humans - commonly known as
collaborative robots (co-bots), - have seen significant adoption across diverse domains -],
For example, in industrial production, co-bots have played a pivotal role in facilitating the
implementation of Industry 4.0, assisting workers in tasks such as material handling and
assembly.’! Beyond industry, they are increasingly used in everyday services to automate
routine activities, improving both efficiency and convenience.* During the COVID-19
pandemic, for instance, a substantial number of co-bots were deployed as autonomous
sampling devices to ensure the safety of healthcare personnel by reducing exposure risks.!>*!
In research environments, co-bots are often integrated into experimental setups, contributing
to the automation of experiments.l”) A major factor driving the widespread adoption of cobots
in these areas is their exceptional focus on ensuring human safety, especially when compared
to traditional robots.[®! This focus on safety enables close human-co-bot interaction in the

workspace, promoting effective and efficient collaboration.

Contemporary co-bots are predominantly motor-driven, with safety ensured through a range
of sensors — such as force/torque sensors, and distance sensors - and complex control
algorithms.!'”) However, the complexity of these safety measures introduces the potential for
failure due to uncontrollable factors, which could compromise human safety.!''! Additionally,
while high degrees of freedom allow for more flexible motion paths they also increase the
cost and control complexity of co-bots. 2! In some applications only low degrees of freedom
are necessary to complete tasks effectively. Therefore, enabling easy configuration of a co-
bot’s structure — such as adjusting its degrees of freedom or size — according to task-specific
requirements can significantly enhance their efficiency while reducing both cost and control

complexity.

In the current landscape of co-bot research, a wide range of software- and hardware-based
safety measures have been proposed. On the software side, methods such as impedance
control 37151 and software-based automatic safety controllers (ASCs) ['®) have been
introduced to reduce stiffness or halt robot motion in emergencies. However, these methods
depend heavily on algorithms and sensors, which are prone to occasional failures or
malfunctions — posing safety risks that must be carefully managed. From a hardware
perspective, developing components that can directly alter stiffness has proven to be a more

[22-28

robust solution. Various stiffness-variable joints [!”2!] and stiffness-variable links I have
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been developed, allowing stiffness to be adjusted by limiting the stiffness of joints or links,
thereby reducing the potential for injury during system failures. Yet, current stiffness-variable
components often rely on metal elastic components, such as springs and leaf springs, which
results in excessive overall mass and volume. This is not conducive to achieving safer human-
robot interaction. To address these limitations, researchers have begun incorporating soft
components for stiffness modulation.[**331 Soft actuators, for instance, have been proposed
and integrated into robot arms."**) However, soft materials introduce challenges such as
nonlinear behaviour, hysteresis, and buckling,?’*!! along with limitations in load-bearing
capacity.[**] Therefore, finding the right balance between the advantages and disadvantages of
soft materials is a significant challenge. In the realm of modular design, extensive research
has demonstrated that modularity and reconfigurability can provide robots with unique
flexibility and improved efficiency [**#"). Applying this design philosophy into co-bot design
offers the potential for customizable, task-specific configurations, further improving their
flexibility and efficiency in diverse environments. Stiffness modulation in compliant and soft
robotics can be achieved through various state-of-the-art approaches, notably material-phase-
transition technologies, granular/layer jamming mechanisms, and antagonistic actuation
structures. Jamming mechanisms, for example, offer effective ways to dynamically alter the
rigidity of grippers or joints by compacting localized sheets or particles under vacuum or
positive pressure. Alternatively, drawing inspiration from biological systems like the human
musculoskeletal apparatus or the muscular hydrostats of an octopus arm, antagonistic fluidic
actuation utilizes opposing active chambers to modulate joint impedance without relying on
hard state transitions. This principle has been successfully incorporated into advanced hybrid
soft-rigid platforms, such as those presented by Chen et al. [*8], who developed reconfigurable
components combining soft muscle elements with mechanical frameworks, and the extensive
research by Manti et al. [*! and the Sant'Anna group 1*°>?! on integrating compliant elements
into rigid joints for safer interaction. A notable commercial implementation of fluidic
antagonistic actuation is the Festo BionicCobot 13!, While the BionicCobot utilizes double-
acting pneumatic vane actuators to mimic human arm motion, it relies on a fixed, non-
reconfigurable structure with permanent exterior lines. Our system advances this paradigm by
offering fully modular, plug-and-play components. By embedding a multi-channel pressure
bus directly within universal mechanical interfaces, our design allows users to customize
degrees of freedom (DoF) on-demand while avoiding external line clutter, mirroring early
flexible pneumatic designs like the multi-DoF actuator proposed by Bao et al. °*!, but with the

added layer of structural modularity.
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To better position this work within the state of the art, the proposed framework is explicitly
benchmarked against these existing modular, soft, and variable-stiffness robotic technologies.
Traditional variable-stiffness robots typically rely on rigid metallic components, such as leaf
springs or rotary flexures, which inherently increase system mass and volume, limiting safe
human-robot interaction. On the other hand, while fully soft robotic architectures offer
compliance, they frequently suffer from low payload capacity and structural buckling under
load. Our hybrid rigid-soft approach bridges this gap by leveraging standardized rigid
skeletons for structural alignment alongside antagonistic soft fluidic chambers for active
stiffness modulation. Crucially, unlike conventional modular soft robots that necessitate
complex external tubing networks for each added module, the co-bot developed in this study
embeds a continuous, standardized 10-channel internal pneumatic pathway through universal
mechanical adapters. This architecture allows for rapid, seamless plug-and-play topological
reconfiguration while consistently sustaining uniform pressure distribution across high-DoF
assemblies, enabling the system to comprise stiffness-variable bending joints, stiffness-
variable rotational joints, stiffness-variable links, and flexible end-effectors without the need
for external tubing between modules (see Figure 1A). Inspired by the shared biological
mechanism of muscle antagonism, all components can actively modulate stiffness through
fluidic regulation. This structural modularity allows users to flexibly select component types
and quantities according to specific task requirements, thereby facilitating the construction of
customized, task-specific co-bot configurations that significantly enhance operational

efficiency while reducing global system costs, as illustrated in Figure 1B.

To validate the advantages of the proposed reconfigurable co-bot system, two representative
application scenarios were implemented, highlighting its unique flexibility and wide range of
variable stiffness, as depicted in Figure 1C. The first scenario focuses on healthcare
assistance, where a three-degree-of-freedom (3-DoF) co-bot delivers food from a table to a
position near a patient’s mouth. This configuration allows a patient with limited mobility to
manually guide the end-effector and feed themselves. Operating in an intrinsically low-
stiffness mode, the co-bot ensures safe and intuitive physical interaction, making it
particularly suitable for delicate healthcare tasks. The second scenario demonstrates industrial
assistance, where a two-degree-of-freedom (2-DoF) co-bot securely holds a workpiece,
effectively functioning as a reconfigurable and compliant workbench. When operating in a

high-stiffness mode, the co-bot provides sufficient rigidity to support tasks such as
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chamfering or assembly, achieving performance levels comparable to those performed on a
traditional fixed workbench. Furthermore, its ability to autonomously reorient the workpiece
enhances operational flexibility and reduces manual workload. Together, these two scenarios
underscore the co-bot’s adaptability across diverse application domains, seamlessly

integrating safety, flexibility, and functionality in both healthcare and industrial environments.

2. Results

2.1. Modular variable stiffness components

2.1.1. Modular stiffness variable bending joints (mvsBJs)

Drawing inspiration from the human musculoskeletal system, we present a novel design for
modular stiffness-variable bending joints (mvsBJs) based on the antagonistic actuation
principle. The mvsBJ (as shown in Figure 2A) features a rigid central hinge, analogous to the
human skeleton, flanked by two semi-circular, fibre-reinforced silicone rubber chambers that
mimic muscle function. The rigid hinge serves as the rotation centre and constrains the axial
direction of the soft chambers, ensuring controlled bending. To concentrate the actuation
forces to drive bending motions at the hinge, a discrete reinforcing band, fabricated by
winding a high-strength fibre thread continuously in a helical fashion around the exterior wall,

is utilised to limit radial expansion while maintaining high axial bending flexibility.

The joint achieves bending by selectively inflating one chamber, which produces a
commanded bending angle. When both chambers are inflated simultaneously, the opposing
forces generated by the chambers interact antagonistically, enabling precise control of joint
stiffness. This mechanism closely resembles the human musculoskeletal system, which
modulates stiffness to adapt to varying operational demands: achieving higher stiffness for
tasks requiring accuracy or heavy payload handling and reducing stiffness for safe and
compliant interactions. To support modular integration, the joint design incorporates fully
embedded pneumatic channels and universal modular adapters at both ends, facilitating rapid

connection with other robotic components.

Based on the above design concept, we fabricated, modelled and characterized an mvsBJ
prototype (as shown in Figure 2B). By applying the dimensions of the mvsBJ prototype to the
analytical model, we derived the bending angle curve under the different actuation pressure
APy, (as shown in Figure 2C). The physical prototype characterisation shows the mvsBJ

prototype achieved 55.96 degrees of movement in each direction by controlling the actuation
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pressure APy, which aligns with the results from the modelling. Furthermore, the stiffness
variation characterisation results (as shown in Figure 2D) exhibited about threefold stiffness
variation by controlling the pressure PS (i.e. from 9.16 to 24.72 Nm/rad), confirming the

effectiveness of the antagonistic actuation principle for stiffness control.

2.1.2. Modular stiffness variable links (mvsLs)

In line with the mvsBJs, modular variable stiffness links (mvsLs) are designed to achieve
stiffness control based on the antagonistic actuation principle. The mvsL features a cylindrical
inner layer constructed from silicone rubber and an outer reinforcement layer made from non-
stretchable fabric as shown in Figure 3A. Unlike the helical band thread used in the bending
joints, this reinforcement layer consists of a continuous sheet of non-stretchable woven fabric
wrapped completely around the cylinder. When the inner pressure of the silicone cylinder is
increased, the resulting expansion is securely constrained by this outer reinforcement layer,
creating a counteracting force that significantly enhances the global stiffness of the link
without shifting its central axis. This stiffness variability allows the mvsL to adapt to different
task requirements. In high-stiffness mode, it supports high-precision manipulation or heavy-
load tasks; in low stiffness-mode, it facilitates safe, compliant interaction or flexible
adaptability. To enable universal modularisation, the design integrates embodied pneumatic
channels and universal modular adapters at both ends as well, facilitating rapid and seamless

connection with other robotic components.

To validate this concept, we fabricated two mvsL prototypes with lengths of 150 mm and
100 mm (shown in Figure 3B), respectively, and characterized their tip deflection under
varying tip loads (0 to 16 N) and internal tuning pressures (0 to 1 X 10> Pa). The quantitative
evaluation metrics are distinctively illustrated in Figure 3C (for the 150 mm link) and

Figure 3D (for the 100 mm link). The results demonstrate that increasing the inner pressure
significantly reduces tip deflection across all loading profiles, formally confirming the high-
efficiency stiffness modulation capability of the design. For instance, under the maximum
extreme load of 16 N, the 150 mm mvsL prototype operating at baseline unpressurized
conditions exhibited a pronounced deflection; however, when the internal pressure was raised
to a maximum of 1.00 X 10° Pa, the maximum tip deflection was securely suppressed to a
minimum boundary of 18.85 mm. In comparison, under the identical 16 N load condition, the
shorter 100 mm mvsL prototype demonstrated a drastically enhanced structural rigidity,

effectively limiting its maximum end deflection to a mere 6.725vmm at full pressurization.
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This scaling phenomenon confirms that shorter mvsL structures inherently exhibit greater
baseline stiffness under equivalent pneumatic and load inputs. Overall, these empirical
findings quantitatively prove that the proposed mvsLs can successfully achieve a rapid,
reversible switch between high-stiffness and low-stiffness modes, aligning tightly with the

targeted design objectives for tasks flexibility and contact compliance.

2.1.3. Modular stiffness variable rotation joints (mvsRJs)

While the mvsBJs can achieve two-dimensional (X and Y axes) motion capability by altering
their assembly direction, enabling three-dimensional motion capability for the co-bot system
requires a joint capable of rotation around the Z-axis. To address this, we developed modular
variable-stiffness rotational joints (mvsRlJs), extending the same antagonistic actuation and
modular design principles used in the mvsBJs, but replacing the hinge with a rotational shell

and plate mechanism as shown in Figure 4A.

The mvsRJ is actuated by two bellow-shaped, fibre-reinforced silicone rubber chambers. The
expansion of each chamber independently drives the rotational plate to achieve rotation in
opposite directions, while simultaneous inflation of both chambers increases the stiffness of
the joint as shown in Figure 4B. As with other components, the design incorporates fully
integrated pneumatic channels and universal modular adapters to facilitate modular assembly

with other system elements.

We fabricated an mvsRJ prototype and characterised its rotational performance. As detailed in
the experimental actuation map in Figure 4C, the relationship between the dual-chamber
fluidic pressures Prjand Pr2) and the resulting rotational deflection (6,.) is mapped
comprehensively. The results indicate that the mvsRJ can achieve a maximum clockwise or
anticlockwise rotation angle of 72.42°per chamber, yielding a total bidirectional rotation
range of 145° under an actuation pressure of 2 bar. The contour distributions further reveal an
asymmetric angular boundary that is highly dependent on the pressure combinations of the
two antagonistic chambers, validating its capacity to function reliably within the co-bot

system.

2.1.4. Prototype family and co-bots with different configurations
To construct the complete co-bot system, we fabricated a prototype family (Figure 5A)

comprising two mvsBJs, two mvsRJs, and two mvsLs. These prototypes include a total of 10
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integrated pneumatic channels, enabling the assembly of up to four joints and two links to
form co-bots with various configurations. As demonstrated in Figure 5B, based on the fabricated
prototype family, we successfully built five co-bot prototypes of different topologies - namely
BRBRL, RRRBL, RBRBL, RBBL, and RB - which span across 2, 3, and 4 degrees of freedom
(DoFs). These physical implementations highlight the system's structural modularity and

adaptability, allowing co-bots to be tailored to diverse tasks and operational requirements.
2.1.5 Modular design for modules and internal pressure channels connection.

To facilitate continuous reconfigurability without external fluidic entanglement, a
standardized and self-contained mechanical-pneumatic coupling framework is implemented
across all modules as shown in Figure 6. All modular bending joints (mvsBJs), rotational
joints (mvsRJs), and links (mvsLs) are equipped with universal mechanical adapters featuring
precision male and female concentric interfaces of identical diameter to enable
straightforward axial coupling. To secure this mechanical connection, each component
integrates evenly distributed bolt—nut ports around both interfacing faces. These ports serve a
dual functional purpose: (i) ensuring precise structural alignment and angular orientation
during topological assembly, and (i1) applying a controlled, uniform compressive clamping
force that deforms localized rubber O-rings embedded within the interface tracks, establishing

an airtight pneumatic seal capable of safely withstanding operating pressures up to 2 bar.

To support flexible reconfiguration and guarantee uninterrupted pneumatic continuity, each
module is equipped with the full set of N internal pressure channels, where N is the maximum
number of channels needed by any co-bot configuration. In this work, we standardize N =

10, as visualized by the blue pneumatic lines in Figure 6. These channels are routed through
every module regardless of whether a particular module utilizes all of them. At the system
base, a pneumatic hub houses quick-connect air tube fittings that interface with all N
channels. The hub itself features a male modular adapter, allowing direct connection to other
components in the stack. As a result, the full assembly maintains up to 10 uninterrupted
pneumatic pathways across all components. Each actuatable chamber in the co-bot can be

assigned a dedicated channel, avoiding supply conflicts between modules.

To determine the minimum number of pneumatic channels N,,;, required for a specific co-bot

configuration, we define:
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Nopin = 2Ng + 2Ng + N, + N
where Ng, N, N;, and N denote the numbers of mvsBJ mvsRJ mvsL, and end effectors,
respectively. This modular routing and standardization strategy enables scalable and

reconfigurable co-bot design.

2.2. Healthcare Scenario: Co-bot RBBL for Feeding Assistance

The first application scenario focuses on healthcare assistance, specifically supporting bed-
bound patients during feeding as shown in Figure 7A. These patients often experience limited
upper limb mobility, making it difficult to reach food placed on a table beside the bed. In such
cases, a co-bot assists by retrieving food from the table and bringing it close to the patient’s
mouth. By maintaining the co-bot's stiffness at a low level, the patient can easily adjust the
position of the food with minimal force applied to the end-effector, guiding it into their mouth
with little effort. Importantly, the co-bot’s low stiffness minimizes the interaction force in the
event of an unexpected obstacle along its path, ensuring that any collisions do not cause a
significant impact or interrupt the food-delivery process. This feature enhances the safety of

the system, providing the patient with highly secure and reliable assistance during feeding.

To simulate this scenario, we created a representative feeding testing environment as shown
in Figure 7B. The 3-DoF RBBL configuration was strategically chosen based on a
comprehensive kinematic trade-off between workspace reachability, control simplicity, and
interaction compliance. Fundamentally, the bedside feeding task represents a three-
dimensional spatial positioning challenge, requiring the end-effector to navigate a 3D
coordinate trajectory from a bedside platform to a patient's mouth. To govern this 3D position,
a minimum of 3 degrees of freedom (3-DoF) is strictly required. Considering the structural
joint limits of individual modules, the RBB joint layout represents the most concise topology
available within our modular framework that fully satisfies these spatial accessibility
requirements. Utilising higher-DoF assemblies (such as 4-DoF topologies) would introduce
redundant kinematic complexity and increase global system mass without offering functional
advantages. Additionally, as verified by the workspace simulation envelopes, this specific
modular stack yields a vertically extended volume that perfectly matches the bedside
trajectory profile. By prioritising the flexible link (L) and a bending joint (B) at the distal end,
the configuration explicitly concentrates the system’s inherent mechanical compliance at the
primary user-interaction zone, ensuring that the patient can manually adjust the end-effector

with minimal guiding forces.
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During the feeding sequence, the co-bot follows a pre-defined trajectory planned by the
proposed control framework. Upon delivery, the patient holds a handle attached to the end-
effector and guides the food to their mouth. A force/torque (F/T) sensor integrated into the
handle records the contact force throughout the process as shown in Figure 7D, indicating the
amount of effort required by the patient to consume food with the co-bot’s assistance.
Concurrently, the actuation pressure in each joint is monitored by the regulator’s feedback
system as shown in Figure 7C. To provide a rigorous statistical evaluation, the feeding
experiment was executed across five independent repeated trials (n = 5), with the resulting
pressure and multi-axis force profiles plotted as the statistical Mean curve enclosed within a
continuous Standard Deviation (£ SD) shaded error band (Figure 7C and 7D). The re-
processed quantitative data show that the statistical maximum peak contact force during the
food-picking phase reaches 3.63 N along the Z-axis, 2.42 N along the X-axis, and 1.20 N
along the Y-axis. Once delivered, the patient manually waves the fork within a localized zone
to guide the food. The recorded continuous force profiles across the X, Y, and Z trajectories
demonstrate highly bounded tracking variations, maintaining minor steady-state mean error
drifts of only 0.14 N, 0.09 N, and 0.16 N, respectively. These extremely low force thresholds
confirm that the co-bot’s low-stiffness adaptation minimizes patient effort and maximizes

collaborative comfort.

To further investigate system safety across a wider range of operating conditions, we
simulated potential accidental collisions (as shown in Figure 8A) by manually introducing
obstacles along the co-bot's movement path at three distinct baseline execution velocities: 40
mm/s (Figure 8C), 50 mm/s (Figure 8D), and 60 mm/s (Figure 8E), with each velocity regime
subjected to five independent repeated trials (n = 5). As shown in the physical sequence in
Figure 8B and the consolidated multi-axis timelines (Mean + SD shaded bands) in Figures
8C—8E, the robot's localized velocities and peak impact forces were explicitly mapped. The
empirical results delineate a clear velocity-dependent safety correlation: as the base
operational speed scales up (triggering local acceleration peaks up to 68 mm/s during rapid
segments), the recorded maximum contact forces predictably increase. Specifically, the peak
interaction force during food retrieval increases from 3.93 N at 40 mm/s, to 4.82 N at 50
mm/s, and reaches 5.38 N under the 60 mm/s configuration, while the global mean tracking
variations across all trials remain well below 0.18 N. Crucially, after the obstacles were

removed, the food delivery process seamlessly continued and was completed without
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interruption. These tightly bounded contact force results confirm that the proposed co-bot
system does not generate dangerous impact forces or disrupt the operational flow even during
high-speed accidental collisions, mathematically proving the excellent passive compliance,
repeatability, and intrinsic safety of the variable-stiffness framework for sensitive healthcare

environments.

2.3. Industrial Assistance Scenario: Co-bot RB for Chamfering Workpiece Holding
The second application scenario involves an industrial task - chamfering assistance - where
tools are operated with both hands, and workpieces must be securely held in various
orientations. This setup requires a support system that offers high stiffness and adjustable
orientation. Our co-bot addresses these requirements using a low DoF configuration that
offers exceptional variable stiffness capabilities. To demonstrate this, we conducted a
chamfering process where the co-bot held a workpiece made from Though 2000 material
resin, 3D-printed for this purpose. This allowed us to manually operate a rasp while

simultaneously adjusting the orientation of the workpiece.

To assess the co-bot prototype’s ability to effectively assist workers in completing the
chamfering process, we recorded both the contacting force and the fluctuation of the
workpiece using an F/T sensor and the NDI motion tracking system. We then inspected the
chamfering quality of the workpiece by evaluating the parallelism and the lengths of the two

legs in both chamfering triangles.

As shown in Figure 9A, a co-bot, specifically designed for tasks requiring high stiffness and
orientation-changing capabilities, constructed using an mvsBJ and an mvsR]J, is introduced to
perform chamfering in this industrial application. The chamfering quality requirements
include a leg length of 1 mm and a chamfering angle of 45 degrees. An F/T sensor is
embedded between the workpiece and the co-bot tip to detect the contacting force during the
chamfering. Additionally, to monitor workpiece deflection during chamfering, an NDI Aurora

tracker is integrated at the base of the workpiece.

A total of five manufacturing support scenarios were comprehensively evaluated under
explicit pneumatic boundary conditions to assess the workpiece holding capability. The four
co-bot testing states represent an orthogonal combination of two discrete operational

orientations (04, 0,) and two stiffness modes (0; — S;,0; — S, 0, — S;,and 0, — S,). In the
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baseline orientation state (0, ), the joint motion actuation pressures were maintained at

APBJ = APR® = 0 bar (0 Pa). Under the 0; — S;condition, the stiffness-regulating pressure
was also set to P, = 0 bar, while under the 0; — S,condition, P, was pressurized to

1.0 bar (1.0 x 105 Pa) to actively stiffen the joints through antagonistic fluidic equilibrium.
Conversely, in the reoriented state (0,), the joint actuation profiles were incremented to a
constant displacement pressure of APB/ = APR/ = 1.0 barto rotate and bend the workpiece
into the second working posture. The corresponding stiffness mode was evaluated at P, =

0 bar (for O, — §,) and subsequently at P, = 1.0 bar (for O, — S,). For comparison, the fifth
benchmarking scenario utilized a conventional mechanical bench vice. The precise tracking
deflection waveforms and multi-axis contact force results during the chamfering cycles are

systematically detailed in Figure 9B.

For comparison, the same workpiece was clamped in a bench vice, and the chamfering
process was repeated while recording deflection and contact force. In each chamfering
scenario, six chamfering motions were performed to complete the process. The workpiece
position data is presented in Figure 9B, with X, Y, and Z values represented by blue, orange,
and yellow curves over time. Detailed deflections for each chamfering action are shown in the
five zoomed-in regions. Contact forces in the X, Y, and Z directions are displayed separately

in Figure 9C.

The co-bot's stiffness in the X, Y, and Z axes during each chamfering action was calculated
based on the measured contact forces and deflections, as summarised in Figures 4D and 4E.
This data reflects the co-bot’s and bench vice’s capabilities in securing the workpiece.
According to the box plots, increasing the stiffness pressure P significantly improved the co-
bot’s stiffness in the X and Y directions, reaching levels comparable to the bench vice when
P, =1 in both orientations. In contrast, increasing P, had little effect on stiffness in the Z
direction for orientation one, as it primarily depends on the co-bot’s structural stiffness.
However, in orientation two, Z-axis stiffness nearly doubled with increased P. Nonetheless,
the bench vice maintained the highest stiffness along the Z axis. Notably, the bench vice
exhibited lower stiffness in the X direction due to the round base of the workpiece, which
hindered steady clamping in that axis. Overall, these results suggest that the co-bot designed
for chamfering tasks provides a similar workpiece fixation capability to the traditional bench

vice.
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Additionally, we conducted a chamfering quality inspection to evaluate the co-bot's
effectiveness in the process. An image of the chamfer was processed in MATLAB, where the
Hough transform, algorithm was used to detect the chamfer edge, and the corresponding
quality parameters were calculated. The parallelism of the chamfer was measured at

0.036 mm, with a leg length difference of 0.04 mm, resulting in a chamfering error of less
than 4%. The results confirm that the co-bot can maintain the necessary stiffness and
positional stability, effectively supporting the completion of a precise and high-quality

chamfering operation.

3. Discussion

In this paper, we propose a modular and variable-stiffness co-robot system. Using the
proposed design and fabrication process, we produced three mvsBJ, three mvsRJ, and two
mvsL prototypes, incorporating ten internal actuation channels. Each prototype was then
characterized. The mvsBJ prototype achieved 55.96 degrees of movement in each direction by
controlling the actuation pressure AP, and exhibited a threefold stiffness variation by
controlling the pressure P;. The mvsL prototype showed a deflection of 6.72 mm with a length
of 100 mm and 18.85 mm with a length of 150 mm. Additionally, the mvsRJ prototype
achieved a 145-degree rotational angle by adjusting the actuation pressure AP,. A control

device was also developed to regulate the actuation pressure for the co-bot system.

Next, all potential configurations constructed from the produced components were analysed in
a MATLAB simulation environment using the D-H matrix. As a result, three specific
configurations - RRRBL, RBRBL, and BRBBL - were selected for stiffness evaluation,
confirming that pressure P; effectively modulates the co-bot’s overall stiffness, although

different configurations exhibit distinct characteristics.

Subsequently, an open-loop control framework was developed, accounting for configuration,
load, self-gravity, and stiffness, to control the end-effector’s trajectory using the MATLAB

Robotics System Toolbox. The three selected co-bot configurations were actuated to follow

both circular and straight trajectories. Crucially, the global statistical repeatability, geometric
boundary compliance, and operational robustness of the reconfigurable co-bot platform were
comprehensively synthesized across five independent experimental trials (n = 5) under varied
dynamic constraints. As systematically demonstrated by the coupled multi-axis tracking data,

the proposed pressure-dependent compensation control framework introduces exceptional
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inter-trial stability. The statistical Mean trajectories remain tightly enveloped within
continuous Standard Deviation (= SD) shaded error bands, successfully restricting steady-
state position drifts and mean error variations to a localized precision threshold of less than
0.16 N in force feedback and tight spatial coordinates during user-guided tracking.
Concurrently, evaluation of the absolute geometric error distributions confirms that the
system maintains robust path tracking predictability even when subjected to severe external
disturbances. Under a heavy 500g terminal payload, the vertical Z-axis deviations of the 3-
DoF BRBBL configuration are strictly bounded within + 2 mm, while the interquartile spatial
error tracking bands for the complex 4-DoF RRRBL circular loop maneuvers remain securely

locked within + 4 mm.

Beyond baseline kinematic accuracy, the statistical synthesis of the healthcare application
scenarios delineates a critical, velocity-dependent physical safety law. As the baseline
execution velocity scales up across three distinct testing regimes (40, 50, and 60 mm/s),
introducing dynamic transient acceleration spikes up to 68 mm/s, the peak interaction contact
forces safely and predictably scale from 3.93 N to a maximum of 5.38 N. Crucially, the low
standard deviations and tightly constrained variance profiles across these high-speed
accidental collision boundaries mathematically prove that the embedded antagonistic fluidic
muscle networks provide reliable passive deceleration and instant energy absorption. This
structural-control compliance coupling successfully buffers physical human-robot impacts
well below established pain thresholds, establishing a balanced, transparent validation

roadmap for the system's applicability in safe, dynamic human-collaborative automation.

To further contextualise the scientific contributions of this work, a critical comparison with
existing state-of-the-art variable-stiffness robotic systems is warranted. Conventional
continuous or soft robotic structures (e.g., those utilising particulate jamming, layer jamming,
or antagonistic fluidic-tendon architectures) excel in yielding exceptionally high maximum
structural rigidity or high dynamic tracking bandwidth via closed-loop feedback. However,
these systems often sacrifice modular adaptability and topology reconfigurability, as their

variable-stiffness mechanisms are heavily integrated into a monolithic trunk.

The proposed modular and variable-stiffness co-robot framework uniquely overcomes this
limitation by decoupling architectural topology from mechanical control. By isolating joint

bending (mvsBJ), joint rotation (mvsRJ), and variable-length rigid linkages (mvsL) into
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distinct, reconfigurable modules, users can rapidly assemble customised co-bots (such as the
RRRBL, BRBBL, and RBRBL configurations evaluated herein) tailored to explicit task
geometries. Furthermore, the embedded pressure-dependent compensation control algorithm
can mathematically counteract structural deflections induced by self-weight and external

loads without relying on dense sensory arrays.

Nonetheless, certain operational limitations must be noted. Unlike jamming mechanisms that
exhibit rapid, step-like stiffness transitions, the pneumatic pressure regulation utilised in our
prototypes requires steady-state convergence. More importantly, the current control
framework operates in an open-loop fashion. This implies that highly non-linear soft material
traits - such as silicone-layer viscoelastic hysteresis, long-term polymer fatigue, and dynamic
transient oscillations - remain uncompensated outside the analytical kinematic loop.
Consequently, while our architecture guarantees customizable flexibility and inherently safe
physical interactions under steady-state operational boundaries, its application remains

primarily suited for quasi-static or steady-state human-robot collaborative tasks.

4. Conclusion

This paper presented a modular and variable-stiffness co-robot (co-bot) system designed to
enhance adaptability, safety, and task versatility in human-robot collaboration scenarios. A
systematic design and fabrication framework enabled the development of multiple modular
variable-stiffness components (mvsBJ, mvsRJ, and mvsL), integrating ten internal actuation
channels. Experimental characterization demonstrated large motion ranges and significant
stiffness modulation capabilities, confirming the effectiveness of pressure-based actuation and

stiffness regulation.

Comprehensive configuration analysis using D—H modelling in MATLAB identified feasible
multi-module assemblies and revealed that stiffness pressure effectively regulates the overall
structural stiffness, while different configurations exhibit distinct mechanical characteristics.
An open-loop control framework incorporating configuration, load, self-gravity, and stiffness
effects was further developed and validated through trajectory tracking experiments. The
results demonstrated satisfactory tracking performance for both circular and linear paths,

confirming the feasibility of the proposed modelling and control strategy.
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Two representative application scenarios - healthcare assistance and industrial task support -
further highlighted the system’s versatility. The feeding assistance task demonstrated safe
human interaction with minimal required user force and low collision forces, validating the
intrinsic compliance and safety of the system. Conversely, the chamfering task showcased the
co-bot’s ability to achieve high stiffness when required, enabling stable object fixation

comparable to conventional mechanical fixtures.

Overall, the proposed co-bot system successfully integrates modularity, variable stiffness
control, and adaptable configuration design within a unified framework. The results
demonstrate its strong potential for deployment in diverse human-centred environments where
both safety and task-dependent rigidity are essential. However, despite these validated
advantages, several critical technical challenges remain to be addressed, bounding the current
claims within quasi-static operational environments. First, the control framework operates in
an open-loop fashion, leaving the system vulnerable to cumulative positioning drift caused by
the inherent non-linear properties of soft silicone components. Second, complex structural
non-linearities - such as viscoelastic hysteresis, multi-channel pneumatic latency, and long-

term elastomeric fatigue under cyclic loading - are not yet dynamically compensated.

To overcome these limitations and provide a clear roadmap for the future development of this
platform, our upcoming research will prioritize three strategic pillars: (1) Sensory Closed-
Loop Control: integrating flexible tactile arrays or embedded electromagnetic tracking sensors
directly into the modules to achieve real-time positional closed-loop feedback; (2) Dynamic
Compensation Modelling: developing advanced viscoelastic-viscoplastic models to actively
predict and suppress transient structural oscillations and hysteresis during high-velocity
maneuvers; and (3) System-Level Scalability: transitioning from stationary desktop
workstations to integrating these customizable soft-rigid configurations onto mobile robotic
bases to evaluate their adaptive interaction limits across broader medical assistance and
dynamic industrial contexts. Addressing these bottlenecks will transition the proposed
framework from a customizable laboratory prototype into an autonomous, robustly adaptive

co-bot platform.
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5. Methods

5.1 The Co-bot Components Construction

The soft components of three types of co-bot modules, namely, the silicone chamber of the
mvsBJ, the silicone cylinder of the mvsL, and the bellow chamber of the mvsRJ, were first
analysed using finite element analysis (FEA) simulations to determine their optimal design

parameters.

Subsequently, the key soft parts of the three module types were fabricated using a diverse
silicone moulding process, while the rigid components were 3D printed. Figures 10A, 10B,
and 10C illustrate the structures of these three distinct soft components. Figure 10D presents
the common pre-processing steps for the silicone material, including mixing and de-gassing.
Figure 10E details the injection moulding process for the mvsBJ actuation chamber, which
involves two steps. In the first step, a chamber wall with half of the final thickness is formed.
A reinforcing thread is then wound around the surface of this partially formed wall. In the
second step, the remaining half of the wall is moulded, followed by the sealing of the chamber
base using a bottom mould to complete the fabrication process. Figure 10F shows the
extrusion moulding process for the mvsL cylinder. The cylinder’s shape is formed directly by

the cavity between the inner and outer moulds.

Given the structural complexity of the mvsRJ chamber, a spin-coating process was adopted,
as shown in Figure 10G. The inner cavity of the chamber is 3D printed to serve as the mould,
which is repeatedly dipped into silicone rubber liquid until the desired wall thickness is
achieved. After each dip, the mould is mounted on a spin mechanism and rotated at 100 rpm
for 10 seconds to ensure uniform material distribution. The coated mould is then cured in an
oven set at 60 °C. Each dip-and-cure cycle adds approximately 0.2 mm to the wall thickness.
Once the desired thickness is reached, the cured silicone layer is demoulded, and a cap mould

is used to form the chamber’s top section, completing the fabrication process.

5.2 Choice of key soft components material choose and determination of design
parameter

To select appropriate silicone rubber materials for the key soft components of different
modules, we employed finite element analysis (FEA) simulations. When the chamber is
inflated, its wall stretches, causing the gap between successive reinforcing bands to widen.

This widening can lead to localized ballooning of the wall, which in turn increases the risk of
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failure and material damage. Our observations indicate that softer materials exhibit more
pronounced ballooning behaviour. To address this, we constructed an FEA model of the
actuation chamber in the mvsBJ module to evaluate and compare the performance of different
silicone rubbers. The simulation setup is illustrated in Figure 11A, where W, represents the
ribbon width of the fibre bands used to construct the wrapped fibre-reinforcement layer, and
W, denotes the pitch distance between successive loops during fibre wrapping. We used a gap
distance three times larger than the standard value (3(W, + Wp)) to mimic the chamber’s
extension under actuation. Four types of silicone rubber - Dragon Skin 30, Dragon Skin 20,

Dragon Skin 10, and Ecoflex 50 - were evaluated, each with distinct stiffness properties.

Their true stress—strain curves, obtained from uniaxial tensile tests, are shown in Figure 11B.
To systematically justify the mechanical integrity of this material selection, the specific
boundary conditions and internal stress implications of the FEA model were thoroughly
evaluated. The simulation domain was configured by applying a rigid fixed constraint to the
top flange of the actuator module, while defining a uniform internal pneumatic pressure
loading of 2 X 10° Pa along the fluid-structure interface. The resulting stress profiles in
Figure 11C demonstrate that while stiffer materials successfully suppress the peak ballooning
displacement from 3.5 mm (Ecoflex 00-50) down to less than 0.7 mm (Dragon Skin 30), they
introduce significant strain localisation. Specifically, the maximum internal von Mises stress
severely scales up, exceeding a peak of 3000 N/m? clustered precisely around the fibre-
reinforcement anchoring boundaries for Dragon Skin 30. Evaluating these coupled geometric
deflections and material stress fields ensures that the chosen silicone candidates maintain safe

mechanical margins during operation.

In addition to material selection, the wall thickness of the soft components is another critical
design parameter. We conducted a second set of simulations to examine how wall thickness
affects the output force of the chamber, as shown in Figure 11D. Simulation results

(Figure 11E) reveal a nearly linear increase in output force with decreasing wall thickness, up
to a threshold. When the wall thickness drops below 2 mm, the rate of force increase
diminishes, indicating a trade-off region. The green-shaded zone in Figure 11E represents the
optimal range for adjusting output force. However, minimizing wall thickness too
aggressively could exacerbate the ballooning issue discussed earlier. Therefore, an
appropriate balance must be struck between achieving high output force and maintaining

structural integrity.
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Together, these two sets of simulation results provide a solid foundation for selecting suitable
material types and determining the optimal wall thickness for the soft components in both

actuation chambers.

For the mvsRJ module, which features a bellows structure, another important design
parameter is the number of bellows convolutions, denoted as Ng. This number influences the
minimum compressed height of the chamber, which in turn affects the module’s maximum
achievable rotation angle. We used simulations to explore how different values of N, affect
this compressed length. As illustrated in Figure 11F, the inner height hy» is constrained by the
maximum elongation ratio of the chosen material, while the outer height h;; is determined by
the total chamber height H;. Given a selected bellows width W, N, can then be calculated
based on the chamber’s radial dimensions. FEA simulations were conducted for various
values of Ng. The displacement mesh generation for the multi-convolution bellows was
subjected to an axial compressive loading, with the simulation termination criterion strictly
governed by the non-linear geometric self-contact between adjacent internal surfaces. Results
shown in Figure 11G, including the corresponding maximum displacement and von Mises
stress. As plotted in Figure 11H, the optimal displacement is achieved when Ny is set to 3.
When N further increases to 4, the displacement drops because the simulation termination
criterion is governed by structural self-contact; the higher number of convolutions causes the
thickness of the internal silicone walls to accumulate within the fixed axial space, leading to
premature physical contact between neighboring inner surfaces that halts further compression.
However, this Ng = 3 configuration also generates the highest internal stress during
compression, highlighting a critical trade-off between deformation capability and mechanical

robustness.

5.3 Analytical actuation model for three different modules and control framework for
co-bot with different configurations

5.3.1 Actuation Model for mvsBJ: To numerically capture the relationship between actuation
pressure and bending angle 85 - we develop a physics-based model of the soft joint based on
its geometry and material properties. As illustrated in Figure 12A, the soft joint consists of
two internal chambers. When the pressure difference AP = Py, — Pp, is applied (Pg, >
Pg4), the joint bends anticlockwise with a bending angle 8. The expansion of chamber 2 is

constrained radially by embedded fibre reinforcements, resulting in primarily axial
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deformation. For simplicity, the entire chamber is assumed to be composed of silicone rubber,
modelled using the Mooney-Rivlin hyperplastic formulation:
o = 2(Ag% — 1/25)[C10 + Co1/Ag + 2C20(Ag% + 2/A5 — 3)]

where Ay is the axial stretch ratio, and Cq, Co1, and C,o are material constants. The axial
stress force in the extending chamber is Fz; = Ap;op and the pressure-generated force is
Fgpy, = AgpoPg,. The resulting torque about the bending axis is:

Mg, = (Lp/2)(Fgpz — Fpi)
An external load applied at the joint generates an additional torque:

Mpc = (Lp/2)Gysin(6p)

Chamber 1 undergoes folding, leading to two resistive torques: Mg (from the folding) and
Mp; (from internal pressure). Based on a modified pressure-tuned Euler-Bernoulli Beam

Theory, they are approximated as:

Mgy = Pp1Appo(Lp/2)

where, the
¢ rRp
Iy = f f r3sin 62 drd6

—¢ YRp—tBhin/2

Egesr = Epo + agPpy
Assuming quasi-static equilibrium, we have:

Mg, + Mg = Mgy + Mp,

From this, a mapping function f (APg) is derived to express the steady-state bending angle
as a function of the pressure difference. This mapping serves as the basis for joint-level

pressure-angle control and parameter optimization in the full co-robotic system.

5.3.2 Actuation Model for mvsRJ: Since the mvsRJ module employs the same silicone
material and similar structure of the actuation chamber as the mvsBJ, we adopt a similar
modeling approach with appropriate simplifications. The actuation forces generated by
chamber 1 and chamber 2 as shown in Figure 12B, under internal pressures Pz, and
Py, respectively, can be expressed as:

Frp1 = ArpoPr1, Frp2 = ArpoPr2
The circumferential stress in the extending chamber contributes an opposing force:

Fri = Agiog
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Due to the bellows geometry of the chamber, the resistance force during compression is
significantly reduced, as confirmed in previous simulations. Additionally, friction within the
actuation cavity can be further minimized by applying lubricants. Therefore, the combined
resisting force, accounting for friction and compression, is approximated by a constant term
fr-

It is important to note that external loads applied on the central rotational shaft do not
influence the circumferential force balance and can thus be neglected in this model. Under
quasi-static conditions, force equilibrium at the rotating plate between the two chambers
yields:

Fpri = Fpra + fr + Fri
It’s easy to know that the oy associates the rotational angle 85 from the simplified geometry.

Thus, we could obtain the mapping function fX (APg) from the above equations.

5.3.3 Actuation Model for mvsL: To characterize the bending behaviour of the soft pneumatic
beam under an external end load G;, we consider a simplified analytical model based on the
classical Euler-Bernoulli beam theory, modified to incorporate pressure-dependent stiffness.
The mvsL is also fabricated from same silicone material as the mvsBJ and mvsRJ, and its
outer surface is tightly wrapped with a non-extensible fiber mesh, which prevents both axial
elongation and radial expansion during internal pressurization. This constraint enables a
geometric simplification, allowing the structure to retain a constant cross-sectional profile
while exhibiting variable stiffness as a function of internal pressure. We model the link as a
pressure-tunable cantilever beam with the following geometry showing in the Figure 12C.

The second moment of area I; of the hollow circular cross-section is given by:
71
4

Due to the fiber constraint, the effect of internal pressure is assumed to increase the effective

I R — (R, — t)*]
Young’s modulus E.¢s of the structure without altering its geometry. Accordingly, the

maximum deflection §; at the free end under the load G is given by:
- Gl
3ELerr (P,
The pressure-dependent effective modulus Ej ¢ (P,) is determined empirically by fitting to
experimental data obtained under varying internal pressures. In the absence of experimental
data, Ej . may be approximated as:

Erers (P) = Epp +a,P,
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where Ej is the baseline modulus of the unpressurized elastomer-fiber composite, and «; is
an empirically determined pressure-sensitivity coefficient. This formulation allows for rapid
estimation of bending deflection under combined mechanical and pneumatic actuation and

supports the design and control of soft robotic elements with tunable stiffness characteristics.

To systematically substantiate the predictive fidelity and accuracy of the developed analytical
actuation models, rigorous experimental validations were executed across all three module
archetypes, with quantitative error metrics directly annotated within the characterisation
profiles. For the mvsBJ bending module (Figure 2C), the analytical model exhibits an
exceptional fit against the measured real bending angles under varying pressure differentials
(4Py), yielding a Root Mean Square Error (RMSE) of 1.152 degrees, a Mean Absolute Error
(MAE) of 0.885 degrees, a Maximum Error of 2.828 degrees, and a Coefficient of
Determination (R?) of 0.9947. For the mvsL elongation module, the structural model captures
the complex tip deflections (&) across a wide tip loading spectrum (0 N to 16 N) under
distinct internal pressures. As delineated in Figure 3C (L;; = 150 mm) and Figure 3D (Li; =
100 mm), the framework maintains tight tracking boundaries, achieving RMSE values well
below 1.33 mm and R? metrics tightly locked between 0.957 and 0.997 across all active
pressure thresholds. Furthermore, the rotational actuation profile for the mvsRJ module
(Figure 4B) maps the analytical predictions against the empirical multi-channel pressure
spaces (Pr1 and Pr), successfully achieving a global RMSE of 3.34 degrees and an R? of 0.982
up to a maximum rotation angle (6;) of 72.42 degrees. These tightly bound error profiles
mathematically confirm that the proposed analytical models possess excellent predictive
capabilities and robustness, providing a reliable kinematic foundation for the downstream

closed-loop and open-loop trajectory control tasks.

Building on the proposed actuation models, we established a control framework for co-bots
with various configurations and developed a control device to facilitate precise motion
control. The model-based control methodology is thoroughly explained in Supplementary

Materials 2.

5.4 The Co-bots Configuration Analysis
Based on the proposed co-bot system prototype, the maximum number of internal actuation
channels is 10. Considering that some channels are allocated to the end-effector, the

maximum number of joints (i.e., mvsBJ and mvsRJ) that can be incorporated into a co-bot

23



WILEY-VCH

configuration is 4. Consequently, there are 16 potential co-bot configurations, each exhibiting
unique characteristics in terms of workspace and variable stiffness behaviour. To evaluate
these features, a comprehensive analysis of the workspace for all possible configurations was
conducted, as detailed in Supplementary Materials 1. Building upon the workspace analysis,
several representative configurations were selected for further investigation into their stiffness
variation behaviour. This analysis, presented in Supplementary Materials 3, assesses the
capability of the proposed co-bot system to achieve variable stiffness, providing insights into

its performance and adaptability.

5.5 Trajectory Control of Typical Co-bots

After establishing the complete control framework in the previous section, a series of physical
experiments were conducted to validate its feasibility. In these experiments, three selected co-
bot configurations, namely RRRBL, BRBBL, and RBRBL, were tested to follow three
distinct trajectories: a straight line, a small circle, and a large circle. Using the proposed
control framework, the actuation angles for each component were calculated within the
MATLAB simulation environment by solving the inverse kinematics. An example of the
simulated motion planning for the RBRBL configuration is shown in Figure 13A, where
several gaps caused by pose changes are evident. Figure 13B further illustrates the actuation

angles and corresponding pressures for each component over time.

To measure the end-effector’s position during the experiments, an NDI tracking system was
utilized, as in previous setups. Additionally, a 500-gram standard weight was attached to the
end-effector to simulate loading conditions, which serves as a representative external
disturbance sufficient to validate the predictive compensation capability of the analytical
kinematic control model under load variance. The results of the unloaded trajectory control
for the three configurations are shown in Figure 13C, 13F and 13], respectively. During these
tests, significant pose changes were observed in certain regions, leading to gaps in the
trajectories, as highlighted by green circles. For the loaded condition, with the 500-gram
weight applied, the trajectory control results are presented in Figure 13D, 13G, and 13J. The
recorded trajectory errors relative to the desired paths, in terms of the X, y, and z axes, are
depicted in Figure 13E, 13H, and 13K, with errors for the straight-line and circular trajectories

separated into individual error boxes.
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The results demonstrate that all three configurations effectively followed the prescribed
trajectories under the proposed control framework. The RBRBL configuration exhibited high
precision during the straight-line trajectory in both the unloaded and loaded scenarios, with
the tracking error medians across all three axes remaining close to 0.2 mm and bounded
within a narrow range of = 3 mm (Figure 13E). However, during the circular trajectory (Circle
#1), the multi-axis coupling effects amplified the deviations, expanding the error distributions
in the X and Y axes to = 8 mm, accompanied by notable fluctuations in the Z-axis under
loading conditions. For the large circle trajectory (Circle #2), the RBRBL configuration
showed even greater structural instability; under the 500g load, the coordinate alignment
degraded significantly in the X and Y axes, and the system struggled to maintain height
stability, leading to an extreme peak downward deflection approaching -15 mm in the Z-axis.
Although the inclusion of two mvsRIJs theoretically enhances the capability to execute
circular trajectories, the placement of an mvsRJ behind an mvsBJ introduced additional Z-axis

fluctuations, reducing overall structural rigidity.

The BRBBL configuration, in contrast, demonstrated consistent and exceptional stability
during both straight-line and circular trajectories. Crucially, as evidenced in Figure 13H, the
Z-axis error box plots for both unloaded and loaded conditions remained remarkably
compressed, with the total vertical deviation tightly restricted within + 2 mm across all paths.
This minimal vertical variance highlights its suitability for applications requiring precise
height preservation. However, two notable pose changes were observed at specific points in
each circular trajectory, resulting in discrete trajectory gaps larger than those seen in the

RBRBL configuration.

Alternatively, the RRRBL configuration excelled in achieving complete circular trajectories
(Figure 13K). Across both small and large loops, the tracking error medians for the X, Y, and
Z axes were perfectly locked near 0 mm, with the main interquartile ranges bounded within a
high-precision band of + 4 mm, showing no kinematic gaps and low deflection under the 500g
load. However, this configuration showed poor performance in executing straight-line
trajectories, making it less versatile compared to the other configurations. When comparing
the loaded and unloaded conditions across all three configurations, no catastrophic growth in
trajectory errors was observed, indicating that the pressure-dependent compensation

framework is reliable in managing steady-state variations in external loading.

25



WILEY-VCH

To rigorously evaluate path repeatability and controller robustness against unmodeled soft
deflections, each trajectory tracking configuration was subjected to five independent
experimental trials (n = 5). As systematically illustrated in the overhauled tracking results
(Figures 13C, 13D, 13F, 13G, 131, and 13J), the continuous curves depict the calculated
statistical Mean path across all five successful repetitions, seamlessly enveloped by a
continuous shaded error band representing the Standard Deviation (+ SD). The precise
quantitative tracking errors (expressed as Mean = SD) are directly annotated within each
respective subplot. For the 4-DoF RBRBL straight-line path, the inter-trial variability
maintained strict boundaries, yielding errors of 1.78 = 1.55 mm (X), 0.43 = 0.69 mm (Y), and
1.51 + 1.30 mm (Z) when unloaded, and 0.65 + 0.72 mm (X), 0.23 £ 0.39 mm (Y), and 1.91 +
1.01 mm (Z) under the 500g load. For the 3-DoF BRBBL configuration, the unloaded errors
were 0.95 = 0.62 mm (X), 0.27 = 0.48 mm (Y), and 2.28 + 2.09 mm (Z), while the 500g
loaded errors adjusted to 1.80 + 0.89 mm (X), 0.21 £ 0.42 mm (Y), and 2.79 £+ 1.62 mm (Z).
For the complex multi-DoF circular trajectories executed by the 4-DoF RRRBL
configuration, the unloaded errors were bounded at 2.15 + 1.81 mm (X), 2.35 + 2.10 mm (Y),
and 2.31 £ 1.93 mm (Z); under the 500g loaded circular state combining both small and large
loops, the global absolute errors maintained a highly steady distribution of 2.33 &+ 2.29 mm
(X), 2.87£2.75 mm (Y), and 1.84 + 1.78 mm (Z). Concurrently, the adjacent box plots
(Figures 13E, 13H, and 13K) plot the comprehensive distribution of the absolute tracking
errors relative to the geometric ground truth. These tightly constrained shaded variance
profiles and bounded standard deviations mathematically demonstrate the exceptionally low
inter-trial variance and robust predictability of the proposed pressure-dependent compensation

control framework.

In summary, the experimental results confirm that the proposed control framework
successfully facilitates motion planning and trajectory control across all tested configurations
by accounting for factors such as self-weight, external loads, and component deflections. Each
configuration exhibits unique strengths and limitations within these tested environments: the
RBRBL configuration is effective in minimising gaps caused by pose changes, the BRBBL
configuration excels in maintaining height stability, and the RRRBL configuration achieves
superior performance in circular trajectories. These findings underscore the baseline
adaptability and robustness of the co-bot system under specific operational conditions and
task requirements. However, it is important to note that the current control architecture

operates in an open-loop fashion, meaning that critical non-linear factors such as material
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hysteresis, long-term silicone fatigue, and dynamic structural oscillations remain outside the
compensation loop. Consequently, while the system demonstrates customizable rigidity and
inherently safe interaction under steady-state conditions, the claims of versatility are primarily
bounded by these quasi-static validation environments. Future iterations will prioritise closed-
loop feedback and sensory integration to mitigate these limitations and expand the system's

applicability to highly dynamic tasks.
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Figure 1. Introduction of the modular variable stiffness co-bot system. (A) Bio-
inspiration from octopus muscle groups exhibiting antagonistic actuation for variable
stiffness control. This principle is adopted in the design of modular variable stiffness
(mvs) co-bot components, including the bending joint (mvsBJ), rotational joint
(mvsRJ), and link (mvsL). The components can be rapidly assembled into various co-
bot configurations through universal adapters, integrated pressure channels, and quick-
connect ports. (B) By selecting different types and numbers of components, modular
variable stiffness co-bots with 2-, 3-; and 4-DoF configurations can be assembled and
equipped with alternative end-effectors to meet diverse task requirements. A unified
actuation system, comprising the control framework and pressure regulation unit,
enables consistent control across all co-bot configurations. (C) Two application
scenarios - healthcare and industrial assistance - were conducted to demonstrate the
flexibility and safety of the proposed co-bot system. In the healthcare assistance
scenario, a 3-DoF co-bot was employed to deliver food from the table to a position
near the patient’s mouth. The patient could then manually adjust the end-effector to
bring the food to their mouth with minimal effort, as the co-bot operated in a low-
stiffness mode. The recorded contact forces indicated that the average force along all
three axes was less than 1 N, confirming the system’s safety during human interaction.
In the industrial assistance scenario, a 2-DoF co-bot was used to hold a workpiece,
providing a flexible yet stable working position under a high-stiffness mode. The
measured holding stiffness demonstrated that the proposed antagonistic stiffness
adjustment method significantly enhanced the overall rigidity of the co-bot, reaching a
stiffness level comparable to that of a conventional workbench.
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Figure 2. Structural design and quantitative characterization of the modular variable-
stiffness bending joint (mvsBJ). (A) Sectional CAD layout demonstrating the
internal configuration, including pneumatic actuation channels, central flexible hinge,
and fiber-reinforced silicone chambers. (B) Physical prototype demonstrating the
multi-directional bending motion profile governed by the differential actuation
pressure APy. (C) Quantitative validation curve mapping the bending angle b against
the actuation pressure differential APy, directly contrasting the experimental data
points with the smooth trajectory calculated from the analytical actuation model
alongside explicit error metrics (RMSE = 1.152°, MAE = 0.885°, Max Error = 2.828°,
R2=0.9947). (D) Joint stiffness S characterization curves plotted as a function of the
primary actuation pressure Ps across various tracking boundaries (4P), demonstrating
a wide-range 3-fold stiffness variation via the antagonistic fluidic regulation principle.
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Figure 3. Mechanical architecture and predictive tip deflection models for the modular

variable-stiffness link (mvsL). (A) Detailed cross-sectional CAD rendering
displaying the outer fabric layer, internal fluid channels, and nested silicone cylinder
configurations. (B) Physical prototypes fabricated with distinct parameter constraints,
delineating variations in active length (Li) and body diameter (D). (C) Transverse tip
deflection & plotted against a dynamic tip load spectrum (Fload from 0 N to 16 N) for
the longer link prototype (Li1 = 150 mm), providing a continuous overlay comparison
between raw experimental metrics and the analytical actuation model predictions
across multiple pressure thresholds (Py; from 0.25 bar to 1.00 bar) along with the
corresponding error matrix. (D) Quantitative tip deflection validation profiles for the
shorter link variant (L2 = 100 mm) under identical loading boundaries, confirming
tight model fitting accuracies with specific RMSE and R? correlation metrics
annotated for each active pressure state.
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Experimental Data RMSE = 3.34°
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Figure 4. Layout configuration and angular mapping models of the modular variable-
stiffness rotational joint (mvsRJ). (A) Exploded CAD view and internal radial cross-
section highlighting the layout of the multi-segment internal bellow chambers, rotating
partition wall, and modular universal adapters. (B) Integrated bi-directional rotation
angle (6r) response mapping contour under varied multi-channel pneumatic inputs (Pr
and Py), verifying a high predictive convergence between the empirical measurements
(solid contour lines) and the proposed analytical actuation model (dashed orange
contours) with a bounded global RMSE of 3.34° and an R? of 0.982. (C) Physical
actuation prototypes displaying explicit clockwise and anticlockwise angular
deflections under differential pressure expansion.
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A Prototype family
mvsBJ_1
mvsL-150 mvsRJ_3
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BRBRL @ RRRBL .,

Figure 5. Comprehensive component ecosystem and multi-DoF architectural
configurations of the customizable co-bot platform. (A) The complete hardware
prototype family, showcasing the fabricated modules with varied specifications and
geometric boundaries (including mvsBJ, mvsRJ, and mvsL series). (B)
Demonstrations of five representative reconfigurable co-bot topologies assembled via
universal modular adapters, spanning distinct degrees of freedom (from a highly agile
4-DoF arm down to a compact 2-DoF system) equipped with alternative customized
end-effectors for safety-oriented automation tasks.
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R: mvsR) Ng: the amount of mvsRJs

B: mvsBJ Ng: the amount of mvsBJs

L: mvsL N.: the amount of mvsLs

E: end-effector Ng:the amount of end-effectros;
AC: actuation chamber Npin = 2Ng +2Ng+N+2N¢

2
=]
=
A
[}
=
c
©
=
o
=
=]
©
£
3
[V}
c
a

=

w
=
(=}
-
e
3
7
(]
o

Channel

PSS i e T SSRRERENT ) e e i S S S R S b S e B S s ki

Figure 6. Modular pneumatic routing and mechanical interface design. Each module
(e.g., mvsBJ, mvsRJ, and mvsL) is equipped with a universal modular adapter
featuring male and female ends of standardized diameter, enabling direct axial
connection. Bolt—nut ports distributed around the interfaces ensure alignment and
apply clamping force, compressing internal O-rings to seal the joint. All modules
include 10 internal pneumatic channels (visualized as blue lines), allowing continuous
airflow throughout the assembled co-bot regardless of configuration. A pneumatic hub
at the base provides external tube connections via quick push-in fittings and passes the
10 channels upward through a male adapter for seamless integration. This architecture
ensures both modularity and uninterrupted pressure routing across complex co-bot
assemblies.
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Figure 7. Healthcare application demonstration and statistical characterization of the
co-bot during a food-feeding task. (A) Conceptual operational schema of the 4-DoF
RBBL configuration assisting a movement-restricted patient via low-stiffness manual
adjustment modes. (B) Chronological physical snapshots delineating the four key
operational phases: (1) start position, (2) food picking, (3) food delivering, and (4)
manual trajectory adjustment. (C) Statistical multi-channel actuation pressure profiles
under five independent repeated trials (n = 5), plotted as the Mean trajectory enclosed
by a continuous Standard Deviation (+ SD) shaded error band. (D) Integrated multi-
axis contact force response profiles (Mean + SD shaded bands) across the X, Y, and Z
trajectories, featuring annotated quantitative peak forces and tracking error matrices.
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Figure 8. Multi-velocity boundary interaction evaluations and collision safety
compliance characterizations. (A) Operational schema of an accidental obstacle
collision during close-proximity clinical assistance. (B) Sequential physical snapshots
capturing the physical interaction sequence (phases 1 to 4) between the moving 4-DoF
RBBL manipulator and a human arm. (C)-(E) Comprehensive multi-axis interaction
contact force response timelines evaluated under three distinct scaled operational
velocity profiles: (C) 40 mm/s base speed, (D) 50 mm/s base speed, and (E) 60 mm/s
base speed. All data are plotted as the statistical Mean across five trials (n = 5)
seamlessly enveloped by a continuous Standard Deviation (+ SD) shaded error band,
with localized phase velocities and maximum multi-axis peak impact thresholds

explicitly annotated.
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Figure 9. Results of Industrial Manufacturing Support. (A) The co-bot with the RB

configuration, setting as high stiffness model, holds a workpiece to support the worker
to conduct the chamfering process. (B) The experimental setup for mimicking the
support of the chamfering process, where the F/T sensor was mounted between the
end of the mvsBJ and the holding mechanism of the workpiece and the tracking sensor
is mounted on the top of the F/T sensor to record the position change during the
chamfering. In (1) (2), there are two different stiffness models in the same stand
position. In (3) (4), there are two different stiffness models in the same bending
position. In (5), there is the same setup mounted on a traditional bench vice for
comparison purposes. (C) The recording of the position change of the workpiece in 5
situations. (D) The recording of the force from the force sensor in 5 situations. (E) The
stiffness result calculated by the recorded position change and force. (F) The quality
inspection of the chamfer after we finished the chamfering process on the co-bot.
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Figure 10. The fabrication process of three key soft parts in each co-bot components. (A)
The structure indication of the mvsBJ soft actuation chamber. (B) The structure
indication of the mvsL soft cylinder. (C) The structure indication of the mvsRJ soft
actuation chamber. (D) The common pre-process of the silicone material. (E) The
injection moulding process of mvsBJ actuation chamber. (F) The extrusion moulding

process of mvsL cylinder. (G) The spin coating moulding process of mvsRJ actuation
chamber.
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Figure 11. FEA-based design analysis of key soft component parameters. (A) FEA simulation
configuration for localised wall ballooning evaluations under an inflation pressure of 2 X 10° Pa, using
an exaggerated gap distance metric defined by 3(Wg + Wb). (B) Uniaxial tensile true stress-strain
characterisation profile curves for the four candidate silicone rubbers (Dragon Skin 30, Dragon Skin
20, Dragon Skin 10, and EcoFlex 00-50). (C) Coupled ballooning simulation results comparing spatial
displacement distributions (top row) and corresponding internal von Mises stress fields (bottom row)
across the evaluated materials, quantitatively identifying Dragon Skin 20 as the optimal substrate. (D)
Cross-sectional simulation setup and geometric parameter definition layout for investigating contact
force optimisation as a function of chamber wall thickness (tb). (E) Contact force simulation results,
featuring localised stress distribution nephograms under varied thickness boundaries (from tb = 0.5
mm to tb = 6 mm) alongside the corresponding quantitative contact force attenuation curve. (F)
Geometric schema, boundary settings, and dimensional parameter abstractions for the multi-
convolution bellows configuration within the mvsRJ module. (G) Detailed multi-segment FEA
deformation profiles under axial compression, comparatively delineating the localised displacement
fields (left column) and von Mises stress concentration zones (right column) across distinct
convolution metrics (Ng = 2, 3, and 4). (H) Integrated multi-axis optimisation curves plotting
maximum displacement output and internal von Mises stress profiles as a function of the bellows
convolution number (Ng), establishing the critical mechanical trade-off at Ng = 3.
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A mvsBJ (B)

B muvsRJ (R) :C mvsL (L)

Buckling
Area

Figure 12. Analytical actuation models and structural schematics of the three modular
soft actuation units. (A) Schematic and modeling of the module mvsBJ. The mvsBJ consists
of two internal chambers actuated antagonistically. A pressure difference 4Py leads to
asymmetric chamber deformation and results in a bending angle 85. The extending chamber
is reinforced with embedded fibres, producing primarily axial strain, modeled using the
Mooney-Rivlin hyperelastic formulation. Resulting torques are computed from pressure and
resistive forces, and a mapping function f7 (APg) is derived under quasi-static equilibrium.
(B) Schematic and force model of mvsRJ. This module shares similar material and chamber
structure with mvsBJ but features a rotational output. The actuation forces from chambers
with pressures Pr; and Py, are balanced with resisting stress and a simplified constant
frictional term. The rotational angle 8y is then mapped to pressure difference via f (APg).
(C) Analytical model of the module mvsL, modeled as a fiber-constrained pressure-tunable
cantilever beam. Internal pressure P, increases the effective Young’s modulus (Epefr),
enabling modulation of beam stiffness. Based on Euler-Bernoulli beam theory, the end
deflection §; under an external load G, is expressed as a function of internal pressure.
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Figure 13. Statistical trajectory tracking control performance and repeatability characterizations
across typical co-bot configurations. (A) Spatial schema and geometric coordinates of the predefined
reference paths, including the 3D straight line, Circle 1, and Circle 2, highlighting the automated pose
change transitions. (B) Real-time joint angle profiles (top) and corresponding internal multi-channel
pneumatic actuation pressure regulations (bottom) over the complete execution timeline. (C)-(E)
Experimental validation for the 4-DoF RBRBL configuration: (C) 3D trajectory tracking performance
under the unloaded condition displayed as a 5-trial statistical mean enclosed within a shaded standard
deviation (+ SD) error band, with localized structural component annotations and quantitative tracking

error indicators; (D) 3D trajectory tracking profiles under a 500g load boundary showing smooth tracking
retention during pose changes; (E) Comparative box plots tracking the multi-axis (X, Y, and Z) absolute
tracking error distributions relative to the ground-truth geometric paths across all trajectory shapes. (F)-(H)
Experimental tracking characterization for the 3-DoF BRBBL configuration: (F) Unloaded 3D end-effector
tracking trajectories over 5 repeated trials with labeled structural boundaries and localized Max, Mean, and
SD error statistics; (G) Loaded 3D execution path behavior under a 500g end-effector load boundary; (H)
Distributed multi-axis absolute tracking error box plots under both unloaded and 500g loaded
environments. (I)-(K) Trajectory tracking validation for the 4-DoF RRRBL configuration: (I) Unloaded
multi-circle (Circle 1 and Circle 2) 3D statistical tracking trajectories with corresponding spatial
annotations; (J) 5-trial aggregate 3D trajectory profiles operating under a 500g task load; (K)
Comprehensive multi-axis absolute tracking error distributions displaying tight variance boundaries across
the execution configurations.
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Supplementary Methods

Key soft components material choose and design parameter determine.

To select appropriate silicone rubber materials for the key soft components of different
modules, we employed finite element analysis (FEA) simulations. When the chamber is
inflated, its wall stretches, causing the gap between successive reinforcing bands to widen.
This widening can lead to localized ballooning of the wall, which in turn increases the risk of
failure and material damage. Our observations indicate that softer materials exhibit more
pronounced ballooning behaviour. To address this, we constructed an FEA model of the
actuation chamber in the mvsBJ module to evaluate and compare the performance of different
silicone rubbers. The simulation setup is illustrated in Figure S1(A), where we used a gap
distance three times larger than the standard value (3(Wg + Ws)) to mimic the chamber’s
extension under actuation. Four types of silicone rubber - Dragon Skin 30, Dragon Skin 20,
Dragon Skin 10, and Ecoflex 50 - were evaluated, each with distinct stiffness properties. Their
true stress—strain curves, obtained from uniaxial tensile tests, are shown in Figure S1(B). As
shown in the simulation results in Figure S1(C), Dragon Skin 20 and Dragon Skin 30 offer
better resistance to ballooning, making them more suitable candidates for our application.

In addition to material selection, the wall thickness of the soft components is another
critical design parameter. We conducted a second set of simulations to examine how wall
thickness affects the output force of the chamber, as shown in Figure S1(D). Simulation
results (Figure SI1(E)) reveal a nearly linear increase in output force with decreasing wall
thickness, up to a threshold. When the wall thickness drops below 2 mm, the rate of force
increase diminishes, indicating a trade-off region. The green-shaded zone in Figure S1(E)
represents the optimal range for adjusting output force. However, minimizing wall thickness
too aggressively could exacerbate the ballooning issue discussed earlier. Therefore, an
appropriate balance must be struck between achieving high output force and maintaining
structural integrity.

Together, these two sets of simulation results provide a solid foundation for selecting
suitable material types and determining the optimal wall thickness for the soft components in
both actuation chambers.

For the mvsRJ module, which features a bellows structure, another important design
parameter is the number of bellows convolutions, denoted as Ng. This number influences the
minimum compressed height of the chamber, which in turn affects the module’s maximum
achievable rotation angle. We used simulations to explore how different values of N affect

this compressed length. As illustrated in Figure S1(F), the inner height /. is constrained by
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the maximum elongation ratio of the chosen material, while the outer height 41 is determined
by the total chamber height H;. Given a selected bellows width W;, N, can then be calculated
based on the chamber’s radial dimensions. FEA simulations were conducted for various
values of N,, with results shown in Figure S1(G), including the corresponding maximum
displacement and von Mises stress. As plotted in Figure S1(H), the optimal displacement is
achieved when N is set to 3. However, this configuration also generates the highest internal
stress during compression, highlighting a critical trade-off between deformation capability

and mechanical robustness.

Modular design for modules and internal pressure channels connection.

As described in previous sections, all mvsBJs, mvsLs, and mvsRIJs are equipped with
universal modular adapters featuring standardized male and female connectors of identical
diameter. This design enables straightforward mechanical coupling between components via
axial connecting forces.

To apply these forces, each component includes evenly distributed bolt—nut ports around
both connection interfaces. These ports serve two functions: (i) ensuring correct alignment
and orientation during assembly, and (ii) applying compressive force that secures the
connection and compresses internal rubber O-rings to achieve airtight sealing.

To support flexible reconfiguration and guarantee uninterrupted pneumatic continuity,
each module is equipped with the full set of N internal pressure channels—where N is the
maximum number of channels needed by any co-bot configuration. In this work, we
standardize N = 10, as visualized by the blue pneumatic lines in Figure S2. These channels
are routed through every module regardless of whether a particular module utilizes all of
them. At the system base, a pneumatic hub houses quick-connect air tube fittings that
interface with all $N$ channels. The hub itself features a male modular adapter, allowing
direct connection to other components in the stack. As a result, the full assembly maintains up
to 10 uninterrupted pneumatic pathways across all components. Each actuatable chamber in
the co-bot can be assigned a dedicated channel, avoiding supply conflicts between modules.

To determine the minimum number of pneumatic channels N,,;,, required for a specific
co-bot configuration, we define:

Npin = 2Ng + 2Ni + N, + Ng
where Ng, N, N;, and N denote the numbers of mvsBJ mvsRJ mvsL, and end effectors,
respectively. This modular routing and standardization strategy enables scalable and

reconfigurable co-bot design.
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Analvtical actuation model for three different modules and control framework for co-

bot with different configurations.

Actuation Model for mvsBJ: To numerically capture the relationship between actuation
pressure and bending angle 85 - we develop a physics-based model of the soft joint based on
its geometry and material properties. As illustrated in Figure S3 (A), the soft joint consists of
two internal chambers. When the pressure difference AP = Py, — Pp, is applied (Pg, >
Pg1), the joint bends anticlockwise with a bending angle 5. The expansion of chamber 2 is
constrained radially by embedded fibre reinforcements, resulting in primarily axial
deformation. For simplicity, the entire chamber is assumed to be composed of silicone rubber,
modelled using the Mooney-Rivlin hyperplastic formulation:

o = 2(Ag% — 1/25)[C10 + Co1/Ag + 2C20(Ag% + 2/A5 — 3)]
where Ay is the axial stretch ratio, and Co, Co1, and C,o are material constants. The axial
stress force in the extending chamber is Fg; = Apg;05 and the pressure-generated force is
Fgp, = ApgpoPg,- The resulting torque about the bending axis is:
Mg, = (Lp/2)(Fgpz — Fi)
An external load applied at the joint generates an additional torque:
Mpe = (Lp/2)G.sin(6p)
Chamber 1 undergoes folding, leading to two resistive torques: Mg (from the folding) and
Mpg; (from internal pressure). Based on a modified pressure-tuned Euler-Bernoulli Beam

Theory, they are approximated as:

Mgy = Pg1Appo(Lp/2)

where, the
¢ rRp
Iy = f f r3sin 02 drd6

—¢ YRp—tphin/2

Eperr = Epo + apPpy
Assuming quasi-static equilibrium, we have:

Mg, + Mg = Mgy + Mg,

From this, a mapping function f (APg) is derived to express the steady-state bending angle
as a function of the pressure difference. This mapping serves as the basis for joint-level

pressure-angle control and parameter optimization in the full co-robotic system.



WILEY-VCH

Actuation Model for mvsRJ: Since the mvsRJ module employs the same silicone
material and similar structure of the actuation chamber as the mvsBJ, we adopt a similar
modeling approach with appropriate simplifications. The actuation forces generated by
chamber 1 and chamber 2 as shown in Figure S3 (B), under internal pressures Pg; and
Pg, respectively, can be expressed as:

Frp1 = ArpoPr1, Frp2 = ArpoPr2
The circumferential stress in the extending chamber contributes an opposing force:

Fri = AgiOr

Due to the bellows geometry of the chamber, the resistance force during compression is
significantly reduced, as confirmed in previous simulations. Additionally, friction within the
actuation cavity can be further minimized by applying lubricants. Therefore, the combined
resisting force—accounting for friction and compression—is approximated by a constant term
fr-

It is important to note that external loads applied on the central rotational shaft do not
influence the circumferential force balance and can thus be neglected in this model. Under
quasi-static conditions, force equilibrium at the rotating plate between the two chambers
yields:

Fpri = Fpro + fr + Fri
It’s easy to know that the oy associates the rotational angle 65 from the simplified geometry.
Thus we could obtain the mapping function f§f (APg) from the above equations.

Actuation Model for mvsL: To characterize the bending behavior of the soft pneumatic
beam under an external end load G;, we consider a simplified analytical model based on the
classical Euler-Bernoulli beam theory, modified to incorporate pressure-dependent stiffness.
The mvsL is also fabricated from same silicone material as the mvsBJ and mvsRJ, and its
outer surface is tightly wrapped with a non-extensible fiber mesh, which prevents both axial
elongation and radial expansion during internal pressurization. This constraint enables a
geometric simplification, allowing the structure to retain a constant cross-sectional profile
while exhibiting variable stiffness as a function of internal pressure. We model the link as a
pressure-tunable cantilever beam with the following geometry showing in the Figure S3 (C).

The second moment of area I; of the hollow circular cross-section is given by:
s

I
L =7l

Rf — (R, — t)*]



WILEY-VCH

Due to the fibre constraint, the effect of internal pressure is assumed to increase the effective
Young’s modulus E,¢s of the structure without altering its geometry. Accordingly, the
maximum deflection §; at the free end under the load G, is given by:

Y

 3ELs (P,

The pressure-dependent effective modulus Ej ¢ (Pp) is determined empirically by fitting to

)

experimental data obtained under varying internal pressures. In the absence of experimental
data, E; . may be approximated as:

ELeff(PL) =Ep +apP
where Ej is the baseline modulus of the unpressurized elastomer-fibre composite, and «;, is
an empirically determined pressure-sensitivity coefficient. This formulation allows for rapid
estimation of bending deflection under combined mechanical and pneumatic actuation and

supports the design and control of soft robotic elements with tuneable stiffness characteristics.

Workspace analysis for co-bots with potential configurations.
Based on the prototypes of three mvsBJs (B), three mvsRJs (R), and two mvsLs (L), and

considering the maximum channel capacity N = 10, a total of 24 valid co-bot configurations
can be constructed (excluding those with fewer than three bending/rotating joints). These are
summarised in Table S1. An initial classification of these configurations, based on their
workspace characteristics, leads to six categories: Single Point, Single Line, Flat Surface,
Curved Surface, Regular Volume, and Irregular Volume. Configurations belonging to the first
four categories possess relatively limited or simple workspaces and are not further analysed,
with the exception of the RRRB configuration, which uniquely achieves circular motion
without changing its orientation. The focus of detailed analysis is therefore placed on
configurations yielding Regular Volume, Irregular Volume, and RRRB. A significant
advantage of the proposed modular co-bots over conventional soft robots is the presence of
fixed bending or rotation axes in their joints (mvsBJs and mvsRJs), allowing traditional
kinematic modelling methods to be applied. Leveraging this feature, we employed the
MATLAB Robotics System Toolbox to simulate the co-bot designs and generate their digital
twins.

Construction of Digital Twins: To build accurate digital models, Denavit-Hartenberg
(D-H) parameters were determined for each configuration based on the known component
lengths: mvsBJ: 100 mm; mvsRJ: 60 mm; mvsL: 175 mm. The calculated D-H coefficients

are provided in Table~\ref{C6T2}. Redundant configurations, such as BRBR (identical to
6
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BRB) and RBBR (identical to RBB), are excluded. Nine configurations are ultimately
selected for simulation: RRRB, RRBB, RBBB, BRB, RBB, RBRB, BRRB, BBRB, BRBB.

Workspace Estimation via Monte Carlo Simulation: The Monte Carlo method is
employed to estimate the reachable workspaces. The procedure includes: Range Setting: Joint
limits are set to = 55°for mvsBJs and = 60°for mvsRJs; Random Sampling: 20,000 samples of
joint angles are generated within the defined limits; Forward Kinematics: End-effector
positions for each sample are calculated; Point Cloud Formation: All reachable positions are
recorded as a point cloud; Envelope and Volume Calculation: A bounding envelope is
constructed to evaluate workspace shape and volume.

Figure S4 illustrates the simulation results: Left - Digital twin models of each configuration,
with red rods (mvsL) and cylinders (mvsBJ/mvsRJ); Right - Blue point clouds represent
reachable areas; pink volumes show minimum bounding envelopes with calculated volumes.
Additionally, three rectangular and three circular trajectories are superimposed to assess
trajectory feasibility.

Application-Specific Insights: Different configurations suit different tasks - RRBL,
RRRBL, RRBBL: Offer a near-spherical workspace, ideal for continuous motion without
orientation change; BRLBL, BBRBL: Extended reach in one direction, suitable for long-
distance linear tasks; RBBBL: Strong Z-axis coverage, useful for vertical movements (e.g.,
stacking, aerial adjustments); BRBBL: Broad vertical range, suitable for large 3D

manipulation.

Trajectory generation and control framework.

In the basic form of motion planning, we directly map actuation pressures to joint angles
using the actuation model fZ (APg) and f&(APR). As illustrated in Figure S4 (A) , the desired
trajectory is discretized into coordinate series X, (t), ¥, (t), Z,(t). A kinematic model based
on the D-H convention is constructed for each configuration, allowing joint angles 0, (t)
and Oy, (t) to be calculated via inverse kinematics using the MATLAB Robotics System
Toolbox. The corresponding actuation pressures APy, (t) and APy, (t) are then obtained
from the actuation model we built before.

To evaluate the trajectory planning method, various trajectories (e.g., circular and square
paths) are applied to a configurations RBRBL, with results shown in Figure S4 (B). The
system executes the planned motions. Experimental validation reveals discrepancies between
planned and executed trajectories. These errors are attributed primarily to gravity-induced
self-gravity G,y and end load G,. Besides, the deflection of the mvsL contributes to the

7
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errors else well despite we set a P, to increase its stiffness. To address this, a compensation

scheme is introduced. A pose-dependent factor ¢y, is derived through pose analysis to
adjust pressure compensation AP, for gravitational effects. Additionally, based on mvsL’s
deflection model, a deflection-related compensation pressure APs, is computed. Both terms
are integrated into the original pressure profiles to yield optimised pressures APEL (t) and

APEL (t). An optional stiffness control input Pg can be added for global stiffness adjustment.

Variable stiffness evaluation of co-bots with different configurations.

The ability to regulate stiffness is a key feature of the proposed modular soft robotic
system. Based on the module-level characterizations, applying a dedicated stiffness-regulating
pressure Pg enables continuous and reversible modulation of stiffness. Therefore, it is
necessary to examine how this capability translates to co-bot systems assembled from
multiple modules and actuated into various poses.

To evaluate system-level stiffness, we define a stiffness matrix:
Fy Fy F

AdP¥  Ady'  Ady?
Fy Ky F

Ady¥  AdyY Ady?

\FX Fy FZ/
AdY¥ AdYY AdLF

where F; represents the applied Cartesian force along axis i, and Adfi denotes the resulting

Sco =

displacement along axis j caused by force F;. Each entry in the matrix reflects directional
stiffness, allowing comprehensive characterisation of the co-bot’s mechanical response.

To measure this matrix experimentally, we applied known forces Fy, Fy, and F; to the co-
bot’s end-effector using a traditional manipulator (Franka Emika Panda). A high-precision
force/torque sensor (IIT F/T 17) captured the applied loads, while a 2-meter non-stretchable
wire ensured consistent force direction. The corresponding 3D displacements were tracked
using an NDI Aurora electromagnetic system.

To examine the pose dependency of stiffness, each co-bot configuration (RRRBL,
RBRBL, BRBBL) was actuated into multiple typical poses using predefined pressure inputs,
listed in Supplementary Table S1. In addition, to evaluate the effect of variable stiffness
control, a regulating pressure P; = 0.5 X 10° Pa was uniformly applied across all
configurations and poses. The stiffness results are visualized in Supplementary Figure S4.

Panel (A) shows the experimental setup. Panels (B—G) illustrate the stiffness matrix results

8
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using a spherical mapping method: starting from a unit sphere, each directional stiffness
element deforms the sphere accordingly. The small, light-coloured shapes represent the base
stiffness without Pg, while the larger, darker shapes illustrate the enhanced stiffness under

Pg = 0.5 x 10° Pa. The data reveal several key trends: The RRRBL configuration
consistently exhibits the highest baseline stiffness, particularly in the Z-axis direction. For the
same configuration, stiffness varies with pose. As the end-effector moves further from the
base, overall stiffness tends to decrease, though Z-direction stiffness may increase. Stiffness
regulation via P reliably enhances performance, though non-uniformly. For example, in Pose
1 of the BRBBL configuration, Z-axis stiffness increases significantly, while X and Y
enhancements are marginal. These results validate that the proposed co-bots can achieve
directional, pose-dependent, and pressure-tunable stiffness, offering flexible mechanical

adaptability for diverse soft robotic tasks.
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Supplementary Figures
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Figure S1. FEA-based design analysis of key soft component parameters. (A) Simulation
setup for ballooning analysis, using an extended gap distance (3(W, + Wp)) to replicate
chamber wall elongation under inflation. (B) True stress—strain curves of four tested silicone
rubbers (Dragon Skin 30, Dragon Skin 20, Dragon Skin 10, and Ecoflex 50) obtained from
uniaxial tensile tests. (C) Simulation results showing ballooning behaviour across materials;
stiffer materials (Dragon Skin 20 and 30) exhibit improved resistance to deformation. (D)
Simulation setup for evaluating the effect of wall thickness on output force generation. (E)
Simulated relationship between wall thickness and output force; thinner walls increase output
force up to a threshold (~2 mm), beyond which performance gains diminish and ballooning

risk increases. (F) Geometric model of mvsRJ bellows structure, showing parameters used to
10
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compute the number of bellows (N,) based on total height (H,), inner/outer radii (4,1, h2), and
bellows width (). (G) FEA results of different N, values, showing corresponding maximum
displacement and von Mises stress distributions. (H) Trade-off analysis between displacement
and internal stress with respect to Ny; optimal deformation is achieved at N, = 3, but with

increased stress levels.

Two DoFs :
’ R: mvsR/J Ng: the amount of mvsRJs

B: mvsBJ Ng: the amount of mvsBJs

L: mvsL N.: the amount of mvsLs

E: end-effector Ne:the amount of end-effectros,
AC: actuation chamber Npin = 2Ng +2Ng+Ni+2Ne
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Figure S2. Modular pneumatic routing and mechanical interface design. Each module
(e.g., mvsBJ, mvsRJ, and mvsL) is equipped with a universal modular adapter featuring male
and female ends of standardized diameter, enabling direct axial connection. Bolt—nut ports
distributed around the interfaces ensure alignment and apply clamping force, compressing
internal O-rings to seal the joint. All modules include 10 internal pneumatic channels
(visualized as blue lines), allowing continuous airflow throughout the assembled co-bot
regardless of configuration. A pneumatic hub at the base provides external tube connections
via quick push-in fittings and passes the 10 channels upward through a male adapter for
seamless integration. This architecture ensures both modularity and uninterrupted pressure

routing across complex co-bot assemblies.
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Figure S3. Analytical actuation models and structural schematics of the three modular
soft actuation units. (A) Schematic and modelling of the module mvsBJ. The mvsBJ consists
of two internal chambers actuated antagonistically. A pressure difference 4Py leads to
asymmetric chamber deformation and results in a bending angle 85. The extending chamber
is reinforced with embedded fibres, producing primarily axial strain, modeled using the
Mooney-Rivlin hyperelastic formulation. Resulting torques are computed from pressure and
resistive forces, and a mapping function f7 (APg) is derived under quasi-static equilibrium.
(B) Schematic and force model of mvsRJ. This module shares similar material and chamber
structure with mvsBJ but features a rotational output. The actuation forces from chambers
with pressures Pg; and Py, are balanced with resisting stress and a simplified constant
frictional term. The rotational angle 8y is then mapped to pressure difference via f (APg).
(C) Analytical model of the module mvsL, modelled as a fibre-constrained pressure-tuneable
cantilever beam. Internal pressure P, increases the effective Young’s modulus (Ep¢fr),
enabling modulation of beam stiffness. Based on Euler-Bernoulli beam theory, the end

deflection §; under an external load G, is expressed as a function of internal pressure.
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Figure S4. Workspace simulation of nine selected co-bot configurations. (A-I) Each
subfigure presents the digital twin (left) and the corresponding reachable workspace point
cloud with bounding envelope (right) for a specific configuration constructed from
combinations of mvsBJs, mvsRJs, and mvsLs. Workspace estimation is performed via Monte
Carlo simulation using 20,000 random joint configurations within joint angle limits of £55°
(bending) and £60° (rotation). The calculated volumes of the minimum bounding envelopes
are labelled in each case. Unreachable zones are annotated where observed. (J) The
workspace analysis. RRBL, RRRBL, RRBBL: Offer a near-spherical workspace, ideal for
continuous motion without orientation change. BRLBL, BBRBL: Extended reach in one
direction, suitable for long-distance linear tasks. RBBBL: Strong Z-axis coverage, useful for
vertical movements (e.g., stacking, aerial adjustments). BRBBL: Broad vertical range,
suitable for large 3D manipulation. Configurations RRRBL, RBRBL, and BRBBL are

selected for further evaluation due to their desirable workspace properties.
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Figure SS. Trajectory generation and control framework. (A) Schematic of the trajectory
generation and pressure-based control framework. The desired end-effector trajectory is
discretized in Cartesian space and converted to joint space through inverse kinematics.
Actuation pressures are derived from predefined pressure-angle mappings. (B) Experimental
evaluation using various trajectories on the RBRBL configuration. Planned and actual
trajectories are compared. Deviations are observed due to self-gravity, end-effector load, and

mvsL deflection. Compensation terms AP, s, and APs, are introduced to reduce trajectory

errors. Final pressures AP%! (t) and AP (t) include these compensations and optional

stiffness control Ps.
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Figure S6. Evaluation of stiffness performance across co-bot configurations and poses.
(A) Experimental setup for system-level stiffness characterisation. A Franka Emika Panda
robot applies controlled forces to the end-effector of the modular soft co-bot using a non-
stretchable wire, with a force/torque sensor (IIT F/T 17) and an NDI Aurora tracking system
recording forces and displacements, respectively. (B—G) Directional stiffness results for

different configurations and poses: RRRBL, RBRBL, and BRBBL. Each panel presents two

stiffness profiles derived from the 3x3 stiffness matrix: one with no regulating pressure (P =
0, light colour), and one with a regulating pressure of Pg = 0.5 X 10° Pa (dark colour).
Spherical visualisation maps the directional stiffness values into an irregular 3D shape,
illustrating stiffness anisotropy. Actuation pressures for each joint in the corresponding
configuration and pose are labelled. Results confirm that stiffness varies with pose and

configuration and can be modulated through the applied pressure Ps.
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Supplementary Tables
Single Single Flat Curve Regular Irregular
point line surface surface volume volume
RRR BRR BBR RRB RRBB BRB
RRRR BRRR BBB RBR RBBB RBB
------------ BBRR RRRB S— RBRB
------------ BBBR RRBR S— BRRB
------------ BBBB RBRR S— BBRB
------------------------------ BRBB
------------------------------ BRBR
------------------------------ RBBR

Table S1. The categories of the workspace for all the potential co-bots configurations.

Link Link 1 Link 2 Link 3 Link 4
Coefficient 8/d/a/a/o 0/d/a/a/o 0/d/a/a/o 0/d/a/a/o
RRRB 0/60/0/0/0 0/60/0/0/0 0/110/0/m/2/0  0/0/225/0/m/2
RRBB 0/60/0/0/0 0/110/0/m/2/0  0/0/100/0/m/2 0/0/225/0/0
RBBB 0/110/0/m/2/0  0/0/100/0/m/2 0/0/100/0/0 0/0/225/0/0

BRB 0/0/0/-1/2/0 0/335/0/m/2/0  0/0/225/0/m/2 = --—---

RBB 0/110/0/m/2/0  0/0/270/0/m/2 0/0/225/0/0 = -
RBRB 0/110/0/m/2/0 0/0/0/-1/2/0 0/160/0/m/2/0  0/0/225/0/m/2
BRRB 0/0/0/-1/2/0 0/110/0/0/0 0/110/0/-m/2/0 0/0/225/0/-1/2
BBRB o/0/100/0/n/2  0/0/0/m/2/m/2 0/160/0/-m/2/0 0/0/225/0/m/2
BRBB 0/0/0/mt/2/m 0/160/0/m/2/0  0/0/100/0/m/2 0/0/225/0/0
BRBR 0/0/0/-1/2/0 0/160/0/m/2/0 0/0/0/t/2/m 0/285/0/0/0
RBBR o/110/0/m/2/0  0/0/100/0/m/2  0/0/0/m/2/m/2 0/285/0/0/0

Table S2. The D-H matrix coefficient of the co-bot in the workspace analysis.
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RRRBL RBRBL BRBBL
Pose R R R B L R B R B L B R B B L
1 1 1 1 1 051 1 1 1 05] 1 1 1 1 05
2 - - - - - -1 -1 1 1 05] 1 1 1 -1 05
3 - - - - - - - - - - 1 1 -1 -1 05

Table S3. Typical poses using predefined pressure inputs for stiffness evaluation.

Supplementary Movies

Movie S1. Scene 1: An introduction to the complete prototype family, comprising two
modular variable-stiffness Bending Joints (mvsBJs), modular variable-stiffness Rotating
Joints (mvsRJs), and two modular variable-stiffness Links (mvsLs). The assembly process is
demonstrated, showcasing how the co-bot modules can be rapidly and securely connected
using the fast-connection design. The end-effector trajectory control is illustrated, along with
real-time displacement tracking in the X, Y, and Z directions. Corresponding error curves for
each axis are also presented to evaluate the control accuracy. Scene 2: Full experimental
recording of Application Scenario 1 — Bedside Feeding Assistance for Patients, including both
autonomous feeding and physical human interaction. The actuation pressure of each module is
recorded throughout the process, alongside the contact force measured at the end-effector.
These data help analyse the interaction dynamics and effectiveness of the proposed co-bot
system in assistive healthcare tasks. Scene 3: Full experimental recording of Application
Scenario 2 — Industrial Chamfering Assistance, featuring a comparison between the proposed
co-bot and a conventional bench vice during the chamfering process. Displacement and
contact force data are recorded to estimate the stiffness of the co-bot holding platform. A
follow-up inspection of the chamfered edges is performed to evaluate the quality, efficiency,

and feasibility of using the co-bot in industrial support tasks.
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