Growing manipulators through feeding material outside-in:
Inversion robots
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Abstract— Soft eversion robots have demonstrated significant
advantages in navigating within confined spaces with minimal
friction, making them promising candidates for various intra-
luminal applications in medical, industrial, and exploratory
domains. While these type of growing robots enable frictionless
movement within hollow structures, no existing soft robotic
actuation mechanism can grow along the outer surface of an
environment without generating friction. A robot with these
capabilities could open new possibilities, such as endoscopic
vein harvesting for coronary artery bypass graft surgery. This
paper introduces a novel growing robotic manipulator based
on an outside-in material feeding mechanism - the inversion
robot. Unlike conventional eversion robots, which expand by
feeding material from the inside out, the inversion robot
draws material from the outside to the inside, encapsulating
its external environment within an inner sleeve to achieve
frictionless movement. We present the design, implementation,
and experimental validation of this inversion robot, inves-
tigating its growth behavior under varying pressure values
and with different diameters, its ability to navigate along
defined trajectories, and with a tools mounted to its tip. This
inversion robot could enable vein dissection while preserving
the surrounding fat layer, making it a promising innovation for
minimally invasive vascular surgery and beyond.

I. INTRODUCTION

Soft eversion robots emulate the natural growth patterns
of plants, such as vines and shoots, by utilizing apical tip
growth mechanisms. Their natural compliance allows them
to conform to complex environments and interact delicately
with surrounding objects. Additionally, by everting material
at the tip from the inside to the outside to extend their
structure, eversion robots exhibit a unique advantage: the
growing body remains stationary relative to the environment,
thereby eliminating frictional forces during navigation [1].
Due to these characteristics, eversion robots have been ex-
plored for a wide range of applications, including deployable
structures [2]-[4], confined-space navigation [5]-[7], and
dexterous manipulation [8]-[10]. They also hold significant
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Fig. 1. Comparison of growing manipulators: The fundamental difference
between (a) our new inversion robot and (b) the well-known eversion robot
is that our manipulator grows by feeding material from the outside to the
inside rather than feeding material from the inside to the outside, as is
the case for the traditional eversion robot. Hence, our robot will introduce
frictionless motion between the robot and the external environment that is
encapsulated by the inner sleeve.

promise in the medical field, with potential applications
in minimally invasive procedures such as endoscopy and
endovascular surgery [11]-[13].

In general, eversion robots are well-suited for explor-
ing the internal lumen of hollow structures due to their
frictionless interaction between the robot’s outer layer and
the surrounding environment [14]. However, to the best of
the authors’ knowledge, there is currently no soft robotic
actuation mechanism capable of navigating along the outer
surface of a tube without generating friction. Addressing
this limitation could unlock novel applications, for instance,
in endoscopic vessel harvesting for coronary artery bypass
graft surgery [15]. One procedural step includes to harvest
a vein, typically from the leg, to be used as a bypass graft.
The procedure can be done minimally invasive through endo-
scopic vein harvesting [16]. This technique involves making
small incisions (about 1-2 cm) and inserting an endoscope to
guide the vein removal, using a rigid shaft and coagulation
instruments to dissect and seal the vein. To reduce friction
between the instrument and the surrounding environment,
COs is insufflated to create a working tunnel providing a
thin gas layer. Once removed, the vein is cleaned, checked
for damage, and prepared for grafting to restore blood flow to
the heart. One challenge of endoscopic vein harvesting is to
preserve the integrity of the dissected vein, as conventional



techniques might cause damage due to the rigid nature of
current surgical tools [17]. Moreover, existing methods do
not allow for simultaneous harvesting of the surrounding fat
layer, which has been shown to provide protective benefits
for the graft [18]. A frictionless, soft robotic tool designed for
this task could maintain the surrounding fat layer, potentially
improving graft quality and long-term surgical outcomes.

The contribution of this paper lies in a new concept
for growing robotic manipulators through outside-in ma-
terial feeding - the inversion robot, see Fig. 1(a). Unlike
conventional eversion robots as shown in Fig. 1(b), which
expand by feeding material from the inside out, our approach
enables growth by drawing material from the outside to the
inside. Hence, the inversion robot’s unique outside-in mate-
rial feeding mechanism enables frictionless motion between
any external environment, that is encapsulated by the inner
sleeve. In addition, soft and flexible materials, commonly
used in eversion robots, possess inherent compliance that
allow them to conform the shape of the surrounding soft
tissue. We present the design, implementation, and experi-
mental evaluation of this new inversion robot. We believe that
a potential application of this new inversion robot concept
is endoscopic vein harvesting. The frictionless, soft robotic
mechanism could enable dissection of a vein, while also
preserving the surrounding fat layer.

In Section II, we introduce the overall concept of the inver-
sion robot, in particular, its material storage method and the
actuation principle. Then, Section III details the design and
the manufacturing process. The experimental evaluation is
included in Section IV, reporting on the setup, protocol, and
results. The experiments investigate the manipulator’s growth
under various pressure values and for different diameters,
along defined trajectories and with a tool at its tip. Finally, we
discuss limitations and future directions for our new concept
of a growing robot in Section V.

II. CONCEPT OF THE INVERSION ROBOT:
FEEDING MATERIAL FROM THE OUTSIDE TO THE INSIDE

The concept comparison of the eversion robot and the
inversion robot is illustrated in Fig. 1. For the well-known
eversion robot, the outer sleeve is typically anchored to the
base port, while the inner sleeve or tail is stored by reeling
around a central shaft [19]. The robot extends by applying
internal pressure while fixing the outer layer and releasing
the inner sleeve or tail, which is stored in a spool (see
Fig. 1(b)). Instead, the concept of our inversion robot in
Fig. 1(a) achieves growth by an inverse mechanism-releasing
the outer layer while fixing the inner tail - also utilizing
pressure actuation. This difference in concept results in the
design of a new operational mechanism, allowing to apply
pressure within the inner and outer sleeve and, at the same
time, feeding material of the sleeve from the outside.

The feeding mechanism for the inversion robot is illus-
trated in Fig. 2. In the initial state (Fig. 2(a)), the inner
sleeve (or tail) is secured to the base by a tensile force
generated through an internal tendon, ensuring that the inner
layer remains stationary while maintaining an airtight seal.
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Fig. 2. Concept and mechanism of the inversion robot: (a) In the initial
state, the inner sleeve is fixed and mounted to the base. The outer sleeve
is crimped along a supporting structure made of a rigid tube. (b) Once
internal pressure is applied, the resulting forces on the inner sleeve result
in a material intake from the crimped outer sleeve. A consistent feeding of
material is facilitated by passively rotating rollers, which guide the sleeve
smoothly as it advances between the rigid tube and the roller system,
ensuring seamless progression.

Meanwhile, the outer sleeve is crimped along a support-
ing structure composed of a rigid tube. Passively rotating
rollers prevent the crimped sleeve from dislodging from
the rigid tube, when no pressure is applied. This design
preserves internal pressurization without compromising the
tube’s structural integrity, while also minimizing the stored
material length. In addition, crimping the outer layer near the
tube’s open end enhances system sealing, ensuring that the
structure remains securely attached to the base port. In fact,
similar crimping techniques have been employed in certain
eversion robot designs to sustain a functional central working
channel [20]-[22].

Under pneumatic air actuation, the internal pressure gener-
ates forces at the robot’s tip, as illustrated in Fig. 2(b). With
the inner tail immobilized by a tendon connected to the base
and the outer layer advancing by overcoming friction at the
crimped sleeve - a process facilitated by passively rotating
rollers - the material undergoes a controlled inversion transi-
tion as the robot extends and grows. This mechanism enables
continuous elongation of the robot body while preserving
a fixed relative position between the inner sleeve and the
central working channel, thereby implementing the inverted
growth strategy.

III. DESIGN OF THE INVERSION ROBOT PROTOTYPE

The design of the proposed inversion robot in Fig. 3 in-
troduces a technique that enables continuous growth through
feeding additional material of the sleeve from the outside to
the inside. The system consists of an externally pressurized
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Fig. 3. (a) Overview of the prototype, showing the base, which houses the
mounted coupling and shaft, to which the inner sleeve is connected via a
tendon. The base is sealed with rubber to maintain positive pressure when
actuated through the pressure input. The rigid tube, where the outer sleeve is
crimped, serves as the connection point for the inversion robot. (b) Cross-
sectional views of the inversion robot and its tip, illustrating the rollers
guiding the crimped outer sleeve under pressurization. The inner sleeve
remains fixed to the tendon, while the outer sleeve is securely crimped
along the rigid tube, ensuring controlled material feeding and continuous
robot extension.

base, the robot’s sleeve, that is crimped along a rigid tube
on the outside at the one end and connected to the base via
a tendon on the inside at the other end. A passive roller,
mounted to a bearing base, supports the consistent feeding
of material during the growth phase.

A. Growing the manipulator through the outer sleeve

To enable inversion-based growth, a system was developed
comprising a base with a pressure inlet for air pressure
regulation and the robot sleeve, as illustrated in Fig. 3(a). The
internal pressure of the base is controlled using a Camozzi
K8P proportional pressure regulator (Camozzi Automation
Ltd. Warwickshire, UK), utilizing the pneumatic control
platform developed by Shi et al. [23].

The robot body’s sleeve is constructed using narrow
LayFlat tubing (LFT), with one end securely sealed to the
port over the rigid tube via an O-ring to ensure airtightness.
The material is radially crimped along the rigid tube, to
guide and feed additional material of the outer sleeve, as
shown in Fig. 3(b) (left). At the distal end of the rigid tube,
four rollers with bearings are positioned to maintain full
contact with both the outer sleeve and the rigid tube. These
roller with bearings are supported by a bearing base and are
designed to allow the outer sleeve to slide out smoothly while
keeping the shaft of the roller stationary, ensuring controlled
material feeding during growth (see Fig. 3(b) - right). To
enhance interaction between the roller with bearing and the

robot sleeve, the contact surface of the roller is coated with
Smooth-Sil 960 (Smooth-On, Inc. PA, United States) silicone
material using injection molding. This high-friction coating
generates sufficient grip between the roller and the sleeve
material, ensuring reliable material feeding during growing.

The inner sleeve is sealed by a heat sealer to ensure
airtightness and then connected to a tendon, made from Ultra
High Molecular Weight Polyethylene Dyneema. The tendon,
tightly connected to the inner sleeve, is routed through
a central pipe within the robot’s body. This centralized
tendon alignment prevents unintended lateral forces, thereby
improving directional stability during deployment. At the
base of the system, a shaft is coupled to the base and firmly
mounted using 3D-printed structural supports by material
Tough 2000 (Formlabs, Somerville, Massachusetts, United
States). The tendon is fixed to the shaft. The top of the base
is sealed with rubber, and airflow is regulated via a one-way
air valve, which provides the necessary internal pressure for
robot actuation and growth.

B. Design and manufacturing of the sleeve

We manufactured a robot sleeve with a 25 mm and
33 mm diameter and a wall thickness of 120 gauge. This
specific thickness was selected to minimize friction between
the crimped outer layers, ensuring smooth deployment. The
diameter of the rigid tube is set to 22 mm and 30 mm,
respectively, which is slightly smaller than the robot sleeve’s
diameters. This dimension optimally balances material stor-
age capacity and structural support. If the gap between the
sleeve and the rigid tube is too large, the inflated sleeve could
be squeezed by the rollers, and could not act in smooth
sliding motion. The rigid tube has a length of 90 mm,
allowing it to accommodate 250 mm of crimped material.

IV. EXPERIMENTAL SETUP, PROTOCOL, RESULTS AND
DISCUSSION

A. Experimental Setup

The experimental setups are shown in Fig. 4. In all
experiments, growth lengths were recorded using a ruler at
various growing stages. The internal pressure was precisely
controlled using the Camozzi K8P proportional pressure reg-
ulator, which regulated airflow. To measure the tensile force
exerted by the tendon, an IIT-FT17 6 DoF force/torque sensor
was attached to the tendon, that connects the inner sleeve of
the robot to the base. In addition, the growth duration was
automatically logged within the control platform, ensuring
accurate time measurements for deployment analysis. This
setup, as shown in Fig. 4(a) was used for Experiment 1
and 2. For Experiment 3 and 4, a soft and rigid phantom of a
vessel with diameters of 6 mm and 8 mm, respectively, was
added, so that the robot could grow along this environment.
The soft phantom was made of silicone material, whereas the
rigid phantom was made of polylactic acid (PLA) material. In
Experiment 4, a magnetic cap was mounted onto the robot’s
tip, to support growth during free elongation.



B. Experimental Protocol and Results

Four experiments have been conducted following a number
of systematic steps:

1) The sleeve of the robot was cut to a length of approxi-
mately 65 cm, corresponding to a target growth length
of 25 cm. One end of the sleeve was sealed using a
heat sealer to form a closed tube. The inner sleeve
was attached to a tendon, which was then mounted on
the force/torque sensor, measuring the tendon forces
during deployment.

2) The outer sleeve was crimped along the rigid tube.
The rollers were connected to the end of the tube,
maintaining a layer of the outer sleeve between the
tube and rollers. The sleeve was then everted and the
inner sleeve connected to the tendon. The robot’s tip
was positioned at the initial position.

3) The rubber-sealed robot base was connected to the
pneumatic platform, which supplied pressure values
for a predetermined period to drive the robot’s growth.
A camera system recorded the robot’s displacement,
while the force sensor captured the tendon force vari-
ations throughout the growth process.

4) After each trial, the robot base was disconnected from
the pressure supply, and the system was manually reset
to its initial state. This was achieved by crimping the
extended sleeve back along the rigid tube, restoring the
configuration for the next experiment/trial.

5) After completing a set of trials for one of the four
experiments, the tube was removed from the base. A
new tube was stored for the next experiment.

For each of the four experiments, ten trials were con-
ducted. The recorded data, including tendon force varia-
tion over time and pressure readings, were imported into
MATLAB for further analysis. The tendon force reflects
the internal mechanical interaction between the fixed inner
sleeve and the actuated outer sleeve during growth, serving
as an indicator of internal tension and resistance within the
system. In addition, recordings from the top-mounted camera
returned growth data and time.

1) Experiment 1 — Growth at different pressure values:
This experiment aimed to evaluate the influence of different
air pressures on the growth process and the corresponding
force exerted on the tendon. The inversion robot, with a
diameter of 33 mm, was actuated 10 times under three
pressure levels: 0.15, 0.2, and 0.3 bar. In each trial, the robot
was grown to a length of 25 cm, while the tendon force was
continuously recorded throughout the process.

Results: Fig. 5 illustrates the time required for the robot
to extend to 25 cm under different pressure levels: 0.15,
0.2, and 0.3 bar, represented by the dashed orange, rigid
purple, and dotted green lines, respectively. Simultaneously,
the tendon forces were recorded throughout the growing
phase. Each condition was tested 10 times, and the averaged
values are presented. The black dots indicate the moment
when the tendon force drops, marking the completion of the
growth process. For a pressure of 0.15 bar, the robot required
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Fig. 4. Experimental setup: (a) Experiment 1 and 2: The inversion robot
(made of a 33 mm and 25 mm diameter for Experiment 1 and 2, respectively)
is actuated with a range of pressure values. Force measurements are recorded
acting on the tendon that connects the inner sleeve to the base. A ruler
is used to measure the tip location while growing. At the same time,
the inner pressure variation is monitored. (b) and (c) Experiment 3: The
inversion robot with a 33 mm diameter and 25 cm length grows along a
soft and rigid phantom of a vessel. The soft phantom was made of silicone
material, whereas the rigid phantom was made of polylactic acid material.
(d) Experiment 4: A magnetic cap is mounted onto the robot’s tip, to support
growth during free elongation. Tendon forces are compared to Experiment 1.

approximately 10.5 seconds to reach the target length, with
a standard deviation (SD) of 1.1 seconds. At 0.2 bar, the
duration decreased to 9.0 seconds (SD of time: 1.8 seconds),
while at 0.3 bar, the recorded time was 5.6 seconds (SD
of time: 1.4 seconds). These results confirm that higher
pressure leads to faster robot extension. During the growing
phase, the tendon force initially exhibits fluctuations before
gradually increasing and reaching a peak. After stabilizing
for a short period, the force then gradually decreases as the
robot completes its extension.
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Fig. 5. Results for Experiment 1: Force recordings over time, when the
robot is actuated with 0.15, 0.2 and 0.3 bar air pressure, reaching a total
growing length of 25 cm (indicated by the black dot). The larger the pressure
and forces on the tendon, the shorter the time required to grow.

2) Experiment 2 — Understanding growing behavior of
robots with different diameters: Inversion robots with a
33 mm and 25 mm diameter and length of 25 cm were tested.
Under a constant pressure of 0.2 bar, the tendon forces were
recorded throughout the growth process.

Results: Fig. 6 presents the growth time and tendon force
measurements for two robots with diameters of 33 mm
and 25 mm, respectively, as they extend to 25 cm under
a constant pressure of 0.2 bar. The force trend for the
33 mm robot is represented by the solid purple line, while
the 25 mm robot is indicated by the dashed red line. Each
experiment was repeated 10 times, and the averaged results
are shown. The robot at 25 mm diameter at 0.2 bar required
approximately 18.1 seconds to reach the target length (SD
of time: 0.6 seconds). A sudden drop in force without
subsequent recovery marks the completion of the growth
process. The maximum force observed for both diameters
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Fig. 6. Results for Experiment 2: Force recordings over time when robots
with a diameter of 25 mm and 33 mm were pressurized by 0.2 bar. The
time to reach 25 cm was recorded. The smaller diameter robot takes longer
to grow, whereas the tendon forces are of similar average values.

is approximately 0.6 N. Thus, the 25 mm robot requires a
longer duration to complete growth and exhibits greater force
fluctuations throughout the process.

3) Experiment 3 — Unconstrained growing versus growing
along phantom environments: To evaluate the ability of the
inversion robot to grow along predefined trajectories and
encapsulate an environment, two types of vessel phantoms
were prepared: a rigid and a soft phantom. For the rigid
phantom, the robot grew along a PLA phantom. Similarly,
a silicone phantom was used to simulate a soft vessel. The
robot was actuated at a constant pressure of 0.2 bar, growing
to a length of 25 cm. In both cases, the tendon force was
recorded throughout the growth process.

Results: Fig. 7 presents the time required for a 33 mm
diameter robot to grow 25 cm along different phantom
environments: a soft (dashed blue) and a rigid phantom vessel
(dotted pink). The robot was actuated at a constant pressure
of 0.2 bar. The robot along the soft phantom vessel required
approximately 7.3 seconds to reach the target length (SD:
0.9 seconds), while the rigid phantom required 6.7 seconds
with an SD of 1.0 seconds. The tendon forces were recorded
throughout the growth process. The force drop indicates the
completion of growth, with the rigid phantom requiring the
shortest time. The maximum tendon forces recorded varied
across environments: For the unconstrained growth, the force
peaked at approximately 0.6 N, while for the phantoms,
the forces were around 0.4 N and 0.2 N, respectively. For
the rigid phantom, the force reached its peak value before
exhibiting significant fluctuations.

4) Experiment 4 — Robot behavior with a tool mounted on
tip: Carrying a tool at the tip is an important requirement
for a medical instrument, which is investigated by this
experiment. A cap with a magnet was selected due to its
secure attachment and minimal risk of damaging the robot
body, as shown in Fig. 4(d), which provides a zoomed-in
view of the cap. The growing pressure was set to 0.15 bar,
and the robot reached a length of 25 cm.
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Fig. 7. Results for Experiment 3: Force measurements over time for the
robot, when growing in an unconstrained way and when growing along a
soft and rigid phantom of a vessel. The stiffer the path, the smaller the
tendon force required and the faster the growth rate.



Results: Fig. 8 presents the difference in growth time and
force with and without a tip-mounted tool. The experiment
was conducted using a robot with a diameter of 33 mm
and a growth length of 25 cm while maintaining a constant
growing pressure of 0.15 bar. The robot with a magnetic
cap required approximately 9.1 seconds to reach the target
length (SD: 0.3 seconds). The force measurements of the
robot without a tip tool are represented by the dashed orange
line, and the force measurements of the robot with a tip tool
are represented by the gold line. The results show that the
tendon force required for the robot with a tip tool is greater
than that of the robot without a tip tool. The force fluctuations
are more pronounced when the tool is attached, especially
in the middle stage of the growth process.

C. Discussions

The experimental results provide insights into the growth
behavior, stability, and functional capabilities of the inversion
robot. By systematically analyzing the effects of pressure,
diameter, trajectory following, and tool attachment, a better
understanding of the fundamental factors influencing the
robot’s performance was achieved. These findings contribute
to optimizing control strategies and enhancing the robot’s
adaptability for real-world applications.

For the experiment of the robot growing at different pres-
sure values, the results demonstrate that the robot achieves
faster growth when higher pressure values are applied, which
validates an expected behavior as observed in eversion
robots: Internal pressure serves as the primary driving force
for growth. As the air pressure increases, a greater expan-
sion force is generated, reducing the time required for the
robot to reach a fixed length. Consequently, robots of the
same diameter exhibit higher growth speeds under higher
pressures. Simultaneously, the tendon force is responsible for
maintaining system equilibrium, and its magnitude increases
with the increase in applied pressure and resistance in
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Fig. 8. Results for Experiment 4: Force recordings over time for a robot
with and without a tool mounted at the tip, reaching a growing length of
25 cm. The increase in tendon force after adding the tip tool is because the
robot needs to overcome the friction generated by the tip. A sudden decrease
in force is caused by the tool being stuck during the growth process.

the material feeding process. 0.15 bar is the minimum air
pressure that can make a robot growth with a diameter of
33 mm. Below this threshold, friction between the crimped
sleeve significantly hinders the growing process, leading to
an uneven and inconsistent growth pattern.

In addition, variations in force fluctuations indicating
instability are observed across different pressure levels, while
a continuous drop signals the completion of the growth
process, as there is no active tension. At higher pressures,
force fluctuations are reduced, while at lower pressures, the
frequency of oscillations increases. This may be attributed
to the fact that at elevated pressures, the resistance from the
crimped sleeve is quickly overcome, allowing the system to
stabilize more rapidly. In contrast, at lower pressures, each
layer of the crimped sleeve takes longer to slide, causing
more fluctuations in the force. Compared to conventional
eversion robots that employ the crimping method [22], the
tendon force in the inversion robot are significantly lower,
highlighting its efficiency.

The effect of diameter on growth performance reveals
that tendon force is relatively independent of diameter varia-
tions. However, robots with smaller diameters require longer
growth times and exhibit higher force fluctuation frequencies.
This is likely due to the resistance of the crimped sleeve
is higher. Under the same crimping conditions (where the
length of the rigid tube remains constant), the gap between
the crimped sleeve of small diameter is compressed smaller
and tighter, leading to reduced system stability and slower
growth. In the case of a 25 mm diameter robot, a sudden
drop was caused by the robot getting stuck. Despite this
challenge, the results confirm the feasibility of miniaturizing
the inversion robot by controlling the diameter of the robot
body and the size of its components.

The experiment on encapsulating a phantom vessel shows
that following a predefined environment reduces tendon
force. Also, higher stiffness contributes to faster growth and
quicker stabilization of system oscillations. This is because
a guided path provides structural support to the robot tip,
stabilizing the tendon force magnitude and direction.

The evaluation of tool-carrying capability in Experiment 4
demonstrates that robots equipped with a tip-mounted tool
require greater tendon force than those without, given the
same growth pressure. This is due to the additional resistance
introduced by the tool, which the robot must overcome.
However, the presence of a tool also facilitates smoother
growth, as reflected in the increased growth speed and
reduced fluctuations. This finding confirms that the inversion
robot is capable of carrying a tip-mounted tool, similar to
conventional eversion robots [24]-[26].

While our inversion robot demonstrates stable growth and
the ability to carry a tool, certain limitations require further
exploration. At lower pressures, force fluctuations can affect
growth stability, highlighting the need for adaptive pressure
control. In addition, miniaturization may introduce chal-
lenges related to crimped storage, and overall stability, which
could be addressed through optimized storage configurations
and active material feeding with bearing control. Future work



will also focus on enhancing end-effector integration to im-
prove functionality. Addressing these aspects will contribute
to refining the robot’s design and expanding its applications.

V. CONCLUSIONS AND FUTURE WORK

This work presented a new approach to growing and
eversion robots through an outside-in material feeding mech-
anism, introducing the inversion robot as a novel alternative
to conventional eversion-based systems. By drawing material
inward, this design achieves frictionless motion between the
robot’s sleeve and an encapsulated environment. Through
detailed experimental validation, we have demonstrated that
the robot’s growth behavior is influenced by key factors,
including internal pressure, diameter, trajectory constraints,
and tip-mounted tools. Higher pressure values resulted in
faster deployment, while environmental constraints and tool
attachment affected tendon force requirements and overall
stability. Our robot could unlock new possibilities for appli-
cations in the medical domain. In particular, its potential to
enable vein dissection while preserving the surrounding fat
layer highlights its transformative role in vascular interven-
tions such as endoscopic vein harvesting. Our work allows
further advancements in soft robotic manipulators, offering
a new technique for frictionless growth mechanisms.

Future work will focus on enhancing the robot’s robustness
and adaptability in complex environments. Key areas include
optimizing materials for durability, growth length and tissue
compatibility, potentially incorporating bio-compatible lubri-
cating fluids or membrane-infused channels to reduce friction
and create a protective interface with surrounding biological
tissue. Additional efforts will develop active bearing con-
trol by managing roller-induced friction for stable material
feeding, miniaturizing the robot, and designing an effective
retraction mechanism.
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