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A Hybrid Tendon-Pneumatic Continuum Robot with Pressure-Driven
Length Modulation and Tool-Channel Locking

Burak Ozdemir, Muhammad A. Khalid, Pietro Valdastri and James H. Chandler

Abstract— Continuum robots capable of modulating both
their geometry and stiffness are well-suited to the demands
of minimally invasive interventions within confined anatomical
environments. Existing designs typically achieve either bending
through tendon actuation or axial extension via pneumatic
chambers, but rarely integrate both functions in a compact
architecture. This paper presents a hybrid tendon-pneumatic
continuum robot that integrates pressure-driven length mod-
ulation and tendon-based steering within a soft thermoplastic
elastomer (TPE) body. The tubular robot has a diameter of 14
mm and houses a 4 mm central tool channel. Pressurization en-
ables continuous extension and contraction and reversible tool-
channel locking, while three peripheral tendons provide precise
directional control. Experimental evaluation demonstrates a
pressure-dependent deployment rate up to 70 mm, and a defined
3D workspace. Model validation shows <2% relative error
between predicted and measured shapes in different backbone
configurations. Phantom demonstrations confirm the robot’s
suitability for confined endoluminal environments, while multi-
robot configurations demonstrate the possibility for collabo-
rative, adaptable grasping. The compact geometry, integrated
hybrid actuation, and pressure-responsive locking capability
represent a promising step toward multifunctional continuum
manipulators for medical and industrial applications.

I. INTRODUCTION

Continuum robots (CRs) have emerged as a versatile class
of manipulators capable of performing dexterous tasks in
highly constrained environments where conventional rigid-
link robots are limited [1], [2]. Their continuously de-
formable backbones enable smooth bending, intrinsic com-
pliance, and safe interaction with surrounding anatomy,
making them well-suited for medical [3], industrial [4], and
inspection applications [5] that require flexibility and adapt-
ability. Despite these advantages, the absence of discrete
joints makes accurate modeling and control challenging,
particularly when balancing compliance and stability.

CRs can be actuated using various methods such as ten-
dons [6], pneumatics [7], hydraulics [8], or magnetic fields
[9], with each providing specific benefits and trade-offs.
Tendon-driven actuation enables compact proximal control
and high precision while maintaining relatively fast response,
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Fig. 1. (A) The hybrid tendon-pneumatic CR with adaptable length and
3-D steering. (B) Gastroscope-style deployment for enhanced steering and
workspace in diagnostic or therapeutic procedures. (C) Telescopic CR-based
soft gripper for versatile object handling. Created in BioRender. Khalid, M.
A. (2026). https://BioRender.com/6p6jg5z

but suffers from frictional losses, backlash, and tensioning
complexity, which can introduce hysteresis and nonlinear
behavior [2]. Conversely, pneumatic actuation produces dis-
tributed deformation with smooth, compliant motion suitable
for safe interaction, but typically presents nonlinear pres-
sure—deformation dynamics which limit repeatability [10].

To combine the strengths of both approaches, researchers
have proposed hybrid CRs that integrate multiple actuation
principles [11]. Among these, hybrid parallel architectures,
in which pneumatic and tendon actuation coexist within the
same structure, represent a promising direction [10], [12]-
[15]. In such systems, pneumatic actuation governs global
shape or stiffness modulation, while tendons provide antag-
onistic forces and precision steering [13]. This parallel hybrid
strategy enhances versatility, enabling coordinated control of
compliance, extension, and bending. However, many existing
designs rely on multi-chamber pneumatic bodies or complex
fabrication schemes, limiting miniaturization and restricting
integration of a working channel for tool passage [15].

In this work, we introduce a compact hybrid tendon-
pneumatic CR utilizing a single-cavity, pressure-driven ar-
chitecture. The structure comprises a thin thermoplastic elas-
tomer (TPE) inner-outer tube pair connected by 3D-printed
disks, forming a 4 mm tool channel within a 14 mm body.
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Positive or vacuum pressure applied through a single inlet
drives axial extension or contraction, while three distributed
tendons achieve directional tip steering. The concept of the
proposed hybrid CR is illustrated in Fig. 1(A). A unique
feature of the proposed design is its pressure-responsive tool-
channel locking mechanism, which uses internal pressure
to reversibly fix or release instruments inserted through the
lumen. This function allows the same pneumatic system that
drives length change to also provide in-situ tool stabilization,
introducing enhanced multifunctionality in hybrid continuum
actuation. Compared with previously reported hybrid designs
[10], [15], the robot achieves mechanical simplicity, func-
tional integration, and structural compactness, showing po-
tential for further miniaturization without design limitations.
The controllable length, precise steering, and tool-locking
capability of the hybrid tendon-pneumatic manipulator offer
new opportunities for both medical applications, such as
upper gastrointestinal interventions (Fig. 1(B)), and industrial
tasks, including adaptive grasping and compliant manipula-
tion in confined environments (Fig. 1(C)).

II. MATERIALS AND METHODS
A. Design Approach

The proposed tendon-pneumatic hybrid CR utilizes a thin-
film TPE formed into a tube with an annulus cross-section as
its main body. Two TPE tubes are nested together and sealed
at both ends using rigid disks to form a closed chamber
for pressure/vacuum actuation and a central tool channel.
Under vacuum, the chamber flattens, allowing the body to
be collapsed. However, under positive pressure, the chamber
forms a tubular shape with pressure dependent stiffness while
the tool channel cavity narrows. Three axisymmetric tendons
are positioned around the larger tube and aligned using
multiple rigid disks along the robot’s length. The tendons can
slide freely through the disks but are fixed at the distal end.
The robot contracts by pulling all tendons simultaneously
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The hybrid tendon-pneumatic CR, showing: (A) Design parameters, (B) Robot components, (C) Modeling approach, and (D) Experimental setup.

and can steer in three-dimensional space by pulling one or
two tendons at a time. The design parameters are described
in Table I, and shown in Fig. 2(A).

The design elements (Fig. 2(B)) and material selection
enable specific features. The TPE material itself has neg-
ligible stiffness, and the robot relies on the three tendons
working in parallel with the pressurized tubular body to
support its structure and bending. The proposed design can
rapidly extend to full length at relatively low operating
pressures of <20 kPa. The prototype design offers a small
diameter of 14 mm with a 4 mm tool channel, and features
a contraction ratio of 70% of its original length. The applied
pressure and tool integration impact the bending stiffness of
the robot; low pressure with no tool creates low bending
stiffness, whereas increased pressure and/or integration of
flexible tools provides stiffer configurations.

B. Fabrication

The main body of the robot consists of a pneumatic
chamber having an outer elastomer tube of 10 mm and an
inner elastomer tube of 6 mm. These tubes were fabricated
from 38 pm-thick TPE film (Stretchlon 200, Airtech Ad-
vanced Materials, UK) by heat-pressing two layers together,
followed by cutting a rectangular shape using an optical
laser cutter (Creality Falcon 2 Pro 22 W, Creality, China).
This process resulted in a sealed rectangular geometry, in
which the width of the rectangle represents half of the tube’s
circumference [16]. This method enables repeatable tube
geometry and consistent seam quality across samples. The
shorter sealed edges were cut open manually to form the
tubes, allowing them to be joined later and to create the
air/tool inlet and outlet. Rigid disks were fabricated using a
stereolithography (SLA) 3D printer (Clear V5 resin, Form 4,
Formlabs, USA). During assembly, cyanoacrylate glue was
used to bond the tubes to the disks and secure the disks
together. First, an inner disk was attached to one end of the
inner elastomer tube, followed by alignment of the middle



TABLE I
DESIGN PARAMETERS OF THE CONTINUUM ROBOT

Symbol  Description Value
L Total length of the robot 100 mm
D Outer diameter of the robot 14 mm
hq Height of the disk 3.5 mm
L Length of each segment 25 mm
Tt Radius of the robot up to each tendon 6.1 mm
dte Diameter of the tool channel 4 mm
dto Diameter of the outer elastomer tube 10 mm
dii Diameter of the inner elastomer tube 6 mm

disk and attachment of the outer elastomer tube and outer
disk to complete one end of the robot. From the opposite end,
the remaining four outer disks and one middle disk were slid
onto the outer and inner tubes, respectively, and the three end
disks were fixed in the same order as before. Three 0.2 mm
diameter NiTi tendons (McMaster-Carr, USA) were passed
through the alignment holes in the outer disks and secured
at the distal end. The intermediate outer disks were equally
spaced along the outer tube, forming four segments. Finally,
the proximal middle disk was connected to a 1 mm diameter
silicone tube for air supply. Fig. 2(B) shows the exploded
view of the assembly.

To create the robotic gripper, a similar fabrication process
was followed. Each finger of the gripper consists of a
single elastomer tube of 8§ mm diameter (i.e. no central
tool channel), 50 mm length, and a 12 mm diameter outer
disk. The finger tips were made of silicone (DragonSkin 10
Medium, Smooth-On, USA), and have a diameter of 15 mm
and a length of 18 mm. Three fingers were mounted on a 3D-
printed fixture and arranged to bend inward during actuation.
One tendon from each finger was linked together to ensure
simultaneous, uniform inward bending, while the remaining
two tendons from each finger were paired separately.

C. Modeling Approach

In this study, the hybrid CR is modeled through a force-
based rigid-link discretization [17], [18], where the contin-
uous body is divided into N links of segment length L, =
25 mm. The total length of the robot is L,om = 100 mm
(i.e., N = 4). Each link represents one bending section of
the robot, and its orientation change is described by the angle
0; between consecutive segments, as shown in Fig. 2(C).

The tendon force applied at the actuator is denoted by F,.
Due to friction along the tendon path, the transmitted force
to the ith segment is reduced as

Feff,i:Fa_(i_l)AFa (D

where AF = F}io1a1/N represents the average frictional
loss per segment. For a constant tendon offset r, from the
neutral axis, the bending moment at segment ¢ is

M; =7y Feg ;. 2

Assuming linear elastic bending, the equivalent discrete
curvature of each segment is defined as
M;
R; =
Ebend r

Av; = K; Ly, 3)

where Eyenql represents the effective bending rigidity. Here,
1; represents the local bending rotation of segment 7, and
A, is its incremental rotation resulting from the applied
tendon moment. In the numerical implementation, the model
uses the equivalent bending compliance term Kkpenq =
Ls/(EbendI)~
Axial deformation is considered through the axial stiffness
Kovial = Faxial A, where E,oyi,) is the Young’s modulus in
compression and A the cross-sectional area. Let f; = Feg ; n;
be the local tendon force (direction n;) and z; the local
tangent. The incremental axial shortening of segment ¢ is
Zini

AL(' i = L, )
’ Kaxial )

Lefiy= Lo —ALes @)

Starting from the base pose (p1, R1), the backbone shape
is computed recursively for each segment:

Pi+1 = Pi + R;ey Leg 5, )
Riy1 = Ri exp([ug] Avy), (6)

where e, = [0 1 0] is the nominal backbone direction, and
u; is the local bending axis. The inter-segment angle 6; is
obtained by accumulating the local rotations A1;.

This formulation combines the advantages of force-based
modeling and rigid-link discretization, capturing both the
distributed tendon loading and the resulting geometric de-
formation [18]. The parameters {kpend, Kaxial, AF'} were
identified through experimental fitting to minimize the shape
deviation between simulated and measured configurations.
This segment-wise mapping also allows the robot to be
modeled at different deployed lengths and to consider the
influence of a deployable tool by modulating independent
segment length and stiffness parameters. For example, when
the backbone is deployed up to segment 7, proximal segments
are modeled with an increased effective modulus Eé?ndl s
reducing the corresponding rotation A; in Eq. (3) while
leaving the distal segments unchanged.

D. Experimental Setup

To evaluate the hybrid CR, an experimental setup was
developed as shown in Fig. 2(D). Each tendon was inde-
pendently actuated using a miniature linear actuator (L12-
100-50-12-1, Actuonix) with 100 mm stroke and integrated
feedback, driven and monitored via a data acquisition card
(cDAQ, National Instruments). A 3D electromagnetic (EM)
tracking system (AURORA, NDI) was used to characterize
the workspace, with sensors at the base and distal tip of
the robot. To record full-shape in-plane bending, a cam-
era with sub-millimeter resolution (Basler aCA2040-120um,
2048 x 1536 pixels, and calibrated pixel-to-length conver-
sion (<0.1 mm)) was used. Pneumatic actuation was con-
trolled using a pressure (SMC-ITV0010-3BL) and vacuum
regulator (SMC-IRV20-CO08) connected to a 3/2 solenoid
valve, supplying positive or vacuum pressure to the robot
chamber. The valves were commanded via NI-cDAQ and
a custom interface (LabVIEW, National Instruments, USA).



Details of the experimental procedures (workspace character-
ization, elongation, dynamic response, and model validation)
are provided in Section III.

III. RESULTS
A. Workspace Characterization

To evaluate the reachable space of the proposed hybrid CR,
its tip position was tracked over 15,000 randomized tendon
displacement input combinations, with one or two tendons
actuated simultaneously to values between 0-16 mm. An EM
sensor was inserted through the central lumen and fixed at
the distal tip to allow 3D tracking of the end position, and the
robot’s body was maintained at a constant internal pressure
of 16 kPa to ensure full elongation throughout.

The resulting workspace reachable by the robot’s tip under
full extension is presented in Fig. 3. In the top view (X-Z),
the reachable boundary forms an approximately 90 mm
radius, indicating an approximately circular and symmetrical
coverage. In the side view (X-Y), the vertical workspace
spans approximately 120 mm, reflecting the effective contri-
bution of the pressure-driven elongation mechanism. The tip
is also able to access positions below the base of the robot, as
seen under high-angle bending (see Supplementary Video).
These results confirm that the combined tendon-pneumatic
actuation enables a broad and well-distributed 3D workspace.

B. Elongation and Deployment Analysis

To characterize the axial elongation capability of the
proposed robot, the body was incrementally actuated through
pneumatic pressurization to reach five distinct configurations,
as illustrated in Fig. 4. Each configuration is denoted by L;
(i=0,1,2,3,4), where Lo represents the unactuated initial
length of 30 mm.

The segmental elongation within each configuration is
represented by L., for ¢ = 1,2,3,4, corresponding to
25 mm, 50 mm, 75 mm, and 100 mm, respectively. The
overall elongation change with respect to the unactuated state
is defined as:

ALz - Lz - LOa (Z = 1,27374) (7)

The relative extension ratio E; expresses the percentage
elongation of each configuration compared to the initial
length, computed as:

Z (mm)

100 50 0 -50 -100 100 50 0 -50 -100
X (mm) X (mm)

Fig. 3. Workspace characterization results of the hybrid tendon-pneumatic
continuum robot: (A) Top view (X-Z) and (B) side view (X-Y) represen-
tations of 15,000 randomized tendon actuation combinations, with color
indicating the Y-axis displacement of the robot tip.
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Fig. 4. Stepwise elongation response of the hybrid tendon-pneumatic con-
tinuum robot under pneumatic pressure. Configurations (A-E) correspond to
elongation states Fo—Fy, illustrating the extension from unactuated length
Lo to maximum length L4, along with the incremental elongation AL; and
segment lengths Le, .
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As evident from Fig. 4, the robot can increase its initial
length by 233% while maintaining uniform deformation
across all sections. These results demonstrate the effective
stepwise elongation response achieved through the integrated
pneumatic actuation, which enables smooth and repeatable
elongation under moderate input pressures (see Supplemen-
tary Video).

E; =

C. Dynamic Response to Pneumatic Pressure

To evaluate the robot’s dynamic stepwise elongation be-
havior, step-input pressure tests were performed in the range
of 4 kPa to 20 kPa, with increments of 4 kPa while the
robot’s vertical tip position was tracked using a camera. The
corresponding elongation AL was calculated as a function of
time, with each experiment repeated three times. The robot’s
initial length was collapsed to 30 mm prior to each test
and the maximum achievable length under full pressurization
for the specific design was ~100 mm, corresponding to a
maximum expected elongation of ALy, =~ 70 mm.

— kP2
—8 kPa 1

12kPa
— 16 kP2
—20 kPa

= = = = Repeat1||

Time (s)

Fig. 5. Dynamic elongation response of the hybrid tendon-pneumatic CR
under different pressure inputs. Step pressures ranging from 4 kPa to 20 kPa
(in 4 kPa increments) were applied in three repeated trials for each condition,
maximum elongation values for each pressure reported in mm.
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Fig. 6. Model validation of the hybrid tendon-pneumatic continuum robot under different backbone deployment conditions. Configurations (A-E) correspond
to backbone insertion lengths of 0, 25, 50, 75, and 100 mm, respectively. For each configuration, a single tendon was actuated with displacements of 2,
4, 6, and 8 mm, and the resulting bending shapes were compared between experimental measurements and model simulation outputs.

As shown in Fig. 5, increased input pressure yields greater
ultimate elongation and reduces actuation time to reach
maximum elongation. At 20 kPa, the robot achieved AL =
70.7 mm in less than one second, while at 4 kPa, the
elongation reached a maximum of only AL = 33.1 mm
after approximately five seconds. The results indicate that
higher pressures not only enhance elongation speed but also
slightly increase the final displacement due to the elastic de-
formation of the TPE material, producing a minor overshoot
of 0.1-0.7 mm beyond the nominal 70 mm limit.

These findings confirm the pressure-dependent dynamic
elongation response of the hybrid tendon-pneumatic struc-
ture, where the pneumatic chamber governs elongation rate
and amplitude, while the elastic body properties introduce a
compliant yet stable saturation behavior under steady-state
conditions.

D. Variable Backbone Deployment & Model Validation

Bending behavior and associated suitability of the pro-
posed model were evaluated under different tool deployment
conditions. A flexible silicone tube (2 mm outer diameter)
was used as the deployable tool, which acts as a flexible
backbone to locally increase the stiffness when locked to
the robot’s body. As shown in Fig. 6, for each test the tool
was inserted from the base to one of five configurations
(0 mm (no tool), 25 mm, 50 mm, 75 mm, and 100 mm (full
deployment)) and locked with 16 kPa body inflation pressure.
For each configuration, a single tendon was actuated with
displacements of 2 mm, 4 mm, 6 mm, and 8§ mm, while
the corresponding in-plane bending shape recorded. Tool
insertion progressively reduces the effective low-stiffness
free bending length of the continuum body, resulting in
increased resistance to bending for identical tendon inputs.

The tool/backbone insertion lengths were selected cor-
responding to L., (i = 0,1,2,3,4) to align with the
external disks under full elongation. As shown in Fig. 6,
for greater insertion length the overall magnitude of bending
decreases and becomes more concentrated toward the distal
low stiffness section(s). This trend was consistently repro-
duced by the simulation results, confirming that the model
captured the geometry-dependent stiffness variation using
stiffness parameters identified from experimental bending
data. The quantitative comparison showed close agreement
across all deployment levels, with average relative errors of
0.96%, 0.99%, 1.10%, 1.03%, and 1.20% for configurations
spanning from no-backbone to full-backbone, respectively.
These sub-2% deviations demonstrate the suitability of the
proposed model in capturing the deformation trends observed
under different backbone conditions.

E. Endoscopic Robot and Gripper Testing

The proposed hybrid CR was evaluated under manual
manipulation inside a scaled-up 3D-printed cross-sectional
model of a human stomach Fig. 7A. The robot was first
inserted into the stomach phantom in its collapsed state. Once
inside, it was pressurized to deploy into the workspace and
actuated via its tendons without further proximal push. Ten-
dons’ actuation was used to successfully steer and oriented
the robot’s tip towards the target lesions. Subsequent removal
of the pressure and combined tendon actuation allowed the
robot to be retracted for removal, demonstrating the potential
utility of the hybrid CR for enhanced workspace access in
endoluminal applications.

To demonstrate the versatility of the proposed design
approach, a three-fingered deployable soft gripper imple-
mentation (described in Section II-B) was evaluated by
grasping and holding 3D-printed objects of various shapes, as
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Fig. 7. Demonstration of two application domains. (A) Gastroscopy
in a stomach phantom, where the robot is inserted into the lumen and
steered toward two target lesions: (1) Target 1; (2) Target 2. (B) Industrial
manipulation, where the pneumatic gripper grasps objects in unpressurized
and actuated states: (1) cube; (2) triangular prism; (3) cylinder.

shown in Fig. 7(B). Parallel finger deployment and inflation
were followed by manual operation of three paired tendons
(one per finger) to induce inward bending or all tendons
together for simultaneous finger contraction (see Supplemen-
tary Video). The gripper effectively grasped and lifted objects
of different shapes (triangular prism, cube, and cylinder) due
to its flexible fingers, which adapt to object geometry, and a
gripping force dependent on the applied pressure and tendon
loading. These results show the gripper’s utility in situations
where advancing a static gripper assembly is not feasible.

IV. CONCLUSION

The results demonstrate that the proposed hybrid tendon-
pneumatic CR can achieve controlled elongation, bending,
and shape modulation within a compact structure. Inte-
gration of pneumatic and tendon actuation enables both
axial extension and directional steering, while the pressure-
responsive tool-channel locking adds functional versatility.
Dynamic characterization showed that higher input pressures
produced faster elongation responses, allowing the robot
to reach its maximum length in a shorter time. From the
unactuated state to the fully pressurized condition, the robot
achieved a 233% increase in length and demonstrated high
bending angles (>180°), confirming its wide and controllable
deformation range. The modeling framework matched the
experimental deformation behavior across backbone config-
urations, although further calibration with force data would
be needed to develop a fully predictive model. Moreover, the
phantom and gripper demonstrations highlight the potential
of this design for both medical (gastroscopic) and industrial

manipulation tasks. Future work will focus on closed-loop
control implementation and miniaturization to enable in vivo
deployment and higher precision manipulation.
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