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Abstract

Continuum robots offer inherent compliance and dexterity for operation in confined and
unstructured environments; however, achieving hybrid multi-segment functionality typi-
cally requires application-specific redesign and tightly coupled architectures. To address
this limitation, this study proposes a reconfigurable hybrid continuum robot architecture
based around a multi-lumen central integration backbone that supports multiple actuation
modalities and robot configurations. The proposed design combines external tendon-driven
disk modules for proximal actuation with a pneumatically actuated distal tip, while internal
lumens allow routing of pneumatic lines and the insertion of optional stiffening elements
without structural interference. The reconfigurability of the architecture is demonstrated
through two configurations: Concept-1, a two-segment hybrid system, and Concept-2, a
miniaturized three-segment configuration achieved by reducing the disk diameter and
extending tendon actuation to the backbone. Experimental evaluations are conducted
to characterize segment-wise actuation, coupled deformation behavior, and workspace
capabilities, hysteresis response, tip contact force, and phantom-based target reachability.
Results show that the integration of tendon-driven and pneumatic actuation significantly
expands and reorients the reachable workspace. Additional functional tests showed repeat-
able loading—unloading behaviour of the tendon-driven segment, a maximum pneumatic
tip contact force of approximately 0.45 N, and successful access to five representative targets
within a stomach-like phantom using Concept-2. A kinematic model based on a constant-
curvature formulation is validated against experimental data, yielding root-mean-square
errors (RMSE) of 5.44 mm and 6.12 mm for Concept-1 and Concept-2, respectively. These
results demonstrate consistent model accuracy across different configurations and scales.
Overall, the proposed architecture enables modular, scalable, and reconfigurable hybrid
continuum robots, providing a flexible framework for applications ranging from large-scale
manipulation to gastroscopy-inspired minimally invasive procedures.

Keywords: continuum robots; hybrid actuation; multi-lumen backbone; tendon-driven
robots; pneumatic actuation; reconfigurable robots; modular robot design; soft robotics

1. Introduction

Continuum robots (CRs) offer high dexterity and structural compliance, enabling
adaptation to non-uniform objects and complex navigation within confined spaces [1,2].
Consequently, CRs are well-suited to applications where adaptability is essential, including
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industrial and agricultural tasks involving grasping or interaction with unstructured ob-
jects [3], medical applications such as endoscopy [4] and minimally invasive surgery [5],
and inspection tasks in confined or cluttered environments [6]. To meet the broad range
of requirements associated with these application areas, CRs have been developed using
a variety of actuation strategies. These have included tendon-based [7,8], pneumatic [9],
hydraulic [10], and magnetic mechanisms [11], with each presenting unique benefits and
limitations. For example, tendon-driven systems enable compact proximal actuation, high
force transmission, and relatively simple mechanical designs; however, they are prone to
issues like frictional losses, backlash, and tensioning complexity, which can introduce non-
linear dynamics and hysteresis [12]. Pneumatic actuation can generate smooth, distributed
deformation through pressurization and allows compliant motion with relatively simple
input transmission. However, its nonlinear pressure-to-deformation relationship often
limits the accuracy of control and repeatability [13]. Magnetic actuation enables wireless
manipulation, removing the need for mechanical or fluid transmission elements; however,
it requires dedicated external field-generation hardware and careful field control, which
can increase overall system complexity and limit practical deployment [14].

To balance the strengths and limitations of different actuation approaches, hybrid CRs
have been developed that combine different actuation modes and structural concepts [15].
Hybrid systems have combined different modes of actuation, including tendon-driven bend-
ing with fluidic growing [16,17], tendon and magnetic actuation [18], or mixed different
structural paradigms involving hard components [19], soft components [20], and hard—soft
combinations [21]. Hybrid approaches aim to improve dexterity, compliance, controllability,
and task-specific adaptability [15]. In particular, architectures that merge tendon-driven
and pneumatic sections have demonstrated enhanced operational flexibility and agility
by improving the decoupling between proximal and distal bending segments [22-24].
Within such systems, tendon mechanisms generally provide accurate directional steering
and proximal force transmission, whereas pneumatic components contribute compliant
bending and supplementary degrees of freedom. Table 1 compares representative tendon—
pneumatic hybrid continuum robots. These approaches have demonstrated important
capabilities, including pneumatic deformation, tendon-driven steering, variable stiffness,
length modulation, and application-specific functional integration. However, despite these
advantages, existing systems are primarily based on fixed body architectures in which the
actuation pathways, structural components, and segment definitions are tightly integrated
for a specific robot configuration [25,26]. As a result, fabrication becomes more complex,
modularity is reduced, and reconfiguration or adaptation of the robot’s design to suit
different tasks is challenging [15].

Therefore, a major challenge exists for the design of hybrid CRs in creating a cohesive,
modular framework that supports multiple actuation types within a space-efficient body
and allows simple reconfiguration. Specifically, it remains difficult to house pneumatic
tubes alongside tendon systems without increasing structural complexity or compromising
the robot’s inherent flexibility. Therefore, there is a need for design strategies that allow
different actuation pathways to coexist within a compact continuum body without reducing
modularity, flexibility, or ease of assembly [27,28]. Motivated by this challenge, we propose
a reconfigurable hybrid CR architecture enabled by a soft multi-lumen backbone (Figure 1).
In contrast to existing designs (Table 1), the proposed architecture uses a soft multi-lumen
backbone as a shared structural and routing platform. Specifically, the internal lumens can
be reconfigured to act as pneumatic transmission lines, accommodate actuation tendons,
or house structural stiffening inserts without increasing the external diameter of the robot
(Figure 1A). Additionally, the compliant structure can be used to support mechanical
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self-anchoring of external tendon routing disks to further extend segment definition and

degrees of freedom of the CR.
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Figure 1. Overview of the reconfigurable hybrid continuum robot architecture. (A) General system

design components, including the multi-lumen backbone, self-anchoring external tendon routing

disks, multi-channel pneumatic tip, stiffening rod, and pneumatic interface. (B) Concept-1: a two-

segment hybrid configuration combining a large diameter proximal tendon-driven disk module

(Segment 1) with a pneumatically actuated distal segment (Segment 2). (C) Concept-2: a reconfigured

three-segment architecture obtained using the same design components, where the multi-lumen

backbone is also tendon-actuated (Segment 2) and a reduced-diameter disk module is employed,

enabling a more compact structure with an additional intermediate segment and a distal pneumatic

segment (Segment 3).

Table 1. Architectural comparison of representative tendon-pneumatic hybrid continuum robots.
(NR: not reported.)

Study {:‘(:;(;t Diameter g:érzints Body/Structural Composition Reconfigurability/Modularity Application
Soft urethane rubber modules + Fixed soft manipulator;
[13] NR NR 3D-printed connectors; pneumatic ressure-based stiffness/length Soft manipulation
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Therefore, the main contribution of this work lies not only in combining tendon-
driven and pneumatic actuation, but also in demonstrating an architecture that can be
reconfigured at the design level across robot scale, segment number, and actuation ar-
rangement. To demonstrate the system’s reconfigurability, two designs are presented.
Concept-1 (Figure 1B) represents a two-segment hybrid robot composed of a proximal
external tendon-driven disk module and a distal pneumatically actuated tip. In this config-
uration, actuation modalities are spatially separated, enabling straightforward integration
and controlled deformation behavior. Concept-2 (Figure 1C) reconfigures and extends this
architecture into a miniaturized three-segment configuration by reducing the disk diameter
and enabling tendon actuation of the backbone through internal lumen routing, resulting
in an additional intermediate segment. In this way, these two configurations demonstrate
how the proposed architecture can be adapted across different scales and segment arrange-
ments while preserving a common design principle. Table 1 compares the main features of
the two concepts with existing approaches and highlights the versatility of the proposed
framework in suiting distinct representative application scenarios. Specifically, Concept-1
represents a larger-scale configuration that may be relevant to manipulation tasks in un-
structured environments, such as agricultural harvesting (Figure 2A), whereas Concept-2
represents a compact configuration that may be relevant to confined-space applications,
including gastroscopy and minimally invasive endoscopic procedures (Figure 2B). These
examples are intended to contextualize the design motivation, while the present study

focuses on the architectural design, modeling, and experimental characterization of the
hybrid CR platform.

Gastroscopy
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Figure 2. Representative application scenarios of the proposed reconfigurable hybrid continuum
robot architecture. (A) Concept-1 demonstrating its potential for large-scale manipulation tasks, such
as agricultural harvesting, where the robot is mounted on a mobile platform and interacts with target
objects in cluttered outdoor environments. (B) Concept-2 illustrating its potential for gastroscopy and
minimally invasive endoscopic procedures, where the compact, miniaturized multi-segment design
enables dexterous navigation within confined anatomical spaces, such as the stomach. Created in
BioRender. Ozdemir, B. (2026) https://BioRender.com/oqil3gd (accessed on 8 June 2026).

The main contributions of this work are summarized as follows:

* A multi-lumen backbone design framework that serves as a unified structural and
routing platform for integrating tendon-driven and pneumatically actuated seg-
ments within a compact hybrid CR that supports reversible assembly through self-
anchoring disks.

¢ Hybrid design implementations based on the framework, demonstrating two em-
bodiments: Concept-1, a two-segment hybrid robot, and Concept-2, a miniaturized
three-segment robot obtained by reducing the disk scale and activating the backbone
as an additional tendon-driven segment.
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¢ A constant-curvature-based modeling approach for predicting the kinematic behav-
ior of the tendon-driven and pneumatic segments and enabling comparison with
experimental tip motion.

*  Experimental validation of the proposed architecture through segment-wise and com-
bined actuation tests, including workspace analysis, tendon hysteresis characterization,
pneumatic tip force measurement, and phantom-based target reachability.

The remainder of this article presents the proposed architecture through its design,
modeling, fabrication and experimental validation. The design principles and two proto-
type embodiments are first introduced, followed by the kinematic modeling framework
used to describe the tendon-driven and pneumatic segments. The fabrication process and
the experimental setup are then detailed, followed by the experimental results. Finally, the
paper concludes by discussing the main findings, current limitations and future directions
for reconfigurable hybrid continuum robot architectures.

2. Design Principle

The proposed hybrid CR architecture is built upon a multi-lumen soft tube that
serves as a central structural backbone and as a functional element for integrating tendon
pathways, pneumatic transmission lines or tool channels. As illustrated in Figure 1A
and Figure 3A(iii), the backbone consists of a central channel surrounded by multiple
circumferentially distributed outer lumens. From a geometric perspective, the multi-lumen
backbone can be described using a set of general parameters, including the central lumen
diameter d., the outer lumen diameter d,, and the minimum material thickness t,, between
adjacent channels. These parameters define the radial placement of the outer lumens and
the overall outer diameter of the backbone.

Ly

Section X-X'
(i)

""" | Multi-Lumen (iil)
Backbone

Figure 3. Geometric design and parameterization of the main components in the proposed reconfig-
urable hybrid continuum robot architecture. (A) External tendon-driven disk module: (i) side view
illustrating the disk stack and overall dimensions, (ii) top view detailing tendon routing and disk
geometry, and (iii) cross-sectional view of the multi-lumen backbone. (B) Pneumatic tip module:
(i) side view of the multi-channel pneumatic segment, and (ii) cross-sectional view (Section X-X")
showing the internal channel arrangement and key geometric features.

Radial distance from backbone center to outer lumen center R can be approximated as:

de+4d,
2

The overall outer diameter of the backbone dp,ckbone can be expressed as:

R= + by 1)

dbackbone =dc+ 2(d0 + Ztm) (2)
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These relationships highlight the balance between lumen diameters and minimum
wall thickness for an evenly distributed multi-lumen design. Parameters must be selected
to maintain lumen independence and balance compactness with manufacturability. Alterna-
tive formulations may also be developed for non-symmetrical or concentric lumen layouts.

While the internal lumens provide routing capability, additional tendon routing disk
modules (Figure 3A(ii)) can be introduced to enable additional reconfigurable actuation
segments without modifying the backbone structure. The disks are designed to be mechan-
ically self-anchored onto the soft backbone through a reversible interference fit, eliminating
the need for adhesives or additional fastening mechanisms. To facilitate assembly, each disk
incorporates a central slot with a tapered geometry. The slot opening is initially larger than
the backbone diameter and gradually reduces to a dimension smaller than the backbone,
requiring the soft material to be elastically compressed during insertion. Once assembled,
the elastic deformation of the backbone maintains a secure interference fit within the disk,
preventing axial travel of the disk during actuation.

The geometry of the tendon-driven disk system is governed by a set of parametric
relationships that ensure compatibility with the backbone. The outer diameter of the disk
is primarily determined by the tendon routing radius 7; and the edge clearance e required
to maintain structural integrity, given by:

dd = 2(71‘ + 8) (3)

This relationship directly determines the overall diameter of the tendon-driven module.
Similarly, the central slot of the disk is designed to accommodate the multi-lumen backbone,
leading to the constraint:

dh = dbackbone +6 (4)

where 6 is a tolerance factor that governs the fit between the disk and the backbone. For
compliant or soft backbone materials, ¢ is selected as a small negative value to achieve a
tight interference fit, relying on elastic deformation of the backbone material. The value
must also remain small enough to avoid occluding the internal lumen or distorting the
backbone structure.

Finally, the total length of the tendon-driven segment is governed by the number of
disks (N;) and their geometric arrangement:

Ly = Ng-tqs+ (Ng—1).54 (5)
where ¢, is the disk thickness and S is the spacing between adjacent disks.

2.1. Concept-1: Hybrid Two-Segment Configuration

The first configuration, referred to as Concept-1 (see Figure 1B), consists of a wide
proximal external tendon-driven disk segment and a distal pneumatically actuated segment.
In this configuration, the tendon-driven module provides directional bending through
antagonistic tendon actuation, while the pneumatic tip contributes decoupled positioning
of the distal end.

The external tendon-driven disk system is constructed using a series of rigid disks with
predefined tendon routing holes. Tendons are guided through these holes, terminated at the
most distal disk, and actuated proximally to generate controlled bending under differential
tension. The geometric parameters of this module define the bending characteristics, as
detailed in Section 3. The distal segment is a soft pneumatic actuator based on the design
in [30], where multi-chamber soft actuators are fabricated using parallel helical cores. The
helical chamber geometry limits radial expansion and promotes axial elongation, resulting
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in efficient omnidirectional bending behavior and large achievable curvature using only a
single elastomeric material.

In the presented implementation, the pneumatic channels of the distal tip are arranged
in parallel and aligned with the internal lumens of the backbone, enabling direct routing of
pneumatic inputs through the structure. Pneumatic transmission between the backbone
and the distal tip was achieved via intermediate connectors, which provide a continuous
interface between the corresponding backbone lumens and pneumatic tip channels (see
Supplemental Video S1). This configuration enables clear functional separation between
tendon-driven and pneumatic actuation.

2.2. Concept-2: Miniaturized Three-Segment Configuration

To demonstrate the reconfigurability of the proposed architecture, Concept-2 (see
Figure 1C) adapts and extends the design into a three-segment CR configuration through
geometric scaling and redistribution of actuation. Specifically, the external tendon-driven
disk system is miniaturized by reducing the disk diameter and tendon routing radius, lead-
ing to a more compact proximal segment for operation in constrained environments. The
scaling relationship in Equation (3) highlights that decreasing r; results in a proportional
reduction in disk diameter d;, allowing the system to transition from a large-scale configu-
ration (Concept-1) to a miniaturized form (Concept-2) without altering the fundamental
design principles.

The second segment of Concept-2 is formed by routing a tendon through one of the
internal lumens of the backbone and fixing it at the distal end of the backbone. Actuation
of this tendon induces bending within the backbone structure, effectively transforming
it into an active segment. This approach allows the backbone to transition from a purely
structural component into a functional actuation element without requiring additional
external modules.

The distal segment employs the same pneumatically actuated tip design as in Concept-
1. As a result, Concept-2 achieves a three-segment hybrid configuration consisting of: (i)
a proximal external tendon-driven disk segment, (ii) an intermediate backbone-actuated
tendon-driven segment, and (iii) a distal pneumatic segment.

2.3. Design Synergy and Reconfigurability

The two presented concepts highlight how the proposed hybrid architecture can be
configured at different scales while maintaining the same underlying integration principle.
In both concepts, the multi-lumen backbone acts as the central structural and routing
element, enabling the tendon-driven and pneumatic components to be combined within a
compact body while reducing mechanical interference between actuation pathways.

Concept-1 provides a simplified two-segment configuration in which the external
tendon-driven disk module and the pneumatically actuated distal tip are clearly separated.
This arrangement offers a straightforward embodiment of the hybrid design, where the
tendon-driven section provides larger-scale bending and workspace coverage, while the
pneumatic tip contributes localized distal articulation.

Concept-2 extends the same integration strategy to a miniaturized three-segment
configuration. In this case, the reduced-diameter disk module and the additional backbone-
actuated tendon segment provide increased shape control and dexterity within a more
compact structure. The use of the multi-lumen backbone further enables the routing of
pneumatic lines and tendon pathways through the robot body, supporting segment-level
decoupling and simplifying the integration of multiple actuation modes.

These two concepts illustrate the reconfigurability of the proposed architecture through
changes in segment number, disk-module scale, and actuation arrangement. This provides
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a unified design framework for developing hybrid CRs with different workspace, dexterity
and size requirements.

3. Modeling Approach
3.1. Modeling of the Tendon-Driven Segment

The kinematic behavior of the tendon-driven segment is modeled using the constant
curvature (CC) assumption, which approximates the deformed backbone as a planar
circular arc [31,32]. This assumption is commonly adopted in continuum robotics due to
its simplicity and ability to provide a direct mapping between tendon actuation and robot
configuration. Under the CC assumption, the configuration of the tendon-driven segment
is described by three parameters: the arc length of the segment I;, the curvature k, and the
bending plane angle ¢, as illustrated in Figure 4A. The bending angle 0 is related to the
curvature by:

0 =k-I (6)

Figure 4. Kinematic modeling framework of the hybrid continuum robot. (A) Representation of the
proximal tendon-driven disk segment based on a constant-curvature assumption, illustrating the disk
coordinate frames, backbone configuration, and tendon length variation. (B) Representation of the
pneumatically actuated distal segment, approximated as a constant-curvature section, showing the
geometric parameters and local coordinate frame along the segment centerline.

For the external tendon-driven disk segment, the tendons are routed through disk
elements with an assumed constant radial offset r; from the backbone center, as defined
in Figure 3A(ii). For the backbone-actuated tendon segment in Concept-2, the tendon is
instead routed through one of the internal lumens of the multi-lumen backbone; therefore,
the effective tendon offset is defined by the radial position of the selected lumen, denoted
as R in Figure 3A(iii). In the following formulation, the tendon offset is expressed as 7,
(actuation radius), where r, = r; for the external disk segment and r, = R for the internal
backbone-actuated segment.

For a tendon routed at angular position ¢;, an applied tendon displacement Al; induces
bending in the segment. Under the constant-curvature assumption, the bending angle can
be expressed as:

Al;

s ?
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where ¢ is the bending plane orientation and ¢; denotes the angular position of the i-th
tendon around the segment cross-section.

For the external tendon-driven disk segment, actuation is performed using antagonistic
tendon pairs (e.g., Tendon 1 and Tendon 3), which are positioned approximately opposite
each other on the disk. In this case, bending occurs in a fixed plane and the bending plane
angle ¢ remains constant. When the actuated tendon is aligned with the bending direction,
the bending angle and curvature simplify to:

N
b

0 (8)

k== )

where Al represents the effective tendon displacement.

For the backbone-actuated tendon segment in Concept-2, the tendon is routed through
one of the internal lumens of the multi-lumen backbone. Since the available lumen po-
sitions are not arranged as directly opposing tendon pairs, the bending direction is de-
termined by the angular position of the selected lumen. Therefore, the general formula-
tion in Equation (7) is retained to describe the relationship between tendon displacement
and bending.

Based on the obtained curvature, the spatial position of the robot backbone and tip can
be computed using standard constant-curvature kinematics [31]. The resulting formulation
provides a direct geometric mapping between tendon actuation and robot configuration,
which is used for comparison with experimental results.

3.2. Modeling of the Pneumatic Distal Segment

The distal pneumatic segment is also modeled under the CC assumption, whereby the
deformed actuator centerline is approximated as a circular arc, as illustrated in Figure 4B.
The configuration of the pneumatic segment is described by three parameters: the bending
angle 6, the bending plane angle ¢;,, and the arc length I,,. The corresponding curvature is
defined as

- (10)
p

For a multi-chamber pneumatic actuator, bending is produced by differential elon-
gation of the pressurized chambers. In the present design, the pneumatic tip consists of
three chambers arranged around the actuator centerline. Since the segment is driven by
volumetric actuation based on syringes, the effective elongation of the chamber is treated
as a nonlinear function of the supplied input volume. Thus, for chamber i,

li = f(vi), (a1

where /; is the effective chamber length and v; is the input volume supplied. This formu-
lation avoids assuming a direct linear relationship between input volume and chamber
elongation, which is appropriate for elastomeric pneumatic actuators where material defor-
mation and air compressibility influence the actuation response [30].

In the experiments reported in this work, the pneumatic segment was evaluated
primarily under single-chamber actuation. Therefore, the bending plane was treated
as fixed for each actuated chamber, and the input volume was mapped directly to the
experimentally observed bending angle,

6, = £(v3). 12)
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The mapping was identified experimentally from the measured bending angle of the
pneumatic tip at discrete input volumes. For each selected input volume, the pneumatic
chamber was inflated quasi-statically, and the resulting bending angle was extracted from
the recorded images. The resulting input-output data were then used as an empirical
volume-bending relationship for the pneumatic segment. The bending angle for intermedi-
ate input volumes was obtained by interpolation between the experimentally measured
data points. This approach captures the relationship between supplied volume and bend-
ing angle, which is nonlinear due to elastomeric deformation, chamber geometry, and air
compressibility. In the present study, this experimentally identified mapping was used for
kinematic comparison and shape prediction, rather than for closed-loop pneumatic control.
This treatment is consistent with the parallel helix actuator characterization reported in [30],
where volumetric input was used to model the nonlinear bending response of small-scale
soft pneumatic actuators.

The distal tip pose was then obtained using the standard CC transformation with
the parameters 6, ¢, and I,. This provides a compact geometric representation of the
pneumatic distal segment for comparison with the measured bending behavior and for
integration with the tendon-driven proximal segment model.

If higher model accuracy is required, an effective chamber offset may be introduced
during calibration to account for radial deformation and deviations from the ideal chamber
geometry, as previously reported for volumetrically driven soft pneumatic actuators [30].

4. Fabrication

Hybrid CR concepts were fabricated in two configurations corresponding to Concept-1
and Concept-2 and based on the parameters in Table 2. Each concept employed a distinct
tendon-driven disk design. For Concept-1, the larger rigid disks were fabricated using a
polylactic acid (PLA) 3D printer (Ultimaker S7, Utrecht, The Netherlands). For Concept-
2, the miniaturized rigid disks were manufactured using a stereolithography (SLA) 3D
printer (Form 4, Formlabs, Somerville, MA, USA) with Clear V5 resin to achieve higher
dimensional accuracy. A soft seven-lumen backbone was formed from a custom extrusion
in a medical-grade elastomer (Nusil Med-4050, Della Medical, Brentwood, TN, USA) based
on the desired cross-sectional geometry (Table 2). To assemble the disks with the backbone
and ensure consistent alignment and spacing for the proximal segment, a custom disk jig
was utilized during assembly. Disks were loaded into the jig and the multi-lumen backbone
subsequently inserted laterally through the tapered slots of the disks (see Figure 3A(i)
and Supplementary Video S1). Tendons were then routed through the predefined holes
and terminated at the most distal disk. For Concept-1, large actuation tendons (2 mm
diameter, Nylon filament) were used, while in Concept-2 0.2 mm diameter NiTi tendons
(McMaster-Carr, Elmhurst, IL, USA) were employed to support miniaturization and im-
proved flexibility. A total of nine disks were used in Concept-1, whereas seven disks were
used in Concept-2, as summarized in Table 2.

For Concept-2, an additional tendon-driven segment was created within the multi-
lumen backbone. Specifically, a 0.2 mm diameter NiTi tendon (McMaster-Carr, USA) was
routed through one of the internal lumens aligned with the tendon-3 position defined in
Figure 3A(ii). This tendon was fixed distally, enabling active bending of the backbone
segment upon actuation. For both concepts, a flexible rod (1.15 mm diameter NiTi, Mc-
Master Carr, USA) was inserted through the central channel of the multi-lumen backbone
along the full length of the first proximal segment to increase stiffness. Overall, the prox-
imal tendon-driven disk system for both concepts employed four tendons for actuation,
while Concept-2 introduced an additional tendon within the backbone for definition and
actuation of a second segment, resulting in a three-segment hybrid configuration.
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Table 2. Geometric parameters of the hybrid continuum robot design for Concept-1 and Concept-2.

Variable Parameter Concept-1 Concept-2
External Tendon-Driven Disk System
Ly Total length of the tendon-driven disk system 125 mm 95 mm
dg Disk outer diameter 50 mm 10 mm
S4 Distance between adjacent disks 10mm 10 mm
ty Disk thickness 5mm 5mm
Tt Radial distance from disk center to tendon hole center 20 mm 4mm
dy Tendon hole diameter 2mm 0.6 mm
Ny Number of disks 9 7
) A tolerance factor —1.16 mm —1.16 mm
dyp Central backbone clearance diameter 5.5mm 5.5mm
Multi-lumen Backbone
Abackbone Backbone outer diameter 6.66 mm
de. Central lumen diameter 2.29 mm
do Outer lumen diameter 1.59 mm
n Number of lumens 7
R Radial distance from backbone center to outer lumen center 2.24mm
tm Minimum wall thickness between lumens 0.3mm
Pneumatic Tip
Ly Total length of the pneumatic tip 50 mm
dy Overall diameter 5mm
dey, Core shaft diameter 1.5mm
Teh Distance from tip center to core center 2.02mm
b Wall thickness 1mm
a Thread width 1mm
0.1, Thread overlap 0Omm
Sen Distance between adjacent core centers 3.5mm

The pneumatic distal segment was fabricated based on the multi-chamber soft actuator

design reported in [30]. The monolithic elastomeric structure with embedded chambers
was produced using a molding-based process in which a multi-part mold and internal
cores defining the chamber geometry were first produced via high-resolution 3D printing
(Clear Resin v5; Form 4 SLA, Formlabs, USA). A silicone elastomer (Dragon Skin series
10, Smooth-On) was then mixed, degassed, and injected into the assembled mold to form
the monolithic structure. After curing at room temperature, the mold was disassembled,
the internal cores were unscrewed and removed, and the top of the actuator was sealed
with additional silicone. The fabricated pneumatic tip was then connected to the multi-
lumen backbone using a dedicated pneumatic connector, aligning the internal pneumatic
channels of the tip with the corresponding lumens of the backbone (see Figure 1A). At
the proximal end, the backbone lumens were connected to syringes via flexible tubing,
allowing controlled pneumatic actuation.

The complete fabrication and assembly process, including disk alignment, tendon
routing, and pneumatic integration, is demonstrated in the Supplementary Video S1.

5. Experimental Setup

Experimental evaluation of the two proposed hybrid robot configurations was carried
out using the setup shown in Figure 5A. The platform was designed to enable independent
tendon actuation, pneumatic inputs, and synchronized measurement of both tip motion
and overall robot deformation.
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Figure 5. Experimental setup and robotic configurations used in this study. (A) Overview of the
experimental platform, including the actuation system, control unit, and electromagnetic tracking
system used for motion characterization. (B) Concept-1, showing the assembled two-segment hybrid
CR composed of a proximal tendon-driven segment and a distal pneumatically actuated tip. (C)
Concept-2, showing the assembled three-segment configuration composed of two tendon-driven
segments and a distal pneumatically actuated tip.

For tendon-driven actuation, each tendon was independently driven using a miniature
linear actuator (L12-100-50-12-1, Actuonix, Victoria, BC, Canada) with 100 mm stroke and
integrated positional feedback. The actuators were mounted within a custom actuation
frame and interfaced with a data acquisition system (cDAQ, National Instruments, Austin,
TX, USA), allowing precise control and monitoring of tendon displacement throughout the
experiments. This arrangement enabled repeatable application of prescribed tendon inputs
for both Concept-1 and Concept-2.

For the pneumatic distal segment, actuation was provided via manually operated
10 mL syringes connected to the corresponding lumens of the multi-lumen backbone
through flexible tubing. Each syringe included graduated markings from 0 to 10 mL, with
five intermediate divisions between each 1 mL interval, enabling the input volume to
be manually adjusted in approximately 0.2 mL increments. During testing, the operator
set the desired input volume by aligning the syringe plunger with the corresponding
graduation mark, and the recorded volume values were taken directly from these syringe
markings. The pneumatic lines were routed through the backbone and connected to the
distal pneumatic tip using the interface described in the fabrication section. This allowed
regulated pneumatic volume delivery to the pneumatic segment. This provided a simple,
manually controlled volumetric actuation method for quasi-static characterization of the
pneumatic segment. Although manual syringe operation may introduce variability in
injection rate and final plunger positioning, the experiments were performed slowly and
quasi-statically to reduce dynamic effects.

To characterize the three-dimensional workspace of the robot, an electromagnetic (EM)
tracking system (AURORA, NDI) was employed. One EM sensor was placed at the base of
the robot to define a reference frame, while a second sensor was attached at the distal tip to
record the end-effector pose during actuation. The relative transformation between these
two sensors was used to determine the robot tip position with respect to the base frame.
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In addition to tip-position tracking, a vision-based measurement setup was used
to capture full-shape in-plane bending of the robot. A high-resolution camera (Basler
aCA2040-120um, Ahrensburg, Germany) with an image resolution of 2048 x 1536 pixels
was positioned to record the deformation of the robot during tendon-driven tests. Following
calibration, the system provided sub-millimeter measurement capability through pixel-to-
length conversion with an estimated resolution better than 0.1 mm. The captured images
were calibrated from pixel-to-length and used to extract the robot’s shape and compare
experimental results with the proposed kinematic models.

6. Results

This section presents the experimental evaluation of the proposed hybrid CR configu-
rations, focusing on actuation behavior, workspace characteristics, and model validation.
Both Concept-1 and Concept-2 were systematically tested under individual and combined
actuation conditions to assess their kinematic response, segment interaction, and overall
performance. The experiments were designed to evaluate the consistency of segment
behavior, the degree of coupling between actuation modalities, and the effectiveness of the
proposed architecture in enabling reconfigurable multi-segment operation.

6.1. Segment-Wise Actuation Characterization

To characterize the physical response of each segment and to assess the level of
interaction between tendon-driven and pneumatic actuation, the segment-wise actuation
behavior of the proposed hybrid CR concepts was evaluated through independent and
joint actuation of each segment, as shown in Figure 6.

u Segment-2 Segment-1 Segment-1

Segment-2

Segment-1

Segment-3

Segment-2

Segment-1 Segment-2 @ Segment-1
0mm

Segment-3

Figure 6. Representative actuation behaviors of the proposed hybrid CRs under different segment
activation conditions. (A-C) Concept-1 (two-segment configuration): (A) actuation of the proximal
tendon-driven segment (Segment 1) with the distal pneumatic segment inactive, (B) actuation of
the distal pneumatic segment (Segment 2) with the proximal segment inactive, and (C) combined
actuation showing the influence of distal actuation under fixed proximal configurations. (D-F)
Concept-2 (three-segment configuration): (D) actuation of the proximal tendon-driven segment
(Segment 1) with the intermediate (Segment 2) and distal segments (Segment 3) inactive, (E) actuation
of the distal pneumatic segment (Segment 3) with tendon-driven segments (Segment 1 and 2) inactive
and active, and (F) combined actuation of all three segments demonstrating the multi-segment
deformation capability of the reconfigured architecture.
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For Concept-1, the proximal tendon-driven segment (Segment-1) and the distal pneu-
matic segment (Segment-2) were first actuated independently (see Figure 6A,B). When only
the tendon-driven segment was actuated, smooth and predictable bending behavior was
observed, exhibiting an approximately linear increase in bending angle with respect to
tendon displacement. The segment achieved bending angles exceeding 90°, demonstrating
sufficient flexibility for directional control. When only the distal pneumatic segment was
actuated, the robot exhibited a large tip bending deformation, with angles exceeding 180°.
This highlights the capability of the pneumatic segment to generate high curvature and
compliant motion independently of the proximal structure.

To illustrate this effective decoupling, the tendon-driven segment was fixed at a
constant actuation level, while the pneumatic segment was actuated over a range of input
conditions (see Figure 6C). The resulting tip responses were found to be consistent with
those obtained when the pneumatic segment was actuated independently, indicating
that the distal pneumatic segment remains largely unaffected by the configuration of
the proximal tendon-driven segment, suggesting partial decoupling between the two
actuation modalities.

A similar evaluation was performed for Concept-2, as illustrated in Figure 6D,F. In this
configuration, three segments were considered: the proximal tendon-driven disk segment
(Segment-1), the intermediate backbone-actuated tendon segment (Segment-2), and the
distal pneumatic segment (Segment-3). When only Segment-1 was actuated, the system
again exhibited smooth bending behavior with minimal influence on the distal segments.
Actuation of the pneumatic segment (Segment-3) independently resulted in deformation
characteristics similar to those observed in Concept-1, confirming that the pneumatic
response remains consistent despite the increased structural complexity.

Transitioning the backbone from a passive structural element into an actively actuated
segment through internal tendon routing (specific to Concept-2) enables increased dexterity
and improved CR shaping, as shown in Figure 6E,F. Finally, simultaneous actuation of
all three segments (Figure 6F) demonstrated complex multi-curvature shapes, illustrating
the capability of the proposed architecture to achieve highly dexterous configurations.
These results highlight the potential of Concept-2 for operation in confined and complex
environments where precise multi-segment control is required.

Opverall, the results demonstrate that the proposed architecture enables consistent and
predictable segment behavior, while maintaining a high degree of decoupling between
actuation modalities. At the same time, controlled interaction between segments allows the
generation of complex shapes, supporting the intended application scenarios.

6.2. Workspace Analysis

The reachable workspace of the proposed hybrid CR’s tip was characterized using
Concept-1, with results presented in Figure 7. The primary objective of this analysis is
to evaluate the contribution of the tendon-driven segment to the overall reachable space
of the pneumatically actuated distal tip. To support this comparison quantitatively, the
measured tip positions were further analysed using axis-wise reachable ranges, maximum
lateral displacement, and convex-hull workspace volume, as summarized in Table 3.

Table 3. Quantitative comparison of the pneumatic-tip-only and hybrid workspaces for Concept-1.

Condition X Range Y Range Z Range Max Lateral Displacement Workspace Volume Expansion Ratio
(mm) (mm) (mm) (mm) (cm®) (=)

Pneumatic tip only 78.8 73.5 47.3 42.6 357 1.0

Hybrid actuation 317.9 276.3 1432 167.8 5040 14.1 (V,,/V,)
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Figure 7. Workspace characterization of the pneumatically actuated distal segment under different
structural configurations. (A) Workspace obtained when only the standalone pneumatic tip is
actuated. (B) Workspace of the pneumatic tip after integration with the proximal tendon-driven disk
module (Concept-1), illustrating the expanded and reoriented reachable space enabled by the hybrid
architecture. The color bar represents the Z-axis position of the tip.

Initially, the workspace of the pneumatic tip alone was evaluated, as shown in
Figure 7A. In this case, the distal segment was actuated independently, and the reach-
able positions were recorded. The resulting workspace is relatively limited, reflecting the
constrained bending capability of a single pneumatic segment.

Subsequently, the external tendon-driven segment was also actuated to allow repo-
sitioning of the pneumatic tip. The hybrid CR was actuated using all available inputs,
including the four tendons of the proximal segment and the three pneumatic chambers of
the distal segment. During testing, up to two tendons and two pneumatic chambers were
activated simultaneously to ensure stable operation within the allowable actuation limits.
As illustrated in Figure 7B, the hybrid system exhibits a wide and well-distributed lateral
workspace, with near-continuous coverage around the base axis. This demonstrates the
system’s ability to achieve effective omnidirectional bending without significant directional
bias. Furthermore, the workspace boundary indicates that large curvature configurations
can be achieved while maintaining structural integrity and stable actuation behavior. This
represents a significant expansion of the reachable region with respect to pneumatic ac-
tuation alone (Figure 7A), demonstrating the contribution of the proximal tendon-driven
segment in extending both the range and directional coverage of the distal tip. Quantita-
tively, the convex-hull workspace volume increased from 357 cm? in the pneumatic-tip-only
condition (V}) to 5040 cm3 under hybrid actuation (V},), corresponding to a 14.1-fold ex-
pansion (V},/V;; see Table 3). These quantitative results confirm that the tendon-driven
proximal segment not only repositions the distal pneumatic segment, but also substantially
expands and reorients its reachable workspace.

6.3. Kinematic Model Validation

The accuracy of the proposed kinematic model was evaluated by comparing model
predictions with experimentally measured tip positions for both Concept-1 and Concept-2,
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as shown in Figure 8. The validation focused on the tendon-driven segment (Segment-1)

under controlled actuation conditions.
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Figure 8. Experimental validation of the proposed kinematic model under Segment-1 tendon-driven
actuation for both robot configurations. (A) Representative deformation of the proximal tendon-
driven segment in Concept-1. (B) Comparison between model predictions and experimental tip
trajectories for Concept-1 under antagonistic tendon actuation (Tendon-1 and Tendon-3), yielding
an RMSE of 5.44 mm. (C) Representative deformation of the proximal tendon-driven segment in
Concept-2. (D) Corresponding model-experiment comparison for Concept-2, showing an RMSE of
6.12 mm.

A symmetric single-segment bending scenario was adopted for both configurations to
ensure a consistent evaluation framework. In this setup, antagonistic tendon pairs (Tendon
1 and Tendon 3) were actuated with displacement inputs ranging from 2 mm to 12 mm in
increments of 2 mm. Representative images of the robot configurations during actuation
are shown in Figure 8A,C for Concept-1 and Concept-2, respectively.

The corresponding quantitative results are presented in Figure 8B,D, where the mea-
sured Segment-1 tip positions are compared against the model predictions. In both con-
figurations, the two opposing tendons exhibit highly consistent displacement-bending
responses, indicating repeatable and stable actuation behavior. Minor deviations between
experimental results and model predictions are observed, which can be attributed to fac-
tors such as tendon friction, actuator inaccuracies, and structural effects related to the
backbone geometry.

The root-mean-square error (RMSE) between the predicted and measured Segment-1
tip positions was calculated as 5.44 mm for Concept-1 and 6.12 mm for Concept-2. In
both cases, the error remains within the characteristic diameter of the tendon-driven
segment, demonstrating that the proposed model provides a reliable approximation of the
segment kinematics.

In particular, despite the increased structural complexity introduced in Concept-
2 through the addition of an extra segment and internal tendon routing, the model
maintains comparable prediction accuracy. This suggests that the proposed constant-
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curvature-based formulation is sufficiently robust to capture the dominant kinematic
behavior of both configurations.

Overall, the results validate the effectiveness of the proposed modeling approach in
predicting the kinematic response of the proximal tendon-driven segment, providing a
practical tool for analysis and control of the hybrid continuum robot.

6.4. Functional Performance Characterization

Following the kinematic validation, additional experiments were conducted to further
evaluate the practical performance of the proposed concepts. First, the hysteresis behavior
of Segment-1 was evaluated for both concepts by comparing the bending angle during
tendon loading and unloading, as shown in Figure 9. In both Concept-1 and Concept-2, the
bending angle increased progressively with tendon displacement from 2 to 12 mm, reaching
approximately 97° for Concept-1 and 86° for Concept-2 at the maximum displacement.
During unloading, the bending angle followed a slightly different path, indicating the
presence of hysteresis, which can be attributed to tendon-guide friction, compliance of the
soft structure, and residual deformation during cyclic actuation. However, the loading
and unloading curves remained close to each other, and the error bars across the three
repeated trials were relatively small, indicating repeatable actuation behavior. In addition,
the responses of the two opposing tendons, Tendon-1 (T1) and Tendon-3 (T3), were closely
matched for both concepts, indicating balanced bending performance of Segment-1 under
tendon actuation.
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Figure 9. Hysteresis response of Segment-1 for (A) Concept-1 and (B) Concept-2. The measured
bending angle is plotted against tendon displacement for tendons T1 and T3 during loading and
unloading cycles. Error bars indicate the variation across three repeated trials.

The contact force capability of the pneumatic distal section was characterized using
the load cell setup shown in Figure 10A. As the pneumatic input volume increased, the
measured tip force also increased, demonstrating a clear relationship between input vol-
ume and generated contact force. The force response increased nonlinearly at lower and
intermediate input volumes and then reached a plateau after approximately 8.0 mL. The
maximum measured force was approximately 0.45 N, indicating that the pneumatic tip
can generate sub-Newton contact forces under constrained contact conditions. This result
supports the suitability of the pneumatic distal section for compliant interaction tasks
where low-force contact is required.
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Figure 10. Tip force characterization of the pneumatic distal section. (A) Experimental setup used to
measure the contact force generated by the pneumatic tip against a load cell. (B) Measured tip force
as a function of input volume, illustrating the force response of the pneumatic tip under constrained
contact conditions.

Finally, the application-oriented capability of Concept-2 was demonstrated in a
stomach-like phantom environment, as shown in Figure 11. The robot was positioned
inside the phantom and tested against five representative target locations. Concept-2 was
able to reach Target-1, Target-2, Target-3, and the deeper targets Target-4 and Target-5,
demonstrating qualitative reachability and orientation capability within a confined anatom-
ical environment. The three-segment configuration was specifically used to access deeper
targets within the phantom, which were successfully reached, highlighting the benefit of the
multi-segment architecture for extended reach. In contrast to the free-space workspace anal-
ysis, this phantom demonstration provides an initial assessment of whole-body navigation
feasibility, as the robot body was required to conform within the phantom boundary while
accessing the target locations. This phantom demonstration further supports the potential
of the compact hybrid continuum architecture for target access in gastroscopy-inspired
minimally invasive applications.

Hybrid CR
(Concept-2)

Target-1

Target-5

Figure 11. Phantom demonstration of Concept-2 in a stomach-like environment. (A) Overview
of the hybrid continuum robot positioned inside the stomach phantom, showing the five target
locations. The robot’s reachability is demonstrated toward (B) Target-1, (C) Target-2, (D) Target-3,
(E) Target-4, and (F) Target-5, respectively, illustrating its ability to navigate and orient within the
confined phantom environment.
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7. Discussion and Conclusions

This study introduced a reconfigurable hybrid CR architecture enabled by a soft multi-
lumen backbone, designed to integrate multiple actuation modalities within a unified
and compact structure. The proposed approach addresses a key limitation of many ex-
isting hybrid CR designs, where different actuation strategies are often tightly integrated
into application-specific architectures that are difficult to modify or scale. By separating
structural support, actuation routing, and functional segmentation, the presented archi-
tecture provides a flexible platform that supports modularity, scalability, and design-level
reconfiguration.

The experimental results demonstrate that the proposed system achieves consistent
and predictable actuation behavior across both configurations. Segment-wise characteriza-
tion confirmed that the tendon-driven and pneumatic segments exhibit partially decoupled
behavior, where the distal pneumatic response remains largely unaffected by variations in
proximal tendon actuation. This characteristic is particularly important for simplifying con-
trol strategies, as it allows individual segments to be modeled and actuated with reduced
cross-dependency. At the same time, the combined actuation experiments showed that
controlled interaction between segments enables the generation of complex multi-curvature
shapes, enhancing the overall dexterity of the system.

The workspace analysis further highlighted the benefits of hybridization, demon-
strating a significant expansion in reachable space when the pneumatic tip is integrated
with the tendon-driven segment. The proximal tendon-driven module effectively acts as a
positioning stage, extending the operational envelope of the distal pneumatic actuator. This
capability enables the robot to access a wider range of orientations and positions, which is
essential for tasks in confined and unstructured environments.

From a modeling perspective, the proposed constant-curvature-based formulation was
shown to provide reliable predictions of the tendon-driven segment behavior. Despite the
increased structural complexity in Concept-2, the model maintained comparable accuracy
for Segment-1, with RMSE values remaining within the characteristic scale of the robot. This
indicates that the dominant kinematic behavior of the system can be effectively captured
using a simplified geometric model, providing a practical balance between modeling
complexity and predictive capability.

Although the present study focuses on design, modeling, and experimental charac-
terization rather than CR control, the proposed kinematic formulation provides a basis
for future endpoint position control. A practical control strategy could be implemented
using a hierarchical approach. At the outer level, the desired endpoint position could
be converted into target segment configurations using the constant-curvature model and
inverse kinematics. At the inner level, the tendon-driven segments could be controlled
through the displacement-controlled linear actuators, while the pneumatic distal segment
could be controlled through calibrated volume-bending relationships. In this framework,
the kinematic controller could first solve for the desired endpoint position, while allowing
flexibility in the endpoint orientation or distal segment configuration. This would enable
the proximal tendon-driven segment to primarily reposition the distal section, while the
pneumatic segment could be adjusted to refine local orientation or shape. Since the pro-
posed architecture promotes partial decoupling between tendon-driven and pneumatic
segments, each segment could initially be controlled independently and then coordinated
to achieve the desired endpoint pose. For improved accuracy, especially in the presence
of hysteresis, tendon friction, pneumatic nonlinearities, and environmental contact, the
feedforward model could be combined with feedback from EM tracking, vision-based
shape sensing, pressure sensors, and/or embedded soft sensors. Future work will therefore
focus on developing closed-loop endpoint control using model-based feedforward com-
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pensation combined with sensor feedback to improve positioning accuracy, repeatability,
and robustness during multi-segment actuation.

Another practical consideration is the detection of the robot endpoint during operation.
In this study, EM tracking was used to measure the distal tip position for experimental
validation, while vision-based measurements were used to assess in-plane deformation.
Although this approach is suitable for laboratory characterization, EM tracking may not be
appropriate for all application scenarios due to constraints related to sensor size, wiring,
integration complexity, and magnetic interference. For practical deployment, endpoint
estimation could instead be achieved using application-specific sensing strategies, such as
camera-based visual tracking, image-guided localization, model-based estimation, pres-
sure/volume feedback, tendon displacement sensing, fiber-optic shape sensing, or embed-
ded soft strain sensors.

A key contribution of this work lies in the demonstration of design versatility, sim-
plified assembly, and architectural reconfigurability. The transition from Concept-1 to
Concept-2 illustrates how the same underlying design principles can be adapted to achieve
different functional outcomes. In particular, the miniaturized configuration introduces an
additional tendon-driven segment within the backbone, effectively transforming it from a
passive structural element into an active component. This enables increased dexterity and
control without requiring a complete redesign of the system. Furthermore, the use of inter-
nal lumens allows for flexible routing of actuation channels and supports the integration of
additional elements such as stiffening rods, enabling further tuning of mechanical behavior
and segment interaction.

Beyond the two presented embodiments, the proposed architecture also offers a
broader design space for future hybrid CR development. For example, the tendon-driven
disk designs and/or configurations could be modified to deliver tapered or helical tendon
routing arrangements for more complex actuation behavior. Similarly, as the backbone
component is defined by its cross-section and material, it can be readily modified to adjust
scale, degrees of actuation, or augmented stiffness, deformation response, and load-bearing
characteristics of the CR. Additionally, the attached pneumatic actuation unit may be readily
replaced or interchanged to support additional degrees of actuation or end-effector designs
(e.g., soft grippers). This adaptability is all enabled by the shared utilization of the soft
multi-lumen backbone, which provides organized internal pathways for routing actuation
lines, tools, or functional components without requiring a complete redesign of the robot
body. In this way, the architecture provides a scalable platform that can be adapted to
different application requirements, robot diameters, and operational environments.

Despite these promising results, several limitations remain. The current modeling
approach does not explicitly account for nonlinear effects such as tendon friction, hysteresis,
or material compliance in the pneumatic segment. Additionally, the pneumatic actuation
was evaluated under simplified input conditions, and more advanced control strategies
could further improve performance. Therefore, the pneumatic results should be interpreted
as input-volume-based characterization rather than closed-loop pneumatic control per-
formance. Future work will focus on extending the modeling framework to incorporate
these nonlinearities, as well as exploring closed-loop control strategies for coordinated
multi-segment actuation.

In addition, the current evaluation primarily considers tip reachability and qualitative
phantom-based target access. Although the stomach-like phantom demonstration showed
that Concept-2 could reach representative target locations within a confined environment,
the study does not yet provide a full quantitative analysis of whole-body collision-free
navigation. Future work should evaluate metrics such as swept volume, minimum clear-
ance from environmental boundaries, passable curvature, collision-free reachable path
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range, and tip-position error with and without contact. These analyses will be important
for assessing safe navigation in realistic anatomical or cluttered environments.

In conclusion, this work establishes a unified and reconfigurable design framework for
hybrid CRs, in which a multi-lumen backbone enables the integration, redistribution, and
coordination of multiple actuation modalities. The proposed approach not only simplifies
system design and assembly but also expands the functional capabilities of CRs across
different scales and application domains. These findings provide a foundation for the
development of next-generation hybrid continuum robots capable of operating in complex,
constrained, and dynamic environments.
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