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Spring-Based Tendon-Driven Continuum Robots for Compact

Modular Designs in Endoluminal Applications

Burak Ozdemir, Student Member, IEEE, Pietro Valdastri, Fellow, IEEE, James H. Chandler, Member, IEEE

AbstractÐContinuum robots have gained significant attention
for endoluminal deployment due to their ability to operate in
constrained environments. However, the complexity of many
continuum robotic design approaches creates challenges in
adapting robot geometry, dexterity, stiffness distribution, and
functional integration to the requirements of specific medical
procedures and/or patient-specific anatomy. This paper presents
a modular and adaptable design approach for development of
compact, multi-segment tendon-driven continuum robots. The
design strategy employs a compliant helical spring backbone
with inner and outer self-anchoring spacer disks, enabling
simple reconfiguration of segments and actuation tendons without
increased manufacturing complexity. A design framework is in-
troduced to formalize disk±spring integration, and a two-segment,
seven-tendon example is presented for robotically assisted bron-
choscopy. The design achieves a minimum diameter of 4.2 mm
with a 2.4 mm working channel housing a camera and biopsy
tool. An adapted piecewise constant curvature model is presented
to predict shape and tip pose, with a mean tip error of 4.0 mm.
Navigation trials within a bronchial phantom reached predefined
targets for biopsy needle deployment with an average positioning
error and navigation time of 2.4 mm and 75s, respectively. The
presented approach offers a versatile strategy for developing
compact continuum robots for endoluminal interventions.

Index TermsÐContinuum Robot, Tendon-Driven, Multi-
Segment, Spring Backbone, Bronchoscopy.

I. INTRODUCTION

BRONCHOSCOPY is a critical procedure for the diagnosis

and treatment of pulmonary diseases, such as lung cancer

[1], [2]. Conventional rigid and flexible bronchoscopes remain

standard clinical tools, but their limited dexterity and reach

can hinder access to peripheral lesions in tortuous airways

[3]. This challenge has motivated the development of robotic

platforms that can enhance navigation, provide stability for

interventions, and offer improved visualization in complex

anatomical regions [4], [5].

Continuum robots (CRs) have emerged as a promising solu-

tion to these challenges, offering high dexterity and flexibility

for navigation in constrained environments [6], [7]. Unlike

rigid-link robots, CRs can mimic the continuous shapes and
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Fig. 1. (A) Illustration of the proposed spring-based TDCR navigating the
bronchial tree to a distal pulmonary nodule; enlarged view highlights the
compact spring±disk architecture and central tool channel with camera, light
source, and biopsy needle. Inserts show camera view of biopsy needle deploy-
ment and a single-segment design under high deflection. (B) The two-segment,
seven-tendon prototype, demonstrating modular spring-disk configurations.

smooth motions of biological structures such as tentacles or

tongues, making them suitable for medical tasks [6]. Their

designs have been applied to various medical areas, including

minimally invasive surgery [8], [9], endovascular interventions

[10], [11], and endoscopic and endoscopically deployable

robots [12], [13]. Recent advances have led to the development

of robotic-assisted bronchoscopy (RAB) systems such as the

Ion platform (Intuitive Surgical), Monarch (Auris Health), and

the Galaxy System (Noah Medical), which employ CR archi-

tectures to enhance reach, stability, and navigation accuracy

during peripheral lung access [2], [14]. Despite their clini-

cal success in improving bronchoscopic reach and precision,

these platforms rely on mechanically complex assemblies that

can increase cost and limit design adaptability, motivating

development of simpler CR architectures with compact and

configurable designs with support for camera and biopsy tool

integration [15].

Several recent developments have explored soft robotic

approaches for RAB. Some target replacement of the entire

bronchoscope, with fully soft or untethered platforms capable

of bronchial tree navigation through approaches including

magnetic-fluidic locomotion [16] or localized pneumatic an-

choring [17]. In contrast, other approaches have been designed

for deployment via the working channel of conventional

bronchoscopes to support deeper access into distal airways.

Approaches have included pneumatically actuated soft ma-

nipulators [4] and magnetically actuated catheters [18], [19].

While these soft robotic designs offer enhanced compliance for

atraumatic interaction with delicate airway tissue, their fully
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soft nature often limits steering precision, force transmission,

and stability over extended working distances. As a result,

despite recent advances in soft robotic navigation strategies,

deployment via mechanically actuated, hard-bodied CRs or

conventional bronchoscopes remains a more practical and

versatile solution for distal navigation and tool delivery.

Among the different mechanical actuation strategies pro-

posed for CRs, such as shape-memory alloys [20], concentric

pre-bent interacting tubes [21], and push/pull structures [22],

tendon-driven mechanisms remain particularly attractive due to

their inherent compactness, high precision, and dexterity [13],

[23]±[25]. However, alongside common actuation challenges

associated with tendon friction, backlash and hysteresis, TD-

CRs also face design constraints related to backbone integra-

tion, efficient tendon routing, and complexity of manufacture

and assembly [25]. These aspects are often further exacer-

bated when designing TDCRs for endoluminal cases that may

require compact multi-segment implementations with an open

central lumen. To meet these requirements, alternative TDCR

concepts featuring spring-based backbones have been intro-

duced [26]±[28]. Clinically focused examples have included a

mm-scale one-way bending surgical tool tip design [27] and

a cardiac catheter capable of multi-directional bending via an

assembly of spring-like 3D-printed plastic helical segments

with integrated tendon-guides [28]. Although these approaches

highlight the miniaturization potential and versatility of spring-

like backbones, they retain trade-offs in active degrees of

freedom, component material options, and design adaptability.

In the presented work we introduce a TDCR architecture

and modular design framework for developing compact, con-

figurable CRs that, for the first time, combines a spring back-

bone with separately fabricated self-anchoring spacer disks.

With respect to existing work, our approach proposes a new

architecture with the robot body and backbone formed from a

continuous mechanically resilient compliant spring instead of

discrete printed helical segments. We introduce self-anchoring

spacer disks to provide a reconfigurable spring-disk framework

for segment definition and tendon routing, while preserving

a large central working channel for endoluminal imaging

and tool delivery. Mechanically coupling the disks with the

spring internally or externally ensures tendon alignment and

provides disk stability without the need for auxiliary anchoring

or separation strategies. In addition to simplified fabrication,

improving design modularity can support practical reconfig-

uration of the robot according to procedural, anatomical and

patient-specific requirements without the need for full manip-

ulator redesign. To demonstrate the utility of the approach,

we develop a two-segment TDCR configuration for RAB,

featuring a three-dimensional workspace, a minimum outer

diameter of 4.2 mm, and a 2.4 mm working channel housing

a miniature camera, light source, and biopsy tool (Figure 1).

II. DESIGN APPROACH

The presented design approach is established to provide

general suitability for endoluminal applications based on three

key objectives: (1) achieving a compact outer diameter, (2)

preserving a large working channel for tool delivery, and (3)

Fig. 2. The key geometric parameters defining the robot’s spring-and-disk
backbone. (A) Side view of the helical spring. (B) Top view defining the
spring diameters. (C) The custom 3D-printed spacer disk in (i) side and (ii)
top views. (D) An assembled view demonstrating the inter-disk spacing (Sd).

enabling modularity for diverse TDCR configurations. We

introduce the concept of internally (Type-1) and externally

(Type-2) anchored disks, considering their parametric design

for independent and combined use. The proposed approach

intends to support compact reconfigurable TDCR design,

rather than providing a complete solution to all actuation and

control challenges associated with CRs under tendon actuation.

A. Parametric Design of the Spring-and-Disk Backbone

The fundamental structure of the robot consists of only two

primary components: a helical spring that provides flexibility,

and a series of internally and/or externally positioned spacer

disks that define the tendon routing pathway(s) and central

lumen constraints. To reduce assembly complexity and im-

prove repeatability and robustness, the disks are designed to

mechanically couple to the selected spring backbone using

a screw-in (or screw-on) approach. The interaction between

these elements is therefore critical and governed by geometric

conditions that ensure the disk can be smoothly rotated and

translated along the spring backbone during assembly, result-

ing in a predictable, stable, and self-anchoring engagement

without the need for additional fasteners or adhesives. For the

smaller internal (Type-1) disk configurations, these constraints

are formalized using the key parameters illustrated in Figure 2.

To enable the disk to advance helically along the spring

backbone during assembly, two fundamental geometric condi-

tions must be satisfied. First, the disk’s external (or internal)

thread pitch Pd must match the spring’s pitch Ps, such that:

Pd = Ps (1)

Second, the groove geometry must allow the spring wire

to be accommodated without interference. Assuming the Pitch

Circle Diameter of the cut thread is equal to the spring’s mean

diameter Dm, the diameter of the groove cut into the disk dg
must be larger than the spring wire diameter dw, such that:

dg > dw, dg = adw, (2)

where a is a scaling factor to provide a clearance fit.

For Type-1 disks, the outer disk diameter Dd must be

selected to lock into the spring and retain coaxial alignment

This article has been accepted for publication in IEEE/ASME Transactions on Mechatronics. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TMECH.2026.3694222

© 2026 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021 3

Fig. 3. Conceptualization of two distinct multi-segment architectures. (A) Utilization of both inner (Type-1) and outer (Type-2) disks, with Type-2 disks
creating a proximal segment, while the Type-1 disks run the full length of the robot’s backbone. (B) An alternative sequential architecture that uses two
different types of internal disk (Type-1a and Type-1b) with a varying number of tendon channels to create two serially connected segments.

while supporting the optional use of externally mounted Type-

2 disks. Accordingly, Type-1 disk diameters are constrained to

lie between the spring’s inner Di and outer Ds diameters, and

when working with Type-2 disks, are sized below the spring’s

mean diameter Dm via a small offset term Cd, such that:

Dd = Dm − Cd, 0 < Cd < (Dm −Di). (3)

Tendon routing holes of diameter dt must be placed on a

design radius r within the inner diameter of the spring and

avoiding interference with the spring wire or disk groove, as:

r ≤ (Di − dt)/2− Cr, (4)

where Cr is a radial clearance introduced to avoid zero-

thickness regions. With r defined, the maximum allowable tool

channel diameter Dch is determined as:

Dch ≤ 2 (r − dt/2− Ct) , (5)

where Ct is the distance between the tendon holes and the tool

channel. Additionally, the number of disks nd with length Ld

and spacing Sd must not exceed the total spring length Ls, as:

ndLd + (nd − 1)Sd ≤ Ls (6)

Finally, the helical engagement between spacer disks and

the spring backbone and the finite number of tendon routing

holes introduces a specific axial resolution limit in disk place-

ment when parallel tendon alignment is required. Axial disk

separation is constrained by the spring (and disk) pitch Pd and

the number of equally spaced tendon routing holes Nt, with

a separation resolution ∆z given by:

∆z = Pd/Nt. (7)

Inter-disk spacing Sd is therefore governed by the geometric

constraint of Eq. (6), and, when parallel tendon alignment

is desired, the discrete axial spacing resolution of Eq. (7).

Within these geometric constraints, Sd also serves as a design

parameter governing the free spring length between adjacent

disks. As such, it influences the local rigid±compliant distri-

bution of the backbone, bending segment discretization, and

structural support. The Sd value was selected to satisfy these

constraints, maintain sufficient tendon-guiding support, and

provide sufficient free spring lengths for high-angle bending.

B. Multi-Segment Concepts & Varied Architectures

The modular framework established can be readily extended

to multi-segment designs. Figure 3 highlights two distinct

multi-segment design concepts supported by the approach. In

Figure 3A, both Type-1 and Type-2 spacer disks are combined.

The external disks create a distinct proximal segment, while

the inner disks run the full length of the robot’s backbone,

forming the distal segment. The second concept (Figure 3B),

uses two distinct modifications of Type-1 internal disks (Type-

1a and Type-1b). Additional tendon routing holes in the prox-

imal (Type-1b) disks allow segment creation via a termination

point, while allowing additional drive tendons to pass onto

the distal segment. However, extending to higher segment

numbers introduces constraints on disk geometry and therefore

robot dimensions. Additionally, architectural trade-offs exist

due to the disk types used. Type-1+Type-2 combinations are

simpler for concentric multi-segment construction, where inner

and outer disks define distinct segments, but require larger

proximal diameters. In contrast, Type-1a+Type-1b configu-

rations provide compact designs with simple adjustment of

tendon layouts and disk placement, but can limit tool channel

dimensions. As such, preferred architecture selection depends

on the specific requirements of the intended CR application.

Beyond the implementations presented in Figure 3, the

proposed modular design also enables further practical vari-

ation of parameters, without requiring redesign of the full

manipulator. These include the segment length and number,

inter-disk spacing, and tendon-routing arrangement through

the selected disk types. Such parameters can influence key

performance characteristics of TDCRs. For example, modify-

ing segment length and segment and tendon number can alter

the reachable workspace and dexterity profile, while changing

disk spacing can adjust the local rigid-compliant distribution

and bending limits. Alternative disk geometries have the

potential to also support tendon arrangement variation for

non-parallel and/or non-straight paths to enhance shaping or
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Fig. 4. Kinematic parameters of the two-segment spring-based TDCR. (A)
Schematic of the proximal and distal sections, highlighting the spring-disk
unit-cell structure, and local coordinate frames. (B) Cross-section (A±A)
showing the tendon routing geometric parameters.

payload capabilities [29] [30]. Additionally, by parameterizing

disk design based on the spring geometry, springs can be

readily changed for alternative size or stiffness profiles. Over-

all, the design versatility and modularity provides a practical

means to tune robot characteristics for different applications.

For example, to suit applications requiring higher payloads

or lower CR stiffness, or to provide sufficient dexterity for

specific anatomical environments or intervention goals. As

such, the proposed architecture should be viewed not only

as a fabrication strategy, but also as a reconfigurable design

platform for application-specific TDCR development.

III. MODELING

This section establishes a general kinematic modeling

framework for a two-segment TDCR, considering influence

of the rigid self-anchoring disks and free spring bending

elements.

A. Forward Kinematics

We assume linear insertion qins is applied globally from

the robot’s base frame {Ob} (Figure 4). A fixed rigid spacer

disk of length Ld is located at the base before the start of the

first compliant section, with the transformation from the base

frame to the frame of the first proximal segment as:

T
B

p

1s

Ob
= Tz(qins)Tz(Ld), (8)

which maps from {Ob} to the start frame of the first proximal

spring section {Bp
1s}. For each segment k ∈ {p, d}, we define

local frames at the start of the spring of cell c as {Bk
cs}, at the

start of the corresponding rigid disk as {Rk
cs}, and at the end

of the rigid disk as {Rk
ce}, where c is the cell index. Each unit

cell contains a spring arc of length Sd under constant-curvature

bending [31], followed by a rigid spacer disk of length Ld.

For segment k with curvature parameters (κk, ϕk), the spring

and rigid sub-transforms are:

T
Rk

cs

Bk
cs

= Rz(ϕk)Tarc(κk, Sd)Rz(−ϕk), (9)

T
Rk

ce

Rk
cs

= Tz(Ld), (10)

Therefore, the unit-cell transform from the start of the spring

to the end of the rigid disk is:

T
Rk

ce

Bk
cs

= Rz(ϕk)Tarc(κk, Sd)Rz(−ϕk)Tz(Ld), (11)

where T
Rk

ce

Bk
cs

≡ T
(k)
cell . The constant±curvature arc Tarc(κ, s)

describes the backbone position and orientation along the arc

length Sd; in the straight limit we set Tarc(0, Sd) = Tz(Sd).
Let Lseg,k denote the total length of segment k. Since each

unit cell consists of a spring segment of length Sd followed by

a rigid block of length Ld, the unit-cell length is (Sd + Ld),
and the number of full unit cells in segment k is therefore:

Nk = Lseg,k/(Sd + Ld), k ∈ {p, d}. (12)

The total transform for each segment k ∈ {p, d} is computed

by compounding Nk identical unit cells:

T (k)
seg =

Nk∏

c=1

T
(k)
cell , k ∈ {p, d}. (13)

As our prototype segments are contiguous, the handoff be-

tween T
Bd

1s

R
p

Npe

= I is identity, where Np is the index of the

last proximal cell. Finally, the tip frame {t} is reached by

chaining the base transformation and the proximal and distal

segment transforms as:

T t
Ob

= T
B

p

1s

Ob
︸ ︷︷ ︸

insertion

. T (p)
seg

︸︷︷︸

proximal segment

. T
Bd

1s

R
p
ne

︸ ︷︷ ︸

handoff

. T (d)
seg

︸︷︷︸

distal segment

(14)

B. Inverse Kinematics

The inverse kinematics (IK) problem aims to determine the

curvature parameters (κp, ϕp) and (κd, ϕd) of the proximal

and distal sections, respectively, that achieve a desired tip

position pdes ∈ R
3. Due to the nonlinear nature of the for-

ward kinematics and the coupled effects of multiple constant-

curvature sections, a closed-form solution is not pursued.

Instead, a numerical IK approach is employed, where the

curvature parameters are obtained by minimizing the Cartesian

position error between the desired tip position and the forward

kinematics prediction,

min
q

∥pdes − ptip(q)∥2, (15)

where q = [κp, ϕp, κd, ϕd]
T and ptip(q) is computed using

the forward kinematics model in Section III-A, assuming a

fixed insertion distance qins. The insertion motion is treated

as a separately controlled degree of freedom and is not

included as a decision variable in the IK optimization. The

optimization was solved iteratively using a gradient-based

numerical method, initialized from the previous solution to

ensure continuity during motion. Specifically, the IK problem

was implemented in MATLAB using the fmincon solver
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Fig. 5. Assembly overview for the multi-segment TDCR manipulators. (A)
Disk assembly for the distal segment, illustrating (i) screw-in of Type-1 self-
anchoring inner disks into the spring and (ii) the subsequent routing of the
four inner tendons. (B) Subsequent creation of the proximal segment, showing
(i) the screw-on positioning and (ii) tendon routing of a Type-2 outer disks.
(C) Fully assembled 140 mm long multi-segment manipulator. (D) Cross-
sectional view with concentric arrangement of Type-1 and Type-2 disks.

with bound constraints on curvature and bending direction

to enforce remaining within the feasible workspace of the

robot and to avoid excessive tendon displacements. Once the

desired curvature parameters are obtained, the corresponding

tendon displacements are computed through the geometric re-

lationships defined by the spring-disk architecture (see Figure

4B) using standard actuator-to-configuration relationships for

three- and four-tendon arrangements [31].

IV. FABRICATION AND ASSEMBLY

A two-segment TDCR was developed based on the con-

figuration of Figure 3A. Fabrication began with assembly of

a single-segment manipulator with a 140 mm helical spring

backbone (9637k43, McMaster-Carr) with parameters listed

in Table I. Custom Type-1 disks were designed in accordance

with Section II and manufactured via high-resolution stere-

olithography (microArch® S140, Boston Micro Fabrication)

to achieve the tighter dimensional tolerances for concentric

integration with Type-2 disks. The Type-1 disks were sequen-

tially screwed into the backbone to the desired disk spacing

(Figure 5A(i)). Once in place, self-anchoring removes the need

for additional fixings or adhesives while allowing for future

adjustment. With all Type-1 spacer disks positioned along the

backbone, four 0.2 mm diameter NiTi wire actuation tendons

were passed through the routing holes (Figure 5A(ii)) and fixed

to the terminating distal disk with adhesive (Industrial Grade

Super Glue GP). This intermediate assembly (Figure 6B(ii))

notably represents a fully functional single-segment prototype.

To realize the final two-segment manipulator, a proximal

segment was created by adding Type-2 outer disks, designed

based on the same spring parameters and manufactured via

SLA printing (Clear v4, Form 4, Formlabs Inc.). Type-2 disks

were screwed onto the proximal 60 mm of the backbone

(Figure 5B(i)) and axially centered with the existing Type-

1 inner disks to minimize the effective length of rigid sections

TABLE I
GEOMETRIC AND MATERIAL PARAMETERS OF THE ROBOT BACKBONE.

Variable Parameter Value

Ls Spring total length 140 mm
Ds|Dm|Di Spring outer|mean|inner diameter 4.2|3.8|3.4 mm

dw Spring wire diameter 0.4 mm
k Spring rate 0.149 N/mm

Dd = 2 rdi Inner disk outer diameter 3.7 mm
Ld Inner disk length 5 mm
Dch Central channel diameter 2.4 mm
r Inner disk tendon routing radius 1.6 mm

Do = 2 rdo Outer disk outer diameter 5 mm
Lo Outer disk length 3 mm
ro Outer disk tendon routing radius 2.3 mm
Sd Disk spacing 10 mm
Cd Diametral clearance (Dm −Dd) 0.1 mm
a Scaling factor 1.14

nd|no Number of inner|outer disks 10|5
Nt,i|Nt,o Number of inner|outer tendons 4|3
rti |rto Inner|outer tendon diameter 0.2|0.2 mm

along the robot’s backbone (see Supplementary Video). Disks

were again secured through self-anchoring and three additional

0.2 mm NiTi actuation tendons were threaded through the

routing channels (Figure 5B(ii)), completing the two-segment

manipulator and resulting in a seven-tendon architecture (4

inner + 3 outer tendons; Figure 5C and Figure 6B(i)).

Although realizing 3D segment motion requires only three

tendons at minimum, to provide primary actuation within

orthogonal planes, a four tendon arrangement was selected

for the inner disks (distal segment). However, to showcase

design versatility and reduce the number of actuators in the

system, only three tendons were employed for the outer disks

(proximal segment). This distinction also helps manage the

geometric constraints of compact concentric integration, under

the coupled limits of Eq. (4) and Eq. (5).

To complete the implementation for RAB, a miniature cam-

era (ams NanEyeM) was fixed at the tip for visualization, and

a fiber-based light source and a biopsy needle were deployed

through the working channel for illumination and to simulate

tissue sampling at predefined target locations, respectively

(see Figure 1A & Supplementary Video); demonstrating the

potential compatibility with standard interventional workflows

in RAB. A list of these parameter values chosen for the

prototype are detailed in Table I.

V. EXPERIMENTS AND RESULTS

An experimental platform (Figure 6) was developed to test

the 140 mm two-segment design. The robot was mounted on a

fixed base with tendons routed and connected independently to

miniature linear actuators (L12-100-50-12-I, Actuonix Motion

Devices), each offering 100 mm stroke with integrated position

feedback. Actuator control was implemented through a data

acquisition system (cDAQ, National Instruments) with a cus-

tom software interface. During actuation, robot tip motion was

captured via electromagnetic (EM) tracking (Aurora, Northern

Digital Inc.). For planar shape analysis, a high-resolution cam-

era (Basler aCA2040-120um) was positioned orthogonally to

the robot and the recorded images post-processed (ImageJ) to

extract backbone curves. Studies were subsequently conducted

to assess the robot’s workspace, and to evaluate kinematic

model performance and navigation performance in a bronchial
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Fig. 6. The experimental setup for robot characterisation, showing (A) the
manipulator, actuation unit, control hardware, and EM Tracking System, and
(B) Close-up view of the (i) two- and (ii) single-segment TDCR.

Fig. 7. Two-segment TDCR workspace characterization: (A) Top view (x±y)
and (B) side view (x±z), showing ∼25,000 tracked tip positions obtained from
randomized tendon actuation inputs; colorbar indicating z-axis displacement.

phantom, assessing reachability, access time, and targeting

accuracy under clinically relevant conditions.

A. Workspace Characterization

The reachable workspace of the multi-segment TDCR was

characterized by tracking the robot’s distal tip position during

randomized actuation. A miniature EM sensor was inserted

through the central working channel and fixed at the robot

tip, enabling position tracking throughout the experiments.

The robot was actuated using all seven driving tendons (four

inner and three outer), with a maximum of two tendons

activated simultaneously. A total of approximately 25,000 tip

positions were recorded from 300 randomized actuator input

configurations applied within the allowable actuation limits.

The resulting tip positions were recorded and projected onto

the x±y and x±z planes (Figure 7). This dense sampling

strategy provides a comprehensive representation of the robot’s

reachable workspace under practical actuation constraints.

As shown in Figure 7A, the robot exhibits a broad and well-

distributed lateral workspace with near-continuous coverage

around the base axis, demonstrating effective omnidirectional

bending capability. The workspace boundary indicates that

large curvature configurations are achievable without notice-

able directional bias. In Figure 7B, the robot achieves bending

configurations that reach below the base, with corresponding

orientations exceeding 360◦ (single-segment prototype) and

310◦ (multi-segment prototype) (see Figure 1A and Supple-

mental Video). This highlights the ability of the multi-segment

architecture to sustain high bending angles while maintaining

stable tendon alignment and structural integrity.

B. Planar Bending and Model Validation

The accuracy of the proposed model was evaluated through

a series of controlled tendon actuation experiments, comparing

model predictions against measured tip positions and bending

angles. Validation was performed using two complementary

test scenarios: symmetric single-segment bending and multi-

segment S-shape configurations. Figure 8 presents the results

of cyclic symmetric bending experiments performed by ac-

tuating opposing tendons (Tendon 1&3) with displacement

commands between 2 mm to 16 mm in 2 mm increments in

increasing and decreasing directions. Figure 8A shows exam-

ple images and tip bending angles during actuation.

The two opposing tendons exhibit closely matched and

repeatable displacement-bending responses, with only small

deviations which may be attributable to uneven tendon friction,

actuator errors or due to the helical geometry of the backbone

(Figure 8B). Both show clear hysteresis with loading direction

indicating the influence of tendon elongation under loading,

although this is minimized due to the high axial stiffness of the

NiTi tendons. Figure 8C presents the corresponding measured

tendon forces during displacement. Figure 8D compares the

measured tip coordinates with model predictions, showing a

root-mean-square error (RMSE) of 3.90 mm for Tendon 1 and

3.94 mm for Tendon 3, both within one TDCR diameter.

Beyond the displacement range evaluated in Figure 8, max-

imum displacement tests were conducted to evaluate assembly

robustness, extreme bending range, and force transmission in

blocked configurations (see Supplemental Video). The maxi-

mum measured tendon force during these tests was recorded

at 20 N, which corresponded to a free bending angle of 310◦,

representing the maximum tip angle achieved. Under the same

maximum tendon force condition, the blocked tip force was

measured at representative tip configurations of 90◦ and 180◦,

yielding 1.44 N and 0.53 N, respectively.

The model was further validated under more complex multi-

segment actuation S-shape configurations. Figure 9A presents

images of the robot during S-shape tests, with the bending an-

gles of the proximal and distal segments indicated. Figure 9B

compares the experimentally measured full robot shape against

the corresponding model predictions. The average RMSE was

4.12 mm for the tip position and 5.6 mm when considering the

full shape profile, demonstrating good agreement between the

model and experimental results under multi-segment bending.

C. Phantom Navigation

To demonstrate navigation in realistic 3D airway anatomy,

experiments were conducted using a patient-specific lung

phantom derived from a preoperative CT scan from

the Lung Image Database Consortium (LIDC-IDRI-0807)

(www.cancerimagingarchive.net). The bronchial tree was seg-

mented using 3D Slicer to capture airways from the trachea

to sub-segmental bronchi. High-resolution printing (Clear v4,

Form 4, Formlabs Inc.) was used to provide a geometrically

accurate environment for navigation experiments. Four navi-

gation targets were defined, comprising two targets in the right

lung (Targets 1&2) and two in the left lung (Targets 3&4), as

shown in Figure 10. For each lung, targets were selected at
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Fig. 8. Symmetric single-tendon actuation. (A) Representative bending via opposing tendon actuation (T1 and T3). (B) Measured bending angle versus tendon
displacement for T1 and T3 during loading and unloading, showing the hysteresis response across three repeated trials. (C) Measured tendon force versus
displacement for T1 and T3 during loading and unloading. (D) Comparison between experimental tip positions and model predictions.

Fig. 9. Model validation for multi-segment S-shape configurations. (A)
Segment-wise bending under coordinated actuation. (B) Comparison between
experimentally measured full shapes of TDCR and model predictions.

the fourth (Targets 1&3) and sixth generation (Targets 2&4),

resulting in four distinct navigation paths.

Navigation was performed by advancing the robot through

the lung phantom using a motorized linear platform that

provided controlled insertion motion. The insertion distance

was treated as a known system input and updated incremen-

tally. For each target, a navigation path was defined manually

along the bronchial centerline and discretized into a sequence

of intermediate waypoints. At each insertion step, the IK

solver computed the bending configuration that minimized the

Cartesian position error between the desired waypoint and

the predicted robot tip position (mean±SD solver time 38

± 5 ms). As such, this implementation represents waypoint-

based quasi-static navigation, rather than real-time dynamic

path following.

During navigation, the robot tip position was continuously

tracked using an EM sensor at the robot’s tip and overlaid

onto the patient-specific lung geometry for visualization and

analysis. The robot successfully reached all predefined target

locations within the lung phantom. The average position error

at the target locations was 2.35 mm across all trials. Navigation

to the fourth-generation targets (Targets 1 and 3) required

71 s and 67 s, respectively, while reaching the sixth-generation

targets (Targets 2 and 4) required 82 s and 79 s. Upon reaching

each target location, stable deployment of a biopsy needle

through the integrated working channel was demonstrated,

confirming reliable tool delivery at both proximal and distal

airway generations (see Supplementary Video).

VI. CONCLUSION

This paper presents a simplified modular design approach

for the development of compact multi-segment TDCRs suited

to endoluminal interventions. The proposed architecture inte-

grates a compliant helical spring backbone with parametrically

configured 3D-printed spacer disks. We present a two-segment

configuration suited to RAB, with a robot diameter of 4.2 mm

and a 2.4 mm central working channel. However, the modular

approach and parametric design framework introduced provide

a foundation for future TDCR designs to be readily configured

by segment length, backbone size/stiffness, tendon and disk

arrangement, and degrees of actuation to suit anatomical and

functional requirements of different endoluminal tasks.

Experimental validation demonstrates agreement between a

simple kinematic model based on constant curvature bending

assumptions and EM tracking measurements, with a mean tip

error of 4.04 mm. Navigation trials in a bronchial phantom

confirm the robot’s ability to reach peripheral targets with

reliable deployment of the biopsy needle and light source,

achieving an average positioning error of 2.35 mm.

These findings highlight the potential of modular spring-

based architectures as compact and versatile platforms for

navigation in highly branched luminal pathways. However,

the reported tip-position and phantom-targeting errors should

be interpreted in the context of the robot diameter and the

confined geometry of the distal bronchi. While the present

results support proof-of-concept feasibility in a representative

phantom environment, common TDCR characteristics remain

in the form of segment-coupling, tendon friction, and hys-

teresis. Development of a more comprehensive model may

allow compensation for these and spring-specific effects such

as compression, which may become more apparent for lower-

stiffness spring implementations. Although open-loop perfor-

mance may prove sufficient under vision based teleoperation,

closed-loop control may be explored to support task autonomy

and improve clinical safety. Future implementations may ex-

tend the presented framework to consider actively movable

disks, miniaturization, and non-parallel tendon routing, to

further extend application suitability.
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