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A B S T R A C T

Tendon-driven continuum robots (TDCRs) face a critical trade-off between energy efficiency and static perfor
mance for navigating constrained environments, a challenge in medical and industrial applications. This study 
proposes a bi-objective optimization framework to enhance tendon placement and dimensional synthesis in a 
two-segment TDCR, featuring seven disks and four tendons per segment. Leveraging a kineto-static model based 
on piecewise constant curvature (PCC) theory and a multi-objective genetic algorithm (MOGA), radial tendon 
distances and angular offsets have been optimized. These solutions achieve up to 30 % reduction in mechanical 
work and a 3–5 % workspace expansion, validated through 100 randomized tendon force samples. The results 
offer practical guidelines for improving TDCR performance in both minimally invasive surgery and industrial 
inspection.

1. Introduction

Continuum robots, characterized by their infinite degrees of freedom 
and bioinspired compliance, have emerged as transformative tools in 
fields ranging from minimally invasive surgery to industrial inspection 
[1–3]. Their ability to navigate confined spaces stems from their 
continuous backbone, which deforms through tendon-driven actuation 
systems. Early designs, such as Anderson’s tensor arm, laid the 
groundwork for tendon-driven continuum robots (TDCRs), while mod
ern innovations now integrate hybrid actuation, modular architectures, 
and advanced materials to enhance precision and adaptability [4]. A 
critical challenge in TDCR design lies in optimizing structural parame
ters such as backbone stiffness, tendon routing, and segment modularity 
to balance energy efficiency, workspace performance, and geometric 
feasibility [5].

The evolution of TDCR structural design has been marked by 
different approaches. The piecewise constant curvature (PCC) assump
tion, popularized by Webster and Jones [5], simplifies kinematics by 
approximating backbone segments as constant-curvature arcs but 
struggles with torsional and dynamic effects . Recent work by Starke 

et al. [6] demonstrated that helical tendon routing expands workspace 
volume fourfold compared to straight configurations, though this in
troduces challenges in managing torsional stability and friction. 
Concurrently, Amanov et al. [7] highlighted trade-offs between segment 
extensibility and actuation complexity, showing that variable-length 
segments improve follow-the-leader deployment but require intricate 
structural co-design.

Structural optimization frameworks increasingly emphasize geo
metric constraints and tendon non-interference. Grassmann et al. [8] 
established radial separation thresholds (e.g., Δr ≥ 1 mm) and angular 
spacing limits (α ≥ 30◦) to prevent tendon collisions in multi-segment 
designs. For instance, spacer disk configurations either fixed (Type-0) 
or floating (Type-III) significantly influence tendon routing efficiency 
and backbone deformation [9]. Modular designs, such as those proposed 
by Barrientos-Diez et al. [10], leverage asymmetric backbone architec
tures to enhance workspace uniformity and reduce actuation forces by 
15–22 % compared to symmetric layouts.

The integration of additive manufacturing has further advanced 
structural optimization. Perugini and Russo [11] introduced a mono
lithic 3D-printed TDCR design, eliminating the need for discrete spacer 
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disks by embedding tendon lumens directly into a flexible backbone. 
This approach reduces assembly complexity while maintaining accuracy 
comparable to traditional multi-component designs . Similarly, 
FDM-printable designs with serial S-shaped backbones, as proposed by 
recent studies, enable planar bending with minimized plastic deforma
tion, demonstrating the viability of cost-effective prototyping for com
plex geometries.

Increasing the number of segments introduces both opportunities 
and challenges. Multi-segment TDCRs, as demonstrated by Dong et al. 
[12], achieve enhanced reachability in extreme environments (e.g., 
aircraft engine repair at 2000 ◦C) but face trade-offs in tendon density 
and friction management . For example, a two-segment robot with 4 
tendons per segment achieves a 32 % larger workspace than 
single-segment counterparts, yet asymmetric radial placement (prox
imal: 6.5 mm, distal: 3.5 mm) is necessary to mitigate mechanical work 
increases [10]. Configurable tendon routing, as explored by Barreiros 
et al. [9], enables spatial follow-the-leader deployment but requires 
robust optimization frameworks to handle nonlinear constraints .

Material selection remains pivotal in structural optimization. Back
bones composed of nested concentric tubes or laser-patterned polymers 
[13] allow variable stiffness profiles, while monolithic 3D-printed de
signs prioritize manufacturability and reproducibility. For instance, 
Grassmann et al. [14] advocate for open-source modular platforms to 
standardize benchmarking, noting that 61 % of TDCR prototypes are 
abandoned due to irreproducible designs. Bottcher et al. [15] demon
strated that coupling three tendon-actuated continuum robots at a 
common end-effector platform improves position repeatability by 67 %, 
showcasing the benefits of parallel architectures in precision-critical 
applications . Similarly, Kato et al. [16] developed a two-section 
TDCR for endoscopic surgery, incorporating friction-aware kinematic 
mapping to enhance tip positioning accuracy under large bending an
gles, achieving errors below 6 mm .

Computational modeling plays an indispensable and profoundly 
significant role in the domain of structural design. Runge et al. [17] 
emphasized the need for high-fidelity finite element analysis (FEA) to 
train machine learning surrogates, enabling rapid design iterations 
while accounting for nonlinear material behavior . Wang et al. [18] 
further validated FEA-driven stability analyses, identifying optimal 
slenderness ratios to prevent buckling in miniature spring-based ma
nipulators .

The field of continuum robotics is progressing from foundational 
kinematic formulations toward advanced co-design frameworks that 
integrate geometric constraints, material properties, and tendon rout
ing. Previous studies have achieved notable results in areas such as 
workspace expansion [6,10,19,20], structural stability [18,21], and 
manufacturability via monolithic designs [11]. However, most of these 
works rely on single-objective optimization, focusing either on work
space maximization or simplified fabrication without addressing the 
coupled trade-off between energy efficiency and static performance 
under nonlinear geometric constraints. In contrast, the objectives of this 
research are twofold: (1) establish a robust bi-objective optimization 
framework that minimizes mechanical work while maximizing the 
feasible static workspace under nonlinear geometric constraints, and (2) 
derive actionable design guidelines for asymmetric tendon arrange
ments and modular segment configurations that balance performance 
and manufacturability. To address this problem, a Pareto-based multi-
objective genetic algorithm (MOGA) is used, inspired by evolutionary 
processes including selection, crossover, and mutation [23].

This paper represents a substantial extension of the earlier confer
ence publication. The conference paper focused solely on a single- 
objective optimization problem in which tendon forces were the only 
design variables used to maximize the feasible static workspace (FSW) 
under external loads. In contrast, the present manuscript introduces a 
fundamentally expanded formulation in both methodology and design 
scope. First, a bi-objective optimization framework is proposed that 
simultaneously minimizes mechanical work and maximizes FSW using 

MOGA/NSGA-II. Second, the design variables are expanded to include 
structural parameters namely the tendon radial distances (r₁, r₂) and the 
inter-segment angular offset (α) subject to nonlinear geometric and non- 
interference constraints. Third, a statistically robust evaluation based on 
100 randomized tendon-force samples is incorporated, together with 
detailed Pareto analyses (Figs. 7–17) and the derivation of actionable 
design guidelines (e.g., r₁ = 21 mm, r₂ = 22.5 mm, α = 45◦). Altogether, 
these additions deliver a substantially more comprehensive and gener
alizable optimization framework compared with the preliminary find
ings presented in the previous work [20].

2. Two-Segment tendon-driven continuum robot (TDCR)

The design of tendon-driven continuum robots is particularly chal
lenging due to their high-dimensional kinematics and the inherent 
fragility of the tendon actuation mechanism. These robots typically 
comprise numerous vertebrae linked by a flexible backbone and actu
ated by tendons. Fig. 1 shows a conceptual schematic of a two-segment 
TDCR, including 7 vertebrae per segment and driven by two sets of 
tendon actuators. Fig. 2(a) depicts the CAD model of robot, where each 
segment is equipped with four tendons. The tendon anchor points in 
Segment 1 are shown in Fig. 2(b), and the spatial distribution of tendons 
around the vertebral surface is detailed in Fig. 2(c). A close-up view of 
the compliant intervertebral joint is presented in Fig. 2(d), while Fig. 2
(e) shows the assembled prototype mounted at the end of a serial IGUS® 
robotic arm for experimentation. The prototype consists of a rigid 
actuation module containing two Dynamixel® 2XC 430-W250-T servo
motors that drive four pairs of orthogonally arranged, antagonistic steel 
tendons (0.5 mm in diameter). Each tendon is actuated using a motor- 
driven pulley mechanism, where the pulley ’s rotation angle defines 
tendon displacement and controls segment bending. The TDCR structure 
itself is a monolithic one, fabricated from 3D-printed PA12 Nylon® 
using selective laser sintering (SLS), and contains 7 vertebrae per 
segment with compliant joints that emulate natural bending motions.

Fig. 1. Four-tendon arrangement on the disc of each section of the two- 
segment robot.
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2.1. Geometric modeling of a representative vertebra for optimization

Fig. 3 illustrates the tendon layout on a representative vertebra, 
which serves as the geometric foundation for the optimization frame
work. Each segment includes four tendons arranged symmetrically at 
radial distances r₁ and r₂ from the vertebral center, with an angular offset 
α between the starting positions of each segment’s tendons. Additional 
geometric parameters such as tendon channel diameters (d₁, d₂) and the 
vertebral, backbone radii (rd, rc) are also considered.

The local position of tendon c in segment m (with m = 1,2) is defined 
in the local coordinate frame of the vertebra as [24]: 

ipi,c = rm[ cos
(
δm,c

)
sin

(
δm,c

)
0 ], c = 1,2, 3,4 (1) 

where δm,c = 2π(c − 1)/4+ δm with δ1 = 0,δ2 = α. Here, rm denotes the 
radial tendon distance in segment m, corresponding to either r1 and r2 in 
the first and second segments, respectively (see Fig. 3).

This formulation captures the symmetrical tendon arrangement in 
each segment and the angular offset between segments. These variables 
define the core design space for optimization and the modeling of geo
metric constraints.

3. Kineto-static modeling of TDCR

To capture the static deformation behaviour of the TDCR, a kineto- 
static model based on the piecewise constant curvature (PCC) assump
tion is employed [24] . This model estimates the robot’s static equilib
rium configuration in response to applied tendon forces, enabling 
evaluation of resulting tip poses and mechanical work. A tendon force 
vector F ∈ ℝ⁸ is defined, where each corresponds to one of the eight 
tendons (four per segment). To explore the range of static configurations 
the robot can achieve, a set of 100 force vectors {Fᵢi} is randomly 
generated, with elements sampled from a normal distribution Fᵢi  ~ N (0, 
σ²) (N) with σ = 0.5. For each force vector Fᵢi, the kineto-static model 
solves the equilibrium shape and calculates the corresponding 
end-effector pose and total mechanical work. This provides a set of 
reachable configurations under passive tendon loading, independent on 
specific actuation policies. As shown in Fig. 5, the distribution of tip 
positions resulting from these force samples demonstrates that tendon 
force variation alone is sufficient to span a representative region of the 
robot’s feasible static workspace. Importantly, these force samples are 
held constant during the optimization process. Design candidates are 
evaluated under the same set of force conditions to ensure consistent and 
reproducible performance comparison across configurations.

3.1. Kinematic modeling of TDCR

In the kinematic modeling of the TDCR, the (PCC) assumption is 
applied, meaning that each segment bends with a locally constant cur
vature [24]. This assumption simplifies the robot’s geometry by 
modeling each segment as a circular arc with fixed curvature and twist.

Fig. 6(a) illustrates a section of the robot comprising consecutive 
vertebrae, two sample tendons, local coordinate frames, and the forces 
acting on the backbone and vertebrae. Fig. 6(b) shows a magnified view 
of a universal joint connecting the backbone to each vertebra, along with 
curvature angle notations that define the configuration of the robot 
components. Fig. 6(c) and (e) depict internal forces and tendon tensions 
acting on disk i, transmitted from disks i + 1 and i − 1, respectively.

Fig. 2. (a) CAD schematic of a two-segment, TDCR with four tendons in each segment (b) Anchor points for the tendons in Segment 1 (c) Distribution of tendons on 
the surface of the vertebra (d) Compliant joint (e) Actual prototype.

Fig. 3. Four-tendon arrangement on the disc of each section of the two- 
segment robot.
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The position d(si) of any point along the arc, expressed in the frame 
of vertebra i − 1, is given by [23,24]: 

d(si) =

⎡

⎣
xi
yi
zi

⎤

⎦ =

⎡

⎣
cos(ϕi)(1 − cos(θ(si))/ki
sin(ϕi)(1 − cos(θ(si))/ki

sin(θi)/ki

⎤

⎦ (2) 

The subsegment curvature ki is defined by (3) [24,25], 

k(si) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

β2
i + Γ2

i

√

(3) 

where βi and Γi are the curvature of backbone along x→i− 1 and y→i− 1, and 
ϕi is defined as Eq. (3)[24]: 

ϕi = tan− 1(Γi, βi) (4) 

Given di for si = li, the homogeneous transformation matrix from i −
1 to i is given by [24]: 

i− 1Ti =

[
Rz(ϕi)Ry(θi)Rz(− ϕi) di

0 1

]

(5) 

The direct geometrical model links the actuator space, giving the 
pulley angles, to the configuration space and to the cartesian space at the 
robot tip [24].

3.2. Static modeling of TDCR

The static behavior of the TDCR is governed by a force and moment 
balance under the assumption of (PCC). Based on this model, the 
bending deformation and tip position can be predicted by solving a set of 
nonlinear equilibrium equations derived from applied loads, tendon 
tensions, and elastic reactions.

Under the quasi-static assumption, the robot is influenced by gravi
tational forces, frictional interactions, external loads, and tendon ten
sions. Each of these contributions is transformed into the local 
coordinate frame for analysis. The gravitational force acting on the (i)th 

disk in the local frame is: 

i− 1Fd,i =
i− 1T0

0Fd,i (6) 

in which the gravity force 0Fd,i is given as: 

0Fd,i = [ 0 0 − md,i.g 0 ]
T (7) 

where md,i is the disk’s mass, g is gravitational acceleration, and i− 1T0 is 
the transformation matrix to the local frame.

Similarly, the gravity acting on the backbone segment is: 

i− 1Fb,i =
i− 1T0

0Fb,i (8) 

in which the gravity force 0Fb,i is given as: 

0Fb,i = [ 0 0 − mb,i.g 0 ]
T (9) 

in which mb,i is the backbone’s mass of (i)th disk.
The resulted moment of gravity forces on the disks and part of 

backbone are described as [24]: 

i− 1Md,i =
(

i− 1oi− 1
i− 1oi

̅̅̅̅̅̅̅→)
×
( i− 1Fd,i

)
(10) 

i− 1Mb,i =
(

i− 1oi− 1
i− 1pb,i− 1

̅̅̅̅̅̅̅̅̅̅→)
×
( i− 1Fb,i

)
(11) 

in which i− 1oi− 1, i− 1oi and i− 1pb,i− 1 represent the coordinates of the 
center of (i − 1)th and (i)th disks, and the center of gravity of the back
bone between (i − 1)thand (i)th disks in (i − 1) local frame, respectively.

In the case of interaction between TDCR and the surrounding envi
ronment, the external force Fext and torque Mext applied to the robot tip, 
denoted by index v, and expressed in the tip coordinates, are described 

by the following relations [23]: 

v− 1Fext =
v− 1T0

0Fext (12) 

v− 1Mext =
(

v− 1ov− 1
v− 1ov

̅̅̅̅̅̅̅̅→)
×
( v− 1Fext

)
(13) 

where 0Fext is the force applied to the robot tip in the inertial frame.
Directional unit vectors as defined as below: 

i− 1Ui− 1,c
̅̅̅̅̅→

=

i− 1pi,c
i− 1pi− 1,c

̅̅̅̅̅̅̅̅̅→

‖ i− 1pi,c
i− 1pi− 1,c

̅̅̅̅̅̅̅̅̅→
‖

(14) 

i− 1Ui+1,c
̅̅̅̅̅→

=

i− 1pi,c
i− 1pi+1,c

̅̅̅̅̅̅̅̅̅→

‖ i− 1pi,c
i− 1pi+1,c

̅̅̅̅̅̅̅̅̅→
‖

(15) 

here, pi,c and pi− 1,c denote the position of tendon c on disks (i) and (i −
1), respectively, expressed in the coordinate frame of disk (i − 1).

The driving tendon tension i− 1Fi,c is the resultant of the two force 
vectors Fi,c and Fi+1,c by tendon c illustrated in Fig. 6(b), which are 
expressed using their unit direction vectors as below [24]: 

i− 1Fi,c = Fi,c
i− 1Ui− 1,c
̅̅̅̅̅→

+ Fi+1,c
i− 1Ui+1,c
̅̅̅̅̅→

(16) 

i− 1Mi,c =
i− 1pi,c

̅̅̅ →
×
( i− 1Fi,c

)
(17) 

The motion of the robot along its path is driven by the forces exerted 
by the tendons. As the robot’s configuration changes, frictional forces 
arise at the contact points between the tendons and the corresponding 
discs. These frictional forces are transmitted from the tendons to the 
discs and are calculated using the following equation.

The coefficient of friction is given as [24] 

μi,c = 0.689e− 0.027σi,c (18) 

in which σi,c is the local bending angle of the vertebrae determined using 
directional unit vectors as below: 

σi,c = cos− 1( i− 1Ui− 1,c .i− 1Ui+1,c
)

(19) 

The tension magnitude Fi+1c is updated applying friction force be
tween the disks and the tendons. 

Fi+1c = Fic − μi,c

⃒
⃒i− 1Ni,c

⃒
⃒ (20) 

i− 1Ni,c is the normal force applied by tendon tension on the associated 
disk plane, which is computed using following relation [24]: 

i− 1Ni,c =
i− 1Fi,c −

( i− 1Fi,c⋅i− 1ni
)

(21) 

where i− 1ni is the unit normal vector of plane 
(
Oi,xi,yi

)
.

The backbone of the TDCR is modeled as an elastic rod with the 
capability to undergo lateral bending and torsion. Let Ki denote the 
curvature and εi the torsional twist of the (i)th segment. The bending and 
torsional moments are computed based on material and geometric 
properties Young’s modulus E, shear modulus G, second moment of area 
I, polar moment of inertia J, and segment length li. The resulting ex
pressions for bending and torsional moments in the local frame are: [24,
25]: 

i− 1Mb,i =
i− 1Ti[ 0 E.I.Ki 0 0 ]

T (22) 

i− 1Mτ,i =
i− 1Ti[ 0 0 G⋅J⋅(εi/li) 0 ]

T (23) 

3.2.1. Equilibrium equations
The equilibrium behavior of the TDCR is governed by the recursive 

Newton–Euler equations, which balance all forces and moments acting 
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on each vertebra in its local coordinate frame [25,26]. These equations 
are expressed as: 

i− 1FOi− 1 =
∑c

k=1

i− 1Fi,k +
i− 1Fd,i +

i− 1Fb,i +
i− 1FOi (24) 

i− 1MOi− 1 =
∑c

k=1

i− 1Mi,k +
i− 1Md,i +

i− 1Mb,i +
i− 1MOi (25) 

The discretized forces and moments i− 1FOi and i− 1MOi are the lumped 
forces and moments at point Oi in the frame (i − − 1) [24].

Eq. (25) expresses the static moment equilibrium for each vertebra of 
the TDCR, accounting for contributions from tendon-induced moments, 
distributed external loads, and internal elastic reactions. The elastic 
deformation of the backbone due to bending and torsion is governed by 
the constitutive relations in Eqs. (22) and (23), which relate bending and 
torsional moments to curvature and twist under small-strain linear 
elasticity. Eq. (26) combines these internal elastic moments to complete 
the moment balance. 

i− 1MOi− 1 = i− 1Mb,i +
i− 1Mτ,i (26) 

By solving the above nonlinear coupled equations, the static 
configuration of the TDCR is determined [24].

4. Dimensional synthesis of TDCRs

This section presents the formulation of the dimensional synthesis 
problem for tendon-driven continuum robots (TDCRs). The objective is 
to determine optimal tendon routing parameters that achieve a balance 
between mechanical energy efficiency and feasible static workspace 
coverage, while satisfying geometric and physical constraints.

To this end, we consider three primary design variables ξ = [r1, r2,α]T 

which (r1, r2) are the radial tendon distances in each segment and α is 
the angular offset between the tendon layouts of adjacent segments. 
These geometric parameters define the tendon routing configuration 
and directly influence both energy efficiency and the extent of the 
feasible static workspace.

A critical geometric constraint, known as tendon non-interference, 
ensures that tendons remain sufficiently spaced and avoid collision 
with one another or with the backbone during bending. As illustrated in 
Fig. 4, this constraint is formulated as a nonlinear inequality based on 
the spatial relationship among, (r1, r2) and α, and is evaluated across the 
admissible configuration space to guarantee physically feasible, 

collision-free designs (see. Section 4.3). The bi-objective nature of the 
problem is captured the bi-objective optimization framework, as 
described in the following subsections.

4.1. Formulation of the optimization problem

The dimensional synthesis of TDCRs involves determining design 
parameters that minimize the mechanical work required for actuation 
while maximizing the feasible static workspace. These two competing 
objectives must be optimized simultaneously under nonlinear geometric 
constraints.

There are two general approaches to multiple-objective optimiza
tion. One is to combine the individual objective functions into a single 
composite function by normalizing them and using weighted combina
tion approaches, so to find a single final solution. This can be considered 
a priori approach: the result is a consequence of pre-defined preferences 
expressed when defining the weights, which may not fully capture the 
diversity of available solutions. The second general approach is a pos
teriori decision-making method, which applies the Pareto-dominance 
approach to the objective function values. This way, an entire set of 
Pareto-optimal trade-offs, which provide flexible design guidelines 
adaptable to task-specific requirements, is found. Typical application 
scenarios include minimally invasive or endoscopic surgery, where 
accessibility and low actuation effort are critical [1,16], as well as in
dustrial inspection and repair tasks in confined environments such as 
aircraft engines or pipelines [12]. In this study, the trade-off between the 
two objectives is managed using a Pareto-based multi-objective genetic 
algorithm (MOGA/NSGA-II) [22].

4.2. Bi-objective optimization framework

The bi-objective optimization problem is defined over a decision 
variable vector ∈ Rn, and aims to minimize the mechanical work W(ξ)
while maximizing the feasible static workspace FSW(ξ) . This can be 
expressed as: 

min
ξ∈Rn

[W(ξ), − FSW(ξ)] (27) 

subject to: 

gj(ξ) ≤ 0, (j= 1,…,m) (geometric inequality constraints)

hl(ξ) = 0, (l=1,…, p)(equality constraints, if any)

Here, gj(ξ) represents nonlinear geometric constraints, including 
bounds on tendon radii, angular offsets, and minimum tendon separa
tion (e.g., Eqs. (31)–34). Equality constraints hl(ξ) includes any addi
tional design relations enforced as equalities. The feasible design space 
is defined as: 

Ω =
{

ξ ∈ Rn : gj(ξ) ≤ 0, hl(ξ)=0
}

(28) 

A solution ξ∗ ∈ Ω is Pareto-optimal if no other ξ ∈ Ω improves one 
objective without degrading at least one other.

4.2.1. Objective 1: mechanical work
The mechanical work is used here as a static effort metric to quantify 

the internal force and moment required to maintain a given configura
tion. Under the (PCC) assumption, it is computed as the sum of trans
lational and rotational contributions at each vertebra: 

W(ξ) = C1 =
∑n

i=1

[(
Fnet,i⋅poi

)
+
(
Mnet,i⋅ori

)]
(29) 

where Fnet,i and Mnet,i are the net interna force and moment acting on the 
(i)th vertebra, n is the total number of vertebrae in the robot, and poi and 
ori are the corresponding global position and orientation vectors, Fig. 4. Geometric constraint ensuring minimum tendon spacing.
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respectively [26].

4.2.2. Objective 2: feasible static workspace
The feasible static workspace (FSW) refers to the set of maximum 

reachable end-effector positions under static equilibrium conditions, 
evaluated using a fixed set of randomized tendon force samples [25]. For 
each design ξ, the robot tip position P(L)

n (ξ) is computed under the (L)th 

force sample. To quantify reachability, FSW is defined as the maximum 
squared euclidean norm of the tip positions. This formulation can be 
expressed as follows: 

FSW(ξ) = C2 = max
L=1,....,N

P(L)
n (ξ)2

s.t. Θ(F ,S ) = 0
ξl

i ≤ ξi ≤ ξu
i

(30) 

Here, ξ denotes the set of design variables, including the radial 
tendon placements and angular offset, constrained by lower and upper 
bounds ξl

i and ξu
i , respectively. The function Θ(F , S ), defined in Eq. 

(30), represents the TDCR’s kineto-static model represented in Section 2, 
which depends on the tendon forces F and configuration parameters 
S , including curvatures about the local x- and y-axes and twist about 

Fig. 5. End-effector positions under 100 randomized tendon force vectors, showing statistical coverage of the feasible workspace.

Fig. 6. (a) Subsegment kinematic diagram (b) Continuum robot pattern (c) Inter-Vertebral actuating forces applied on ith disk (d) Actuating moment on ith disk by 
resultant of inter-vertebral actuating forces (e) Disk and backbone masses and gravity forces for ith vertebra.
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the z-axis. To evaluate this objective, randomized tendon forces are 
sampled uniformly from [0,1],as detailed in Section 3. For each force 
sample, the kineto-static model is solved to compute the tip position Pn, 
which defines the FSW metric (see Fig. 6(b)). This formulation offers a 
consistent and computationally efficient reachability measure that 
captures the effect of tendon actuation variability on end-effector 
extension. It enables the optimization process to evaluate design per
formance under diverse actuation conditions without requiring 
exhaustive volumetric workspace mapping.

In this study, the feasible static workspace (FSW) emphasizes the 
statically realizable reachability of the robot rather than its purely 
geometric range. The use of the maximum squared Euclidean norm 
directly incorporates tendon-force limits, external loading, and back
bone stiffness constraints (Section 3.2), ensuring that only equilibrium- 
satisfying configurations are considered feasible. Although the convex- 
hull volume of reachable points could provide a broader geometric en
velope, it would include configurations that violate static equilibrium or 
exceed actuation limits, potentially overestimating the effective work
space. The squared-norm formulation therefore offers a physically 
consistent, computationally tractable, and optimization-compatible 
metric well suited for integration within the multi-objective genetic al
gorithm framework used in this study.

4.3. Constraints

The optimization process is subject to a set of geometric constraints 
that ensure the physical feasibility and manufacturability of the tendon 
routing in the TDCR. 

■ Radial Tendon Spacing Constraints

The radial distance from the center of each vertebra to the tendon 
guide hole in segment m (where m = 1, 2) must lie within allowable 
physical limits: 

rc ≤ rm ≤ rd, m = 1,2 (31) 

Here, rc is the minimum inner radius that ensures clearance from the 
backbone, and rd is the maximum outer radius to avoid tendon inter
ference with the outer sheath [8]. A larger rm improves mechanical 
leverage (torque arm) but increases frictional losses, representing a 
design trade-off. 

■ Angular Offset Constraints

To avoid collision between tendons and maintain structural sym
metry, the angular offset α between corresponding tendon routes in 
adjacent segments must satisfy: 

αmin ≤ α ≤ αmax (32) 

Based on empirical studies [9], αmin = 30∘ is recommended to prevent 
tendon overlap during significant bending motions. Higher angular 
offsets, while beneficial for expanding the reachable workspace (Section 
5, Figs. 14–16), may introduce asymmetric loading, resulting in uneven 
bending stiffness and unbalanced internal moments [6,7]. 

■ Nonlinear Tendon Interference Constraint

The distance between adjacent tendon routing holes, shown in Fig. 4, 
is determined from geometry using the law of cosines as: 

d =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

r2
1 + r2

2 − 2r1r2cosα
√

(33) 

To ensure a minimum center-to-center separation and prevent 
physical overlap between tendon channels, a nonlinear inequality 
constraint is imposed: 

d ≥
1
2
(d1 + d2) + dt (34) 

where dt is the minimum required edge-to-edge distance between any 
two tendon channels and d1and d2 are the tendon guide hole diameters 
in each segment. This constraint enforces geometric feasibility by 
ensuring that tendons remain physically separated throughout all ad
missible configurations, thereby maintaining structural integrity and 
avoiding mechanical interference.

5. Results and discussion

This section presents the computational setup and optimization re
sults using a two-segment TDCR. The geometric and physical specifi
cations used in the computation are summarized in Table 1, forming the 
foundation for modeling tendon behavior and actuation dynamics.

The optimization aimed to identify a set of Pareto-optimal tendon 
configurations that balance mechanical work C1 and feasible static 
workspace C2, as defined in Eqs. (29) and (30), respectively. While the 
optimization process minimizes mechanical work and maximizes 
workspace, the results are visualized by plotting the inverse of me
chanical work on the horizontal axis and workspace on the vertical axis. 
Constraints (Eqs. (31)–(34)) were enforced to ensure geometric feasi
bility throughout the design space. To ensure robustness, 100 random
ized tendon force samples (F ∈ ℝ⁸) were drawn uniformly from the 
interval [0,1] and applied consistently across independent optimization 
runs. Robustness here reflects the statistical representativeness of the 
FSW, ensured by these 100 randomized tendon force samples, which 
capture a comprehensive distribution of achievable configurations 
across optimization iterations. Representative Pareto fronts are pre
sented in Figs. 7 and 8, and the main parameters of the Multi-Objective 
Genetic Algorithm (MOGA) are summarized in Table 2.

Each tendon force configuration was optimized independently, 
resulting in a diverse set of Pareto front optimal designs. To extract 
actionable design trends, the angular offset α defined as the angle be
tween corresponding tendons in adjacent segments was discretized in 5◦

intervals. For each α range, relevant data points were filtered and sta
tistically analyzed. Table 3 presents the grouped descriptive statistics 
across α intervals, including the number of optimization samples, the 
mean and variance of tendon radial distances (r₁, r₂), the average α, and 
the associated performance metrics: C₁ (inverse mechanical work) and 
C₂ (feasible static workspace).

Figs. 9–17 visualize the corresponding distribution patterns and 
performance trends. Notably, configurations with larger α angles (≥
30◦) tend to exhibit lower mechanical work, expanded feasible work
space, and reduced variance in both objectives, indicating improved 
performance and design robustness through wider tendon spacing. (see 
Figs. 14–17, where α ≥ 30◦ is highlighted in blue).

In contrast, denser groupings below α = 30◦, while more frequent in 

Table 1 
Geometric and physical specifications of the TDCR.

Name Description Value Unit

n Number of total spacer disks [7,7] −

L Length of sections [
141 × 10− 3; 141 ×

10− 3]
m

rd Outer radius of spacer disks 24.7 × 10− 3 m
rc Inner radius of spacer disks 12.57 × 10− 3 m
d1 Tendon guide hole diameters 1.5 × 10− 3 m
d2 Tendon guide hole diameters 1.5 × 10− 3 m
dt Edge to edge distance between the 

tendon guide holes
1.5 × 10− 3 m

mdisk Mass of each spacer disk 9.254 × 10− 3 kg
mb Mass of backbone 2.893 × 10− 3 kg
kx Compliance coefficient in x direction 0.43 N.m
ky Compliance coefficient in y direction 0.25 N.m
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the solution space (see Fig.9), are less viable due to increased risk of 
tendon interference and mechanical instability, as detailed in Section 
4.3 and supported by the statistical analysis in Section 5.

As illustrated in Fig. 9, the number of Pareto-optimal configurations 
varies across angular offset intervals (α), with denser clusters occurring 
at smaller offsets (α < 30◦) and fewer but still representative solutions 
emerging at larger offsets (α ≥ 30◦). This variation results from the 
nonlinear feasibility constraints inherent in the optimization process. 
Consequently, the descriptive statistics summarized in Table 3 (means 
and variances) are primarily intended to highlight overall design trends 
and convergence patterns rather than to serve as strict statistical com
parisons between groups.

All candidate configurations were evaluated under the same set of 
100 randomized tendon-force samples, ensuring consistent performance 
assessment. Furthermore, to verify that the observed performance im
provements are not artifacts of unequal sample sizes, an unequal- 
variance (Welch’s) ANOVA test was performed, confirming that the 
increases in mechanical efficiency and feasible static workspace for α ≥
30◦ remain statistically significant (p < 0.05).

These trends validate the effectiveness of choosing larger angular 
offsets in tendon routing and inform the final prototype parameters.

On the other hand, the design space for α ≥ 30◦ contains a sufficient 
number of feasible and high-performing configurations, which are 
analysed in more detail below. Fig. 10 shows that the mean α value 
across discretized intervals exhibits a near-linear trend, indicating stable 
design behaviour. Fig. 11 demonstrates that the variance in α remains 
tightly bounded between 1.4◦ and 1.5◦, highlighting α as a reliable 
design parameter. Fig. 12 presents the average tendon radial distances 
for each segment. Below 35◦, r1 is ~20 mm while r2 is ~24 mm, sug
gesting higher torque demands in the second segment. These values tend 
to converge as α increases. Fig. 13 reveals a higher variance in r1 than r2, 
suggesting more flexibility in tendon placement within the first segment.

Figs. 14–17 summarize the performance metrics. The mean inverse 
mechanical work (C₁) improves with larger α as shown in Fig. 14, while 
Fig. 15 confirms decreasing variance in C₁, confirming that its behaviour 
remains stable across different α values. Fig. 16 illustrates that the 
feasible static workspace (C₂) expands with α, and Fig. 17 shows its 
variance also diminishes. Collectively, these trends validate those wider 
angular separations enhance both energy efficiency and reachable 
configurations with robust performance.

Based on the optimization results, the most effective configuration 
places the tendons in both segments at the maximum feasible radial 
distance from the vertebral centre. This setup is supported by both 
objective metrics: increased α-angle leads to reduced mechanical work 
and improved feasible static workspace coverage. These trends confirm 
that wider tendon spacing enhances both energy efficiency and reach
able configurations.

However, angular offset selection is also constrained by practical 
considerations: (1) mechanical integration requirements, such as motor 
support placement at 45◦ intervals (see Fig. 2), and (2) tendon inter
ference risks at α < 30◦, as reported in [9]. Accordingly, and supported 
by the results in Fig. 12, the prototype design adopts an angular offset of 
45◦ with tendon radii of r1= 21 mm and r2 = 22.5 mm (see Fig. 2(c)).

This final design configuration balances simulation-driven optimi
zation with real-world manufacturing constraints. It will guide the 
construction of the physical prototype, providing a tangible realization 
of the optimized TDCR structure and setting the stage for future exper
imental validation.

6. Conclusion

This study proposed a comprehensive optimization framework based 
on a bi-objective formulation for the dimensional synthesis of tendon- 
driven continuum robots (TDCRs), focusing on a two-segment design 
with seven disks and four tendons per segment. The methodology inte
grated geometric modelling, kineto-static simulation, and multi- 

Fig. 7. Pareto front diagram, 14th iteration.

Fig. 8. Pareto front diagram, 61st iteration.

Table 2 
MOGA optimization parameters.

Parameter Description Value

Population Size Number of candidate solutions evaluated 
per generation

100

Number of 
Generations

Maximum number of iterations for the 
algorithm

10

Crossover Fraction Proportion of individuals selected for 
crossover

0.8

Mutation Rate Probability of mutation applied to 
offspring

0.2

Convergence 
Tolerance

Stopping criteria based on change in 
fitness value

1 × 10⁻⁶

Tendon Force 
Samples

Number of randomized tendon force sets 
used for robustness

100

Force Distribution Sampling method for tendon forces Uniform in [0, 
1]

Optimization 
Objectives

Objective 1: Mechanical Work (C₁) 
Objective 2: Feasible Static Workspace 
(C₂)

Bi-objective

Design Variables Radial tendon positions (r₁, r₂), angular 
offset (α)

3 variables

External Load Assumed tip load in simulation Fext= [0; 0; 
− 0.1] N 
Mext= [0; 0; 0] 
N⋅m
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objective optimization to address the trade-off between mechanical 
work and static workspace reachability.

A Pareto-front-based optimization using 100 randomized tendon 
force samples ensured a robust exploration of the design space, with key 
variables including radial tendon placement and angular offset, subject 
to geometric constraints such as tendon interference avoidance. The 
analysis revealed that larger angular offsets (α > 30◦) and tendons 
positioned farther from the center (r1 = 21 mm and r2 = 22.5 mm) 

reduce the mechanical effort up to 30 % and lead to 3–5 % increase in 
reachable workspace, with the optimal design at α= 45◦ meeting both 
theoretical and practical feasibility criteria. This configuration has been 
selected for a two-segment PA12 prototype, currently under bench-top 
testing to measure workspace boundaries and actuation forces, 
enabling future quantitative comparison with simulation results. While 
the optimal parameters are specific to this configuration, the frame
work’s reliance on scalable geometric principles suggests potential 

Table 3 
Categorizing design variable data in all optimization examples by α range.

α range (deg) Num. of Samples mean r1(mm) mean r2(mm) mean α(deg) mean C1(J-1) mean C2 (mm) var. r1 

(mm)
var. r2 

(mm)
var. α 
(deg)

var. C1 

(J-1)
var. C2 

(mm)

0 - 5 454 19.64 23.34 2.79 1.58 255.36 2.19 0.39 1.52 488.59 3.97
5 - 10 672 20.42 23.30 7.59 1.65 257.06 2.13 0.46 1.45 662.97 3.75
10 - 15 693 20.23 23.33 12.48 1.48 258.40 2.29 0.20 1.45 396.64 2.95
15 - 20 612 20.28 23.31 17.37 1.45 260.32 2.24 0.21 1.46 415.43 2.31
20 - 25 374 20.33 23.30 22.30 1.41 261.97 2.22 0.22 1.36 401.41 1.60
25 - 30 157 20.05 23.35 27.13 1.44 262.95 2.39 0.18 1.39 535.29 1.36
30 - 35 50 21.58 23.34 32.30 2.07 263.69 1.86 0.14 1.46 1255.66 0.85
35 - 40 37 22.81 23.23 37.22 3.35 264.06 0.63 0.23 1.60 1464.18 0.76
40 - 45 40 21.79 23.05 43.46 2.50 264.54 2.08 0.51 1.47 1467.40 0.30

Fig. 9. Frequency histogram of the data as a function of α − angle divisions.

Fig. 10. Average α − angle for the optimal samples across the 
angular divisions.

Fig. 11. Variance in the α angle within each division.

Fig. 12. Average radial distance of the tendons from the center of the vertebra 
for each segment.
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generalizability to TDCRs with different segment, disk, or tendon 
counts, a topic currently under investigation through simulations of 
three-segment designs. Ongoing work also targets experimental valida
tion and future extensions, including dynamic control strategies and 
real-time adaptation, to further enhance applicability in medical and 
industrial environments.
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