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Abstract—Continuum robots are widely employed in confined
environments with narrow passages and spatial constraints. How-
ever, achieving general curves with non-constant curvature remains
challenging, as existing systems typically rely on multiple flexible
segments arranged in series, coupled with complex drive systems
requiring numerous actuators. This letter proposes a novel contin-
uum robot design that features a programmable tendon routing
capable of generating desired curves. The system integrates modu-
lar joints and a single-actuator drive unit, enabling the generation
of spatial curves with non-constant curvature. By strategically
designing the arrangement of modular joints to control rotational
direction and angular deflection at each joint, the system achieves
a substantially expanded design workspace compared to conven-
tional continuum robots. Simulation and prototype experiments
validate the proposed design methodology. The relative mean dis-
tance between simulated and desired curve remains below 3.12%,
while the prototype demonstrates a relative mean distance of 6.67%
from the desired curve. This approach offers a promising path-
way to advance continuum robot design by improving configura-
tional adaptability while simultaneously achieving complex curve
generation and reduced drive system complexity.

Index Terms—Continuum robot, programmable structure, wire-
driven actuation, modular joint.

I. INTRODUCTION

HE continuum robot, a slender, actuatable structure charac-
T terized by continuous tangent vectors [1], is widely used in
applications such as medical procedures [2], underground tunnel
exploration [3], and underwater tasks [4]. To operate effectively
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in narrow, constrained environments, continuum robots typi-
cally employ 1-3 bendable segments actuated by wires [5], air
pumps [6], or magnetic actuators [7]. Among the designs, wire-
driven continuum robots are a research focus due to their stabil-
ity, lightweight design, and fabrication simplicity [3]. Common
wire-driven continuum robots include multi-joint structures [8],
[9], [10], notch-based designs [11], [12], and integrated flexi-
ble structures [13], [14]. These continuum robots contain 2-3
segments. Each segment uses 1-4 dedicated actuators to form
constant-curvature arcs. However, their motion trajectories re-
main limited to 2-3 constant-curvature segments. This constraint
causes increased control complexity and kinematic limitations
in unstructured environments.

To address these limitations, asymmetric continuum robot
designs are developed to enhance dexterity and workspace [15],
including helical cable routing [16], [17], twisted tendon rout-
ing [18], constrained joint-bending mechanisms [19], [20],
and actuator-minimizing optimizations [21]. However, these
methods lack inverse optimization frameworks to derive robot
configurations from task-space trajectories. 3D-printed cable-
driven fabrication methods [22] require tendons to remain
straight in their undriven state due to printing process con-
straints, which limits achievable workspace flexibility. While
asymmetric continuum robots [23] achieve trajectory-specific
tendon arrangements, their 16-motor system for four-segment
actuation illustrates the challenge of balancing scalability
and mechanical simplicity. To address this, our parametric
design framework, which is defined by yaw angle o and
pitch angle 6, enables systematic exploration of geometric
configurations while reducing reliance on complex actuation
systems. This approach facilitates performance optimization
in constrained environments through simplified mechanical
design.

Programmable continuum robots employ modular architec-
tures to generate task-specific curves for specialized operations,
adapting to targeted geometric profiles, stiffness distributions,
and spatial anisotropy. For instance, modular morphing lat-
tices [4] enable controlled local anisotropies for underwater
applications, while modular tensegrity structures [24] achieve
programmable stiffness through prestressed components. How-
ever, the complexity of these modular systems limits their
practicality in streamlined or constrained settings. Similarly,
programmable ferromagnetic robots [7] excel in end-effector
dexterity but prioritize tip control over maintaining stable global
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TABLE I
COMPARISON OF THE PROPOSED CONTINUUM ROBOT WITH OTHER WIRE-DRIVEN CONTINUUM ROBOTS
Designer Method Actuator number  Design variables® Size?

Starke et al. [16] Helical cable routing 2 1 14 x 140
Rucker et al. [18] Twisted tendon tendon routing 1 0 20 x 242

Ai et al. [20] Constrained joint-bending mechanisms 4 1 6 x 80
Case et al. [21] Reduced-actuator continuum robots 8 1 34 x 240

Zeng et al. [12] Notch design based on capstan equation 2 0 3 x 36
Zhang et al. [24] Modular architectures 3 1 60 x 360
Barrientos-Diez et al. [23]  Asymmetric robot with task-oriented design 16 1 12 x 204
This article Programmable tendon routing 1 2 10 x 490

T: The design variables characterize the flexibility in the yaw and pitch dimensions of the continuum robot’s design.
2: The size is given in diameter (mm) x length (mm).
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The proposed continuum robot consists of modular joints and a drive unit. The red and blue lines, which connect the modular joints, represent the drive

wire and guide wires, respectively, in the wire-driven system. The system is actuated by a single drive wire and constrained by three guide wires. By optimizing
the a; and 6; of the joints and assembling different modular joints, the continuum robot can generate a specific 3D curve using a single motor. The customization
workflow follows three steps. First, the desired trajectory is obtained from CT scans or other methods [25]. Then, the desired curve is processed and transformed
into @; and 9}, which are subsequently optimized to a; and 6; i, ax. Finally, the continuum robot is assembled based on the optimized results.

curvature configurations, restricting its application in tasks re-
quiring sustained shape retention.

In this letter, we introduce a continuum robot with a pro-
grammable tendon routing architecture capable of achieving de-
sired spatial trajectories. The system utilizes variable-curvature
kinematic modeling to generate predefined pathways through
interconnected modular joints driven by a single drive wire,
allowing operations within confined narrow channels. As shown
in Table I, compared to existing continuum robots, the pro-
posed design exhibits enhanced configurational adaptability
and simplified actuation mechanisms, enabling task-specific
configurations while maintaining operational precision. The key
contributions of our design can be summarized as follows:

1) A novel programmable tendon routing architecture is
developed, enabling single-actuator-driven generation of
spatial curves with non-constant curvature.

A kinematic framework is proposed, expanding config-
urational adaptability of continuum robots and enabling
task-specific customization by parameter optimization.
Modular joints are adopted to implement the contin-
uum robot, facilitating the physical realization of the
programmable tendon routing through standardized
interfaces and streamlined assembly process.

2)

3)

II. MATERIALS AND METHODS

A. Design Consideration

1) Design Principle: We propose a continuum robot with
a programmable tendon routing that is capable of generating
spatial curves with variable curvature, as illustrated in Fig. 1. The
proposed wire-driven continuum robot consists of a driving unit
with a motor and multiple modular joints. Each modular joint
has two key parameters: the yaw angle « and the pitch angle 6. «
determines the direction of rotation, while # controls the radius
of the rotation in the continuum robot. Therefore, the system
can be parameterized as a set of o and € values. By adjusting «;
and 6; for a continuum robot with ¢ joints, the overall shape of
the robot can be optimized. Base on modular joints with specific
«; and 6;, the proposed continuum robot yields complex spatial
curves with non-constant curvature using a single motor and a
single drive wire.

2) Modular Joints: To facilitate the adjustment of « and
#, the modular joints are designed with articulated ball con-
nections that provide higher DoFs for yaw and pitch motion.
The proposed continuum robot incorporates two types of wires:
drive wire and guide wires. The drive wire is responsible for
defining «, as the rotation direction corresponds to the direction
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of the applied pulling force. This wire passes through the drive
hole located at the center of the joint notch, ensuring precise
angular control. The guide wires serve to connect the joints in
series while constraining their axial rotation. To achieve uniform
load distribution and rotational stability, three guide wires are
evenly distributed and routed through small peripheral holes
in the modular joints. As shown in Fig. 1, there are 12 guide
holes around each modular joint, with an angular spacing of 30°
between adjacent holes. When the drive hole is aligned with
one of the guide holes, the angle between the drive hole and
the adjacent guide hole is v = 30°, allowing the joint to operate
with @ = 30n° (n € N). By subdividing -y, more types of joints
can be obtained. In this letter, the values of v are 15° and 30°.
Additionally, the maximum value of 6 is constrained by the tilt
angle of the brake.

3) Potential Application: Compared to reconfigurable con-
tinuum robots, the proposed design lacks online adaptability.
However, this represents a deliberate design trade-off. By prior-
itizing a fixed configuration, the system emphasizes operational
stability and task specificity, which are well-suited for cus-
tomization tasks in unstructured environments, such as natural
orifice surgeries. In these procedures, where the path can be
pre-operatively planned, the proposed robot avoids the control
complexity associated with multi-actuator systems. Instead, it
leverages its fixed tendon routing to effectively maintain sta-
ble operation in narrow, long passages, as shown in Table I.
This approach ensures targeted performance in such scenarios
while offering the capability to generate customized trajectories.
Furthermore, the entire customization process, from parameter
optimization to final assembly, takes only 1.5 hours, which is
sufficiently short for most customized tasks.

B. Non-Constant Curvature Modeling

1) Kinematic Analysis: The proposed continuum robot is
actuated by adjusting the length of the drive wire, denoted as
AL, which is given by

n—1
AL = Z Al;, (1)

where n is the number of joints in the continuum robot. The
length change Al; of the drive wire can be expressed as Al; =
19 — 12, where 19 is the length of the drive wire in the straight
state and li-’ is the length of the drive wire in the bending state.
The straight-state length [? can be obtained by ||vY||2, and the
bending-state length [? is given by ||v?||s. Here, v? and v? are
the vectors from point A to point B (in the straight state) and
from point A to point B’ (in the bending state), respectively, as
shown in Fig. 2. These vectors can be solved as follows:

N

v) = |1y cos(Aay) — 1 —Ty sin(Aay) ZS} , (2

T cos(Aay;) —Ty
v = R,(0;) | —rysin(Aa)| +| 0 |, 3)
hyg hy
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Fig. 2. Kinematic diagram of the continuum robot in (a) the straight state
and (b) the bending state. The red line, which connects point A in joint; and
point B in joint;4 1, represents the drive wire, whose length determines the
rotation angle 6; of joint;41. The orange circle, light blue circle, and blue
circle represent joint;, joint; 1 in the straight state, and joint;4 in the
bending state, respectively. The coordinates of the rotation center of joint; 1
are (0,0, hyp).

where r,, denotes the distance between the centers of joints
and holes through drive wire, and hg and h, represent the
distance from the hinge center to the centers of joint; and
joint; 1, respectively, as shown in Fig. 2. [§ = hq + h,p, and
A«; = ajy1 — «;. The rotation matrix R,.;s(6;) denotes a
rotation by an angle #; about the axis of rotation, where the axis
(roll, pitch or yaw) is represented by x, y, or z, respectively.
When Acq; = 0, the length change AlY simplifies to A0 =
I§ — (r3 + 12— 2rqry cos (0 — 6;)), where rq = \/h3 + 12,
h2 + 12, and 09 = arccos((r, — hahy)/(rarp)).

2) Potential Energy Analysis: The sensitivity of the proposed

continuum robot can be derived using the minimum total poten-

tial energy principle.
The work W done by external forces can be expressed by

n—1
Wy=>_ / FdAl;, 4)
=0

where F; is the force exerted by the wire on the joint;. The
pulling force at joint; experiences a loss as the drive wire passes
through the holes in the joints. The resulting force F; at joint
joint; can be quantified using the capstan equation:

Fy =[] Foe rers, (5)
j=0

where /1,,,,, denotes the coefficient of friction between the wire
and the joints, and ¢; represents the total angle swept by the
wire at the edge of joint;. The efficacy of the pulling force loss
was validated through experiments. And we have

b au b ol
v, v v; - v;
(p; = arccos (’b||u|> + arccos (|b||vl’|> (6)
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where v! = [0 0 1]7 and v¥ = R,(6;)vl +[0 0 h,)T are
the normal vectors of the XY plane in the coordinate systems
of joint; and joint; 1, respectively.

According to previous research [13], the torque generated
by the three guide wires, which serve as the backbones of the
continuum robot, between joint; and joint,;; is given by

3 4
EniGnimrag j

Mi: Ky,
’ Ent+2Gnt ‘

Jj=1

(7

where Fy,;, G, and r,,; are the elastic modulus, shear modulus
and radius of guide wire, respectively. The sum of the curvature
k3 of guide wires is computed by Z?Zl K7 = 30;/15. Total
elastic potential energy in the continuum robot is

n—1
U:El/m,w% (8)

i=0
The total potential energy II of bent continuum robot can be
expressed as

O=U—Wy;. )

Based on the principle of minimum total potential energy, the
equation can be derived as follows:
o011
20,
Thus, giving external force Fy, bending angle #; of each joint

can be determined using (4), (8), and (10). Consequently, the
overall shape of continuum robot can be reconstructed.

0. (10)

C. Parameter Optimization

1) Forward Kinematics: By adjusting the parameters o
and 0, ax, We can generate curves with the continuum robot
that match our desired shape. A set of a; and 6;ax (1 =
0,1,...,n — 1) values can define n + 1 points starting from
the origin. The coordinate of i-th joint is defined as point;(z;,
Yi, 2i). The rotation quaternion ‘g, ; and translation vector v/
between neighboring points can be expressed as follows:

Y
(12)

ifli+1 = (eivvzr)v
vl =(0,0,1),

where v = (cos a;, — sin ;, 0) represents the rotation vector
from joint; to joint; 1, and 6; is the rotation angle from point;
to point; 1 around the rotation vector v} . Thus, the coordinate
transformation between point; and point;; is governed by the
dual quaternion, which is given by

‘dgiy1 = (‘g1 vt). (13)

The dual quaternion from point to point; can be obtained

by °dg; = [[’,_, (" 'dqg.,). Therefore, each coordinate in the
continuum robot can be calculated by
P; = dg; P ("dq; ). (14)

where qui is the dual conjugate of the dual quaternion O(fqi.
The dual quaternion P; for the i-th point is expressed as 1 +

Algorithm 1: Search of Key Parameters.

Input: & = (ap, @1, ...,0n-1),
Gmax = (GOIIlaxy 01 maxy o(nfl) max)'
Output: dgy,

1 dm,in — dsum

2:  while dy,,, < dpir, do

3 fori <~ Oton—1do

4 ai%&iik-astep

5 0 max < ai max L K - ostep
6 Solve FK to get dgsym

7 dmzn — min(dsuma dmzn)
8 end for

9: end while

e(zit + y;J + zik), where € is the dual unit and <, 7, and k are
the quaternion units.

2) Inverse Kinematics: To generate the desired curve using
the proposed continuum robot, we introduce a design strategy to
optimize the key parameters of the robot, as illustrated in Fig. 1.
The procedure consists of the following steps:

Equidistant Sampling: Sample the desired curve equidis-
tantly, where the sampling distance is equal to the length of
the modular joints.

Coordinate Transformation: Apply coordinate transforma-
tion to the sampled points using dual quaternions. The transfor-
mation yields the desired values c; and 6, for the key parameters
of the continuum robot.

Adjustment Based on Physical Constraints: Round off and
adjust a; and 0; based on physical constraints to obtain feasible
values for o; and @max in the prototype. These values serve
as the initial input for the optimization process. The constraints
during the optimization are

Aca; < Aimits

gi max < elimit; (15)

where A« is introduced to mitigate the significant loss
of pull force from the drive wire as Aq; increases. 0 1S
determined by the physical constraints of the joint design.

Optimization Objective: The goal is to optimize the «; and
@max to minimize the sum of Euclidean distances, denoted
as dgym, between the points on the optimized curve and the
desired curve. This optimization objective ds,, is described by
the following equation:

dsum - del + (1 - w)dea (16)

where w is a weight factor balancing the global shape error d,,
and the end-point error d, d,,, = (31 ||pf — p?|l2)/n, and
de = ||p3_1 — p_1||2. p{ and p¢ represent the coordinates of
the i-th point in the simulated and desired curve, respectively.
As shown in Algorithm 1, the search process involves sam-
pling the k-nearest neighbors of a; and 57 max to find the minium
dsum- The parameter spaces ovsiep and the 0y, define the
feasible values for the modular joints’ design. Furthermore,
advanced optimization algorithms, such as genetic algorithms
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Results of simulation experiments. (a) Forward design of the proposed continuum robot: (a.1) A logarithmic spiral shape with Fp = 10 N, a; = 0,
,29); (a.2) A shape designed with Fy =

10 N, o; = 15 x [4/2], and 0; max = 15 (¢ =0,1,2,...,29), based on

the eight modular joints described in Section II-D; (a.3) Generated shapes under different values of Fyy with o; = 10 X [4/3] and 6 max = 45 — 5 x |i/5]

(i=0,1,2,...,49

). (b) Curve-fitting experiments for (b.1) a 2D curve with a length of 390 mm, (b.2) a 3D curve with a length of 260 mm, (b.3) a bronchus curve
with a length of 320 mm, and (b.4) a gastroscopic curve with a length of 490 mm. The relative error is calculated as HPid —

P? |l2/1c, where P,id and P denote

the coordinates of the i-th point in the desired and simulated curves, respectively, and [.. is the length of the desired curve.

and particle swarm optimization, can be integrated to enhance
the optimization process. These methods offer significant po-
tential for improving performance and can be thoroughly inves-
tigated alongside other optimization techniques to explore their
comparative advantages and limitations.

D. Prototype

The modular joints and most components of the driving unit in
the proposed programmable continuum robot can be manufac-
tured using 3D-printed resin. The drive wire and guide wires are
made of nitinol, with diameters of 0.3 mm and 0.5 mm, respec-
tively. A Maxon motor is used to actuate the proposed continuum
robot. Additionally, all other components are standard parts that
are readily available for purchase.

The key parameters  and 6 of modular joints have ranges of
[0,360°] and [0, 45°], respectively, with agep = Osrep = 15°.
These values determine the number of modular joint config-
urations, yielding a total of 8 distinct types. This includes 2
variations for « and 4 variations for . Further subdividing cvs¢ep
and 0., would greatly increase the number of modular joint
types, which is unnecessary, as it does not lead to a significant
reduction in the curve fitting error. Therefore, avsiep and Ogtcp
are set as an empirical value of 15°. Compared with previous
continuum robot modular designs, whose modular joints must
be assembled from multiple parts resulting in larger overall
size, the proposed modular joints feature an integrated structure
that allows their use in smaller and more spatially constrained
environments.

Once a set of a; and 0; 1, values is obtained, the continuum
robot can be assembled. First, the modular joints are arranged

in the optimized sequence. Next, all joints are connected by
passing the drive wire through the drive holes. After that, each
joint is rotated and its corresponding guide holes are connected
using the guide wires. Finally, the drive wire is wound onto the
drive pulley of the driving unit. The customization process can
be performed by trained operators.

III. RESULTS
A. Simulation Experiments

1) Forward Design: The proposed continuum robots can be
easily designed by inputting o and 6,,,x. Given pulling force
Fpy and a set of values for o and 6., specific shapes can be
generated, such as the logarithmic spiral shape [26] shown in
Fig. 3(a.1). The input values of a and €, can theoretically take
any consecutive values within range of [0, 360°] and [0, 45°], as
specified by (15), providing a large design space.

Although «v and 6, defined by (15) in the ranges [0, 360°]
and [0, 45°], are feasible, the value of cgtcp and Oy, are in-
versely proportional to the number of types of modular joints,
which in turn affects the design and manufacture costs. For
example, while the v and 6,,,,5 values are selected as described
in Section II-D, the resulting shape is illustrated in Fig. 3(a.2).
Both the shapes in Fig. 3(a.1) and (a.2) represent curves with
non-constant curvature.

In addition to the parameters « and 6,,,,x, the pulling force
Fy also affects the shape of the continuum robot. For instance,
different values of F{; produce distinct results, as shown in
Fig. 3(a.3). For a continuum robot with a mininuum diameter
of 10 mm, the drive wire has a diameter of 0.3 mm, which
limits the maximum allowable Fj, to prevent the drive wire from
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Results of prototype experiments. (a) Kinematic performance of the proposed continuum robot prototype: (a.1) Experimental platform for sampling the

continuum robot using embedded optical fiber sensors; (a.2) Pointwise errors between the prototype and the desired curves. The relative error is calculated as
HPZ.d — Pip ll2/1c, where Pf denotes the coordinates of the i-th point on the prototype curve. (b) Results of dynamic experiments for the prototype: (b.1) Prototype
and simulated curves obtained when the continuum robot is driven by different Fjy values; (b.2) End-point displacement of the prototypes during loading and
unloading. (c) Stiffness experiments of the prototypes: (c.1) Experimental platform for testing the stiffness of the prototypes, where loads are applied from different
directions, namely the positive and negative directions of the X- and Y-axes; (c.2) Deflection characteristics of the prototypes. The relative deflection is calculated
as (1 — i) /lc. where 7 and ~y; represent the deflection of the prototype under loaded and unloaded conditions, respectively .

snapping. For larger continuum robots with a larger structure,
this limitation on the pulling force can be relaxed, allowing for
a broader range of variable values.

2) Curve Fitting: Curve fitting experiments were conducted
to demonstrate the programmable trajectory-matching capabil-
ity of the proposed design. Additionally, the theoretical model
was validated through ablation analysis by comparing scenarios
with and without consideration of pulling force loss (5). As
shown in Fig. 3(b), four curves with distinct characteristics
were tested. The bronchus curve was sampled from a bronchial
mesh model, while the remaining curves were obtained using
an optical fiber sensor (SHAPE A02-1050-N1, FBGS Tech-
nologies GmbH, Germany) and a shape scan (SHAPE-scan
901, FBGS, Germany). These reconstructed curves served as
the ground-truth reference trajectories for evaluating the curve
fitting performance. The four desired curves were fitted based on
the method outlined in Section II-C2, with the pulling force loss
(as discussed in Section II-B2) treated as a variable parameter
in the experiments.

The experimental results, which include the desired curves,
simulated curves accounting for pulling force loss, and simulated
curves neglecting pulling force loss, are shown in Fig. 3(b).
The simulated curves closely match the desired curves, with
the relative mean error within 3.12%, and the relative end-point
error within 7.41 %. Notably, when pulling force loss was
incorporated into the non-constant curvature modeling based
on (5), the curve fitting accuracy improved significantly. The
mean Euclidean distances between the simulated and desired

curves were reduced by at least three times, highlighting the
importance of considering pulling force loss to achieve accurate
curve fitting.

It can be observed that the errors in the 2D and 3D curves
are lower compared to the bronchus and gastroscopic curves.
This may be due to the smoother curvature and torsion of the 2D
and 3D curves. Additionally, the error in the 2D curve increases
significantly near the end-point, which is likely caused by the
larger bending angle at the curve’s end. These discrepancies are
influenced by the physical constraints of the system, as discussed
in Section IV.

B. Prototype Experiments

To further validate the proposed design, the performance of
the prototypes in fitting the desired curves was tested. Based
on the desired bronchus and gastroscopic curves described in
Section ITI-A2, which served as the ground truth in the prototype
experiments, two prototypes were fabricated. The prototype
designed to fit the bronchus curve consists of 31 modular joints
and has a total length of 320 mm, while the prototype designed
to fit the gastroscopic curve consists of 48 modular joints and
has a total length of 490 mm.

1) Fitting Characteristic: As shown in Fig. 4(a.1), the pro-
totype was vertically fixed using a vise. An optical fiber sensor
was embedded in the internal channel of the prototype to capture
its shape, and a shape scanner was used to process the optical
fiber data. The shape is sampled by the optical sensor data
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corresponding to the length of the prototype. The system
achieves an absolute wavelength accuracy of 10 pm and a
repeatability (10) of 0.3 pm at full scan rate. During actuation
with Fy = 10N to fitthe desired curve, the shape of the prototype
was recorded. Each experiment was repeated three times, and
results are presented in Fig. 4(a.2).

There is a larger error in the prototype experiments compared
to the simulation experiments, likely due to unmodeled energy
losses, which will be discussed in Section I'V. The mean relative
errors of prototypes and desired curves were 5.12% and 6.67%
for bronchus and gastroscopic curves, respectively, with relative
end-point errors lower than 5.98%. These results are better
than those reported in previous studies, where mean relative
errors and relative end-point errors were 14% and 7% [17],
11% and 5% [23]. The prototype trajectories demonstrated close
alignment with desired curves, thereby validating the design’s
feasibility and effectiveness.

2) Dynamic Performance: The prototypes were driven by
different pulling forces Fj to evaluate their dynamic perfor-
mance. The experiments were conducted using the platform
shown in Fig. 4(a.1). Compared with the experiments described
in Section III-B1, the range of the pulling force Fj; was set
to 0-15 N, and one experimental cycle consisted of gradually
loading and then unloading the driving force. Each experiment
was repeated three times.

The results of a representative experiment, in which Fj in-
creased from O to 15 N, are shown in Fig. 4(b.1). For both
the bronchus and gastroscopic curves, the trajectories become
denser as F{ increases, indicating that each continuum robot has
an upper limit for the applicable driving force. Based on empir-
ical observations, 10 N was determined to be a suitable driving
force for optimizing both the desired bronchus and gastroscopic
curves. In addition, the prototype curves closely match the
simulated curves as Fj increases. By averaging three repeated
experiments, the Root Mean Square Errors (RMSE) between the
prototype and simulated curves were 6.81 mm and 13.61 mm for
the bronchus and gastroscopic curves, respectively—sufficiently
small for continuum robot performance.

The end-point displacements obtained from the three loading—
unloading experiments are shown in Fig. 4(b.2). The prototypes
exhibited good repeatability, with Standard Deviations (SD) of
1.67 mm and 4.77 mm for the bronchus and gastroscopic curves,
respectively. Moreover, for the bronchus curve, the average and
maximum hysteresis errors were 1.40% and 3.49% , while for the
gastroscopic curve, they were 1.04% and 2.50% , respectively.
For comparison, existing studies report average hysteresis errors
of approximately 0.95% [27] and maximum errors of about
6.00% [28]. Therefore, the observed hysteresis errors are within
a tolerable range for continuum robots.

3) Stiffness Characteristic: The stiffness of the proposed
prototypes was tested to evaluate the system’s performance and
potential application scenarios. The testing platform is shown in
Fig. 4(c.1). In the experiments, the continuum robot was fixed
horizontally using a vise. Weights were then suspended from
the distal joint of the robot, while its shape was continuously
monitored and recorded using an optical fiber sensor embedded
in the internal channel of the prototype. The driven force Fj was
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set to 10 N. To comprehensively assess the stiffness response of
the system, four loading directions were employed, namely, the
negative and positive directions along the X-axis and Y-axis of
the continuum robot’s local coordinate system. Each experimen-
tal condition was tested three times to ensure the reliability and
repeatability of the results.

The stiffness response was analyzed by measuring the relative
deflection, as shown in Fig. 4(c.2). The initial deflection was
nonzero due to the robot’s self-weight. The SD of the repeated
experiments were 7.95 mm and 3.55 mm for the bronchus and
gastroscopic prototypes, respectively. It can be observed that
the undriven continuum robots are highly compliant, whereas
the driven prototypes are capable of resisting sub-newton-level
forces. The stiffness of the driven prototypes was measured
as 22.87 N/m and 25.87 N/m for the bronchus and gastro-
scopic curves, respectively. Although these stiffness values are
relatively low and unsuitable for high-load environments, the
prototypes can serve as pathways for other manipulators through
their internal channels in low-load or non-contact scenarios. A
deflection of less than 33% of the manipulator length under a
0.7 N load can be considered an adequate bending stiffness for
surgical robotic applications [5], which is sufficient in most cases
for the proposed prototypes. Furthermore, the prototypes can
be supported by surrounding natural orifices during operation,
which enhances their stability and adaptability.

IV. DISCUSSION

A continuum robot with programmable tendon routing is
proposed for generating desired 3D curves. Given a specific drive
force Fj, the design space of the proposed continuum robot is
the product of all possible combinations of (v, Oyax ), Where the
ranges of « and 6y, are [0, 360°] and [0, 45°], respectively,
subject to the constraints in (15).

Although the design space is large enough to accommodate
many complex curves, the robot’s ability to fit curves with
sharp bends is limited due to physical constraints discussed in
Section II-C2. The primary limitation arises from the friction
between drive wire and joints, which is strongly influenced by
Aa. As a result, curves with inflection points are not ideal for
the proposed continuum robot. To optimize the design, potential
solutions include the use of lubrication or alternative drive
mechanisms to reduce friction.

In addition to the pulling force loss and torque energy from the
guide wires, there are other energy losses in the continuum robot
system, including friction between the joints, friction between
the joints and guide wires, and the system’s gravitational po-
tential energy. These factors are difficult to model because they
are influenced by variables such as the 3D printing precision of
the joints, the prototype’s posture, and orientation. As a result,
these unmodeled factors contribute to higher fitting errors in
the prototype. Real-time calibration, achieved by detecting the
prototype’s shape and fine-tuning the pulling force of the drive
wire, could be a potential solution to address these discrepancies.

Additionally, while the proposed modular joints with a diam-
eter of 10 mm are suitable for most tasks, further miniaturization
could enhance the versatility of the design method. Exploring
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alternative joint connection methods to replace the articulated
ball joints may provide potential solutions for improving the
design.

This work focuses on the key parameters, namely yaw angle
« and pitch angle 6, in the design of the continuum robot.
In addition, several other decoupled design parameters can be
considered, such as the distance between the centers of joints
and the hole of drive wire [15], [23], the neutral line [29],
and the bendable length [30]. Incorporating a broader range
of variable parameters in the design and curve simulation of
continuum robots could further enhance the system’s dexterity
and workspace, thereby providing more options for tackling a
wider variety of specific tasks.

V. CONCLUSION

This letter introduces a novel continuum robot capable of
generating desired 3D curves through a programmable tendon
routing system. By optimizing the drive wire pathway within the
modular joints to control rotational direction and angular deflec-
tion at each joint, the proposed continuum robot can generate
precise curves using a single drive wire actuated by one motor,
eliminating the need for complex and bulky drive systems. A
non-constant curvature modeling approach is developed, and a
parameter optimization method is presented to enable the robot
to perform user-specific tasks effectively. The proposed system’s
performance is validated experimentally, demonstrating a rela-
tive mean error of less than 3.12% between simulated and desired
curves. The prototype further exhibits a relative mean error of
6.67% from the desired curve.

This work introduces a novel approach to designing contin-
uum robots, offering a pathway for improving existing designs
and simplifying robotic systems, with potential applications in
narrow, long passages such as natural orifice surgeries. Future
research will focus on addressing the limitation of lacking on-
line shape programmability and exploring more general design
methods based on the proposed programmable continuum robot.
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