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Abstract—Cable-driven serpentine manipulators (CSMs), due
to their unique flexibility of movement, have broad applica-
tion prospects in unstructured and confined environments. To
enhance adaptability to different environments and tasks, the
design of variable stiffness structures has long been a research
focus for CSMs. Inspired by spatial folding mechanisms like
umbrellas, we propose a novel variable-diameter-stiffness cable-
driven serpentine manipulator (VDS-CSM). The standout feature
of this innovation is its ability to achieve integrated control over
both the outer diameter and the stiffness of the manipulator.
First, we present the structural design of the novel VDS-CSM,
whose outer diameter and stiffness can be continuously adjusted.
Secondly, we establish the kinematics, statics, and stiffness models
for VDS-CSM. Based on this, we conduct an in-depth study
of the manipulator’s stiffness characteristics. Simulation data
indicate that the change ratio of the manipulator’s end stiffness
is approximately proportional to the square of the change
ratio in the manipulator’s outer diameter. Finally, we build
a VDS-CSM experimental system. Through experiments, the
accuracy of the proposed model for VDS-CSM is verified. The
experimental results show that the outer diameter and stiffness
of the manipulator can vary by 200% and 400%, respectively.

Index Terms—Cable-driven, serpentine manipulator, variable
diameter-stiffness, design and modeling, experiments.

I. INTRODUCTION

ABLE-DRIVEN serpentine manipulators (CSMs) pos-
sess unique structural features, high motion flexibility,
and good safety, making it increasingly vital in diverse fields.
These include medical applications such as minimally invasive
surgery [1], [2], industrial tasks like narrow space repair
and maintenance [3], nuclear equipment maintenance [4], and

This work was supported in part by Guangdong Basic and Ap-
plied Basic Research Foundation under Grant 2024A1515030029 and
2022A1515010543, in part by the National Natural Science Foundation of
China under Grant 92248304, in part by the National Key R&D Program
of China(2022YFB4701400/4701402), in part by the Shenzhen Science and
Technology Program (JCYJ20240813151035046). (Corresponding authors:
Xuegian Wang; Bin Liang.)

Deshan Meng, Taowen Guo, Zhihao Ma
are with the School of Aeronautics
Campus of Sun Yat-sen University, Shenzhen 518107, China (e-
mail: mengdsh3 @mail.sysu.edu.cn; guotw3 @mail2.sysu.edu.cn;
mazhihao @qiyuanlab.com; lixliang8 @mail.sysu.edu.cn).

Ruigi Wang and Bin Liang are with the Department of Au-
tomation, Tsinghua University, Beijing 100084, China (e-mail: ruiqi-
wa22 @mails.tsinghua.edu.cn; liangbin @tsinghua.edu.cn).

Ziwei Wang is with the School of Engineering, Lancaster University, LA1
4YW, United Kingdom. (e-mail: z.wang82@lancaster.ac.uk).

Xuegian Wang is with Shenzhen International Graduate School, Tsinghua
University, Shenzhen 518055, China (e-mail: wang.xq@sz.tsinghua.edu.cn).

and Xinliang Li
and Astronautics, Shenzhen

@ ==
@ L

s

1 Diameter Change 1
(b) el
[
B\
(‘\ | B g i /M)
\ /

NP

i |

:\‘\le_}!

Fig. 1. CSM operation task scene. (a) Before the diameter changes. (b) After
the diameter changes.

aerospace applications such as space station monitoring and
on-orbit services [5], [6]. Therefore, CSMs have become a
research focus in the field of robotics [7]-[9].

A CSM, designed to tackle a broader range of tasks and
navigate through complex work environments, must possess
the adaptability to alter its stiffness characteristics and struc-
tural dimensions. This adaptability is crucial for ensuring that
the manipulator can effectively respond to varying conditions,
such as different payloads, terrains, and spatial constraints. As
shown in Fig.1, when grasping a target within a curved pipe
that has an inner diameter smaller than manipulator’s outer
diameter, the manipulator must have autonomous diameter-
adjustment capability.

A significant amount of research has been conducted on
variable stiffness of CSM. Cheng et al. [10] proposed using
particle jamming technology to adjust the stiffness of manip-
ulator. This method effectively controls local stiffness. Kim et
al. [11] designed a manipulator with a variable neutral line
to adjust stiffness through mechanism changes, which greatly
simplifies the mechanical structure. Kang et al. [12] proposed
the use of shape memory alloy (SMA) to adjust the stiffness



of manipulator, thereby expanding its range of stiffness. Ren
et al. [13] achieved variable stiffness in manipulator using
a spring-sliding block-based drive system, providing high
payload, accuracy, and flexibility. Additionally, some scholars
have refined stiffness models or optimized control methods
to achieve variable stiffness [14]-[16]. The above variable
stiffness method exhibits a limited stiffness variation range
and poses challenges in achieving accurate control.

In most previous researches, manipulators have maintained
a constant geometric profile and structural form [17]-[19].
Lacking the ability to change their external dimensions, manip-
ulators face significant challenges when operating in complex
environments or navigating narrow, tortuous paths. In response
to this problem, many scholars have studied the transformable
manipulator. Liu et al. [20] presented a new design for
extensible manipulator and demonstrated its extensibility by
performing a pin-hole assembly task. Yuan et al. [21] proposed
a variable cross-section manipulator, which has larger deflec-
tions and is softer than constant cross-section manipulator.
Burgner-Kahrs et al. [22] proposed a tendon-driven continuum
robot with extensible sections, greatly increasing the volume
of workspace. Wang et al. [23] designed a robot with self-
controlled curvature to enhance its adaptability in constrained
environments. However, the above robots have not achieved
integrated adjustment of shape and stiffness.

Regarding the stiffness regulation method of CSM is the
focus of attention, but there are fewer research results on how
the CSM can realize the autonomous change of structural
shape. In the future, CSMs will need to possess the ability
to adjust both their structural shape and stiffness to address
a variety of tasks and complex working environments. In this
article, we propose a novel variable-diameter-stiffness cable-
driven serpentine manipulator (VDS-CSM). Enhancements in
the mechanism design provide manipulator with strong envi-
ronmental adaptability and operational capability. The main
innovations are as follows.

1) A CSM with integrated adjustments for outer diameter
and stiffness is designed. This innovative design em-
ploys an umbrella skeleton-type variable diameter unit,
enabling the stiffness of manipulator to vary exponen-
tially with the outer diameter. The synchronous variable
diameter mechanism of driving device prevents coupling
between cable and variable diameter unit, ensuring pre-
cise manipulator control.

2) The kinematic, static, and stiffness models of VDS-CM
are meticulously developed, based on which the stiff-
ness characteristics of VDS-CSM have been thoroughly
investigated.

3) We built an experimental system of VDS-CSM and
verified its ability to change diameter and stiffness. Ad-
ditionally, it has shown significant potential in complex
working conditions and industrial production.

The rest of this article is organized as follows. Section
I introduces the innovative design of VDS-CSM, which
includes the umbrella skeleton type variable diameter unit
and the synchronous variable diameter mechanism of driving
device. The kinematics, statics, and stiffness models of VDS-
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Fig. 2. Schematic diagram of VDS-CSM. (a) Umbrella skeleton type variable
diameter unit. (b) Universal joint. (c) Front-synchronous variable diameter
mechanism of driving device. (d) Rear-synchronous variable diameter mech-
anism of driving device.

CSM are derived in Section III. In Section IV, the stiffness
characteristics of VDS-CSM is studied. Section V describes
the construction of prototype and verifies its integrated ad-
justment capabilities for outer diameter and stiffness through
experiments. Finally, Section VI concludes this article.

II. DESIGN
A. Overview of VDS-CSM

The VDS-CSM proposed in this article is shown in Fig. 2,
comprising a diameter-stiffness adjustable arm segment and a
driving box. The functions and characteristics of each part are
outlined as follows.

1) Diameter-stiffness variable manipulator: This part is
composed of two main components in series: the umbrella
skeleton type variable diameter unit [Fig. 2(a)] and the cross
shaft universal joint [Fig. 2(b)]. Each unit is equipped with
springs to enhance the stiffness of manipulator.

2) Driving Control Box: It is primarily composed of syn-
chronous variable diameter mechanisms at both front [Fig.
2(c)] and rear [Fig. 2(d)], cable guide blocks, motors, and other
components. The variable diameter mechanism synchronizes
changes in the driving device and the outer diameter of
manipulator, thereby preventing coupling between cable and
unit due to diameter variations.

The motion of manipulator depends on the coordinated
control of motors located at the back end of driving box.
These motors pull cables to bend manipulator, enabling its
flexible movement. A motor at the front of driving box
connects to a threaded mechanism that adjusts the diameter of
umbrella skeleton type variable diameter unit through screw
transmission. This mechanism allows for integrated adjustment
of the manipulator’s overall outer diameter and stiffness.

B. Diameter-Stiffness Variable Unit

To enable the VDS-CSM to adjust its outer diameter and
stiffness, we conducted in-depth research on the rigid folding
mechanism [24], [25]. The umbrella is widely used in space
folding mechanisms. When umbrella is opened and closed,
the axial size of umbrella bone remains unchanged, while the
radial size changes synchronously with the axial movement
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Fig. 3. The transformation process of umbrella skeleton type variable diameter
unit. (a) Closed state. (b) Expand state.

of sliding sleeve. Inspired by this space-folding concept, we
designed the umbrella skeleton type variable diameter unit
for manipulator. The stiffness of VDS-CSM is adjusted by
changing the distance between springs and threaded rod axis.
Fig. 3 illustrates the schematic diagram of umbrella skeleton
type variable diameter unit.

The umbrella skeleton type variable diameter unit consists
of a central disk, a base disk, three fixed corner blocks, twelve
connecting rods, a threaded rod, and springs. The central disk
has a threaded hole, forming a helical pair with threaded
rod. The base disk contains a through hole, which forms a
sliding pair with the smooth part of threaded rod. In Fig.
2(c), the motor drives threaded rod to rotate forward, causing
the central disk to move along the threaded rod towards the
base disk via screw transmission. This movement reduces the
distance between two disks while increasing the outer diameter
of umbrella skeleton type variable diameter unit. To maintain
stiffness and curvature after bending, we place springs between
variable diameter units and utilize threaded rods and universal
joints for joint support.

To further analyze the variation characteristics and capabil-
ities of the variable diameter unit, we established a theoretical
model of umbrella skeleton type variable diameter unit, as
illustrated in Fig. 4(a). Here, h represents the distance between
two disks, | denotes the length of connecting rod, b denotes
the radius of two disks, and I represents the outer diameter of
manipulator. The outer diameter of VDS-CSM, the length of
the connecting rod of variable diameter unit, and the distance
between two disks satisfy the following relationship:

+b (1)

r(mm)

|

r=>b r

(a) (b)

Fig. 4. Characteristic analysis. (a) Theoretical model of variable diameter
unit. (b) Variation of the outer diameter. Eq. (1) illustrates the influence of
distance h between two disks and length | of connecting rod on the outer
diameter.

h=0mm

Fig. 5. Conformational and dimensional parameters of the three transforma-
tion stages of the umbrella skeleton type variable diameter unit. (a) The first
stage. (b) The second stage. (c) The third stage.

From the configuration of variable diameter unit, it is
essential to ensure that the outer diameter of manipulator is
minimized when three fixed angle blocks are closed. There-
fore, the length | of the connecting rod and the distance h
between two disks must satisfy specific criteria: | ~ h=2. The
simulation results illustrating the relationship between outer
diameter r of VDS-CSM and variables h and | are shown
in Fig. 4(b). As the length | of connecting rod increases, the
distance h between the disks decreases, resulting in a larger
outer diameter I.

To visualize the relationship between outer diameter r and
distance h between two disks, we selected the length of
connecting rod | = 50 mm, and the radius of disk b =
10 mm as variables in three deformation stages of umbrella
skeleton type variable diameter unit. We measured the VDS-
CSM’s outer diameter profile at these stages and compared
the results with those obtained from the calculation using (1).
The findings are presented in Fig. 5.

C. Driving Control Box

The VDS-CSM contains a large number of cable-hole con-
tact structures. As shown in Fig.6, the acute angle between
cable and cable hole axis is too large to cause strong friction.
The friction within the cable hole dissipates energy in the
manipulator system, leading to attenuation of the cable force
during transmission. This affects the length of cable movement
and the control accuracy of VDS-CSM. Additionally, when the
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Fig. 6. Schematic diagram of cable through the hole.

Fig. 7. Sectional view of driving box.

outer diameter of VDS-CSM changes, the distance between
driving cables in each group also changes. This increases the
angle between cable and cable hole, resulting in a coupling
effect.

Based on the mechanism characteristics of VDS-CSM,
we designed a synchronous variable diameter mechanism to
ensure that drive device changes synchronously with the outer
diameter of manipulator, achieving effective decoupling. The
mechanism mainly consists of two sets of sliding pairs on the
front and rear supports of driving box, and a section of variable
diameter unit inside the driving box, as shown in Fig. 7. The
front support of driving box is equipped with a guide rail
slider along both radial and axial directions. The radial slider is
connected to the front part of the ball screw and secured on the
guide rail. The rear support of driving box is fitted with a radial
guide rail slider, with slider connected to the tail of ball screw.
The variable diameter unit inside the driving box is linked to
the front guide rail slider through cable guide block. As the
outer diameter of manipulator changes, the ball screw moves
radially with the slider to achieve synchronous adjustment. The
guide rail slider is selected as the mobile device. Compared to
ball screws, worm gears, and other mechanisms, it enhances
transmission efficiency by approximately 20% and provides
greater ease of installation. Simultaneously, the front support
of the driving box features a fan-shaped groove for cables to
pass through and move, ensuring the smooth operation of the
manipulator.

Fig. 8. Kinematic analysis of the joint. (a) Universal joint. (b) Kinematic
geometric model.

III. MODELING

A. Kinematics Model

As shown in Fig. 8(b), the point P at the center of joint is
identified. The distance from this point to two groups of fixed
corner blocks is noted d; dg, and the radius of circumference
of cable hole on the fixed corner block is denoted as rc. In
the kinematics model, a change in the outer diameter of VDS-
CSM causes a corresponding change in circumference radius
(r) of the fixed corner block and the circumference radius
(rc) of the cable hole. The analysis is conducted using one
of the joints of VDS-CSM as an example. Take the center of
three cable holes Aj1; Az; Az on a group of fixed corner block
as the origin Oq, the normal vector of block surface as the
Zq-axis, and the axis of rotation as the Xj-axis. Determine
the Yq-axis according to the right-hand rule, and establish a
coordinate system O1 X3Y1Z;. Take the center of three cable
holes B1;By; B3 on the other group of fixed corner blocks as
the origin O, the normal vector of the block surface as the
Z,-axis, and the axis of rotation as the Ys-axis. Determine
the Xy-axis according to the right-hand rule, and establish
a coordinate system O,  XyY2Z,. The coordinate system
P XoYoZp is established with point P as the origin. The Xg-
axis is parallel to the X-axis, the Yp-axis is parallel to the Y-
axis, and the Zy-axis is determined according to the right-hand
rule. The coordinate system O;  X;Y1Z; is translated d,
along its Z1-axis, and then rotated ” angle around the X;-axis,
which can coincide with the coordinate system P XYpZp.
Coordinate system P XoYoZg rotates  angle around its Yo-
axis, and after d translations along its Zp-axis, it can coincide
with coordinate system O,  X,Y,Z,.

The homogeneous transformation matrix from the coordi-
nate system O;  X31Y1Z; to the coordinate system O
X2Y2Z, can be obtained:

Ty = 12T00T2

c 0 S dgs
_Bs.s  ¢-  s-cC dgs-c é (2)
4 ¢.s  s-  c-C dgc-Cc +da
0 0 0 1
where s- =sin?;c- =c0s”;S =sin ;C =coS
Assuming \A;01X; = \B10,X,; = , the point A; in
coordinate system Oj is 1A, = rccos resin 0 1 T,

and the point B; in coordinate system O; is 2B, =



