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Abstract

Aiming at continuum robots with high flexibility but poor stiffness, which limits its application in
certain high-precision and high-load occasions, and the traditional method of changing stiffness has
the problems of complicated structure, small range and slow response, etc., and this paper proposes
a stiffness adjustment method based on Twisted Multi-String Actuators (hereinafter referred to as
TSA) for bionic spine-like continuum robots. Firstly, a bionic spine-like configuration design is
proposed to accommodate the variable stiffness method of the force-locking. Secondly, the proposed
TSA variable stiffness method is theoretically analysed in terms of geometrical relationship and
stiffness to provide a basis for constructing other mathematical models such as its string-twisted.
Finally, an experimental prototype was constructed for flexibility testing, and then the experiments
of the TSA variable stiffness method under the conditions of two/three/four-strand string were
carried out to investigate the retraction and stiffness characteristics under different numbers of
torsion turns and different loads, respectively. The results demonstrate that the stiffness of the robot
increases with the TSA method, and the increase in the number of string strands improves the failure
point of the robot, and the characteristic curves show that the design and model in this paper are
more effective than the traditional force-locking design with single string. The design is simple,
responsive and has a large adjustment range, which provides a reference value for the study of the
stiffness of continuum robots.

Keywords: continuum robot; force-locking; variable stiffness; TSA; spine-like

1. Introduction

Compared with rigid robots, continuum robots have unlimited degrees of freedom and
flexibility of bending [1-3], and also smaller weight and size [4], so they have higher adaptability in
small spaces [5], and can replace manual work in small, complex and dangerous spaces, such as in
the inspection of aircraft intakes, nuclear inspection, restricted space welding, in-orbit tasks and
medical tasks, etc. [6-9]. However, in general, the design of structures with large aspect ratios will
also amplify the problem of low stiffness: in the case of continuum robots, the larger the aspect ratio,
the worse the stiffness will be, making them unable to adapt to high-load tasks [10]. Further, the
stiffness characteristics of continuum robots hinder their ability to operate under high load conditions
with high stiffness for precise positioning and low stiffness for safe motions such as collision-free
[11]. To overcome this drawback, it is therefore necessary to introduce a variable stiffness design for
continuum robots so that their stiffness can be controlled in real-time with the task demands.

In the previous continuum research, researchers have focused on variable stiffness control using
material-based methods, that is, the use of materials in different conditions of the phase transition to
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get different stiffness of the robot, such as the use of low-melting-point alloys, through the change of
the temperature to control the state of the material [12] , but also through the characteristics of
memory alloys, such as the current, the temperature and so on, by controlling shape memory alloys
wrapped on the surface [13] or mounted on other components [14-17] to control the stiffness of the
robot, but this method has obvious drawbacks: the response speed is too slow, making it inconvenient
to adjust the stiffness, and part of the design exists media harmful to the human body and the
environment, which is not suitable for all application scenarios [18] ; there is also the jamming
structure, which achieves variable stiffness through jamming and is specifically divided into layer
jamming and particle jamming [19-21] . Particle blocking is the process of locking the shape of
particles by compressing them through negative air pressure, so that the particles change from a loose
flow state at normal air pressure to a solidified state, thus increasing the stiffness. Layer blocking, on
the other hand, improves stiffness by generating increased friction between layers to resist loads; as
for the variable stiffness scheme from the structural design’s point of view, also called shape-locking,
there is generally only one stiffness mode that can be adjusted, and there is no way to make
continuous stiffness adjustments, so it can only be used for a specific mission objective, and there
may also be problems with structures colliding with each other [22], or structures jamming on each
other [23].

It is easy to see that, for the continuum, all of the above methods suffer, to varying degrees, from
structural complexity, slow response, and hazardous or motion-affecting media. Therefore, this
paper will focus on the force-locked variable stiffness method: it generally provides a larger friction
force to the continuum using string, etc., to resist the load and increase the stiffness. However, for
this method, the friction provided needs to be large to increase the friction of the continuum robot
[24,25]. The traditional design starts with variable stiffness methods such as variable stretching with
only a single rope, which cannot provide a large friction force, some variable stiffness mechanisms
are not decoupled from the motion control mechanism, which increases the difficulty of control, and
some studies are limited to single joints, which narrows down the advantages of the flexibility of the
continuum robot. Further studies have shown that changing the design of the traditional force-locked
variable stiffness device kind of only one wire rope stretch to provide tension, and introducing TSA,
a variable stiffness method based on multi-stranded rope torsion, can regulate a wider range of
stiffness [26].

In this paper, to overcome the shortcomings of previous force-locked variable stiffness methods
[27], a spine-like continuum configuration is first proposed, which is designed with a hollow
structure at the base of the configuration and improves the problem of slippage that the continuum
of the previous configurations is prone to, and the characteristics of its configuration make it more
adaptable to the force-locked variable stiffness method. Using the above configuration, a force-locked
variable stiffness method based on the torsion of multi-strand ropes is proposed, whose stiffness can
be continuously and quickly adjusted to the robot’s stiffness by the torsion of multi-strand ropes on
the axis. Secondly, the stiffness model of the robot and the theoretical model of the multi-stranded
rope are discussed. Finally, the robot was assembled, and the robot motion flexibility experiment was
completed to verify the feasibility of the mechanism; the experiment of rope retraction and motor
angle was completed to determine the control relationship; under the condition of the number of
strands of multi-stranded ropes, n=2, n=3 and n=4, the stiffness experiment was carried out on the
robot under the condition of different tension force and the number of rotating motor laps; the results
of the above experiments have proved that the principle and model proposed in this paper is effective
and the assembled objects can be used for the robot. The above experimental results prove that the
principle and model proposed in this paper are effective, and the assembly object can provide a
reference for the stiffness of the continuum robot.

2. Matrix Structure Design

Conventional robots are not flexible enough to adapt to complex environments, and continuum
robots are more flexible, but they cannot meet the load and accuracy requirements. Therefore, the
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variable stiffness control of continuum robots has emerged. Therefore, this paper proposes a spine-
like configuration of the substrate design, so that it is more suitable for the force-locked variable
stiffness method, followed by the use of TSA for the robot to perform force-locked variable stiffness
control. However, the contraction of the multi-stranded rope is more obvious after the execution of
rope torsional stiffening [28], and the length of the continuum is not changeable, resulting in a conflict
between the continuum and the multi-stranded rope’s retraction [29], therefore, a retraction
mechanism is proposed based on the spine-mimicking configuration [30], so that it can be adapted to
the length contraction of the robot due to the TSA.

2.1. Spine-like Structure Design

The robot with a spine-like configuration described in this paper starts from the principle of
bionics. A concave-convex-concave contact substrate with spherical contact is designed according to
the vertebrae-disc-vertebrae configuration of the spine. This matrix increases the friction by changing
the line contact to a spherical contact compared to the conventional force-locking configuration.

As shown in Figure 1(b) is the schematic diagram of the three bases (concave-convex-concave)
of the robot, the robot adopts two types of substrates: ‘concave’ and ‘convex’ (see Figure 2). Their
working principle is as follows: the motion of the substrates (and thus the entire continuum robot) is
controlled by wire ropes passing through rope holes distributed circumferentially near the outer side;
sensor signal lines pass through rope holes distributed circumferentially near the inner side. The two
substrates work as follows: the motion of the substrate is controlled by the wire rope passing through
the rope holes distributed in the circumference near the outside, thus controlling the overall motion
of the continuum robot; the sensor signal wires are passed through the rope holes distributed in the
circumference near the inside. The hollow rope holes are the key to the force-locking mechanism: the
multi-stranded ropes responsible for regulating the robot’s stiffness pass through the middle rope
holes and are twisted by the variable stiffness motors to provide different tension forces to control
the robot’s stiffness. For ease of identification, the “concave” matrix is labelled in grey and the
“convex” matrix in blue.

Spine

Drive wire hole

——— Concave matrix

Reserved hole Convex matrix

TSA hole
Concave matrix

Intervertebral disc

(a) Human spine configuration (b) The spinal-like configuration described (three matrices)

Figure 1. Spina-like continuum configuration.
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(a) Concave matrix

Convex matrix TSA hole

Drive wire hole
Reserved hole

(b) Convex matrix

Figure 2. Two kinds of matrix configurations.

Each substrate has nine rope holes distributed evenly around the circumference. Three holes at
120° intervals are responsible for controlling a continuum joint with two degrees of freedom, “pitch”
and “yaw”. The continuum robot is designed with three joints and six degrees of freedom, providing
ample application space.

Due to the multi-substrate mechanism, the TSA variable stiffness design principle of the
continuum robot is to change the pressure between the substrates through the tightening and
loosening of the multi-stranded ropes in the intermediate rope holes, thus changing the friction
between the substrates, and using this friction to resist external loads and deformations, thus
changing the flexibility and stiffness of the robot. At the same time, the substrate structure also
implies the need to fix the robot arm through the end of the drive rope and the front end of the drive
box link, so that the substrates are closely fitted to each other and can only rotate along the contact
sphere. Therefore, the length of a single substrate will also affect the number of substrates, and thus
the joint angles, pressure transfer and other parameters of a continuum robot, for a certain overall
length design index [28]. In this paper, the length of the individual substrate is 15 mm for the
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“concave” type and 20 mm for the “convex” type, with a radius of 5 mm and a total length of 300
mm.

Convex matrix Concave matrix  Joint segmentation

(b) Bending state schematic diagram

Figure 3. Model of three-joint continuum.

The joints of the spine-like continuum prepared using resin material are shown in Figure 4. The
continuum’s joints are composed of substrates: six form the first joint (from the right), six form the
second joint, and five form the third joint, and the “convex” substrate for the third joint is chosen for
the convenience of the subsequent end-equipment retrofitting. The black matrix at the joint division
is a “concave” matrix with an outer circle removed from the middle part, which is used to fix the
driving rope and can better distinguish the joints.

Third Joint Second joint First joint

Figure 4. Image of continuum joint.

2.2. Rollback

Force-locking mechanisms that take a single rope tend to stiffen the continuum by adjusting the
rope tension. In the case of only a single rope, due to the low tension, there is no situation where the
variable stiffness rope length decreases due to the tension, thus driving the continuum back.
However, in the case of TSA, the multi-stranded rope shrinks more and provides a larger range of
variable stiffness, which can cause the continuum to back out. Further, when there exists a retraction
situation, the variable stiffness operation cannot be realised because the continuum is usually fixed
to the box, which leads to motion conflicts. Therefore, there is a need to design a retraction mechanism
that can be used for TSA variable stiffness based on the spine-like continuum robot proposed in this
paper.

The structure of the return mechanism is shown in Figure 5, which mainly consists of a sleeve
and a slider. A section of the sleeve is embedded in the continuum structure, and the other end
cooperates with the slider and slides through the four grooves arranged in the circumference of the
sleeve. The sleeve is linked to the drive box. The motion principle of the retraction mechanism is
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shown in Figure 6. When the multi-stranded rope is twisted to provide a certain stiffness for the
continuum, the multi-stranded rope through the middle rope hole will contract, thus driving the
continuum back. At this time, the bolts at both ends of the slider linked to the drive box will be
relaxed, so that it can obtain the freedom of sliding along the sleeve, and the retracted continuum will
drive the slider to move, to realise the retraction of the continuum with the variable stiffness multi-
stranded rope after the twisting of the multi-stranded rope. After the retraction is completed, the
bolts linked to the drive box body are re-fixed to ensure its positioning.

Continuum

Connected to drive-box

Slot
Connected to drive-box

Slider

Wire hole

Figure 5. Model diagram of the rollback mechanism.

As described in the design section, the spine-like structure is proposed to provide resistance to
displacement for the robot variable stiffness from the perspective of friction; and the retraction
mechanism is proposed to ensure that the rope-driven retraction displacement does not conflict with
the structure when the robot performs the variable stiffness operation. The combination of the two
ensures that the variable stiffness operation described in this paper is carried out smoothly.

TSA

Figure 6. Motion principle of the rollback mechanism.
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3. Geometric Model Research

3.1. Geometric Model of String Twisting

TSA due to the existence of torsional motion, compared with general variable stiffness methods,
its model analysis requires constructing mathematical models starting from the untwisted cylinder
to analyse the geometric changes in the relationship between its length and other quantities, the
specific structure is shown in Figure 7. Where Lois the original length of the rope, Rois the original
diameter of the rope, rois the original radius of the rope, T is the tension on the rope, Mmotor is the
tension provided by the motor, AL is the amount of change in the length of the rope after torsion,

Liwisted is the new length of the rope after torsion, and Fsting is the force that resists deformation after
the deformation of the rope.

R, M

/ﬂ\
N

A
!

AL

VO
S+

!

e
. i 3\ (

T
/—\ j
| /
T

Figure 7. Geometric model of string twisting.

When the rope is twisted by 0 its cylindrical expansion is shown in Figure 8, and the colours of
the sides of the right triangle constructed in the geometric relationship diagram correspond to the
sides in the above diagram. The length of the rope after twisting can be derived as follows:

_ / 2 22 _
Livised =Ly —0°15 =L, cosa

)

Ltwisted

Or,
Figure 8. Cylinder unfolding model.

However, in the force-locked twisting of a multi-stranded rope, after twisting at a certain angle,
its radius cannot be the same as the traditional cylindrical model with the default radius unchanged.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Rather, after twisting, and shortening a certain length, the diameter will increase to Riwisted, and its
post-twisting schematic is shown in Figure 9 for the post-twisting diameter. It can be assumed that
the volume of the rope remains constant during twisting [31], i.e.,:
VO = Vtwisted ()
It is not difficult to derive the mathematical relationship between the radius rwisted after twisting

and the initial radius rofrom the cylinder formula:

L
Liwisted = To 0
twisted ( 3)
R,
—
2
— ;.
—

N

Rrwisted

Figure 9. Changes in radius during twisting of multi-string.

Therefore, the conventional unfolding model of Figure 7 can be modified after taking into
account the nonlinear increase of the rope radius produced by torsion. After torsion 0, the change in
rope length AL can be calculated by the following equation:

1 / 2 _ 22
AL = LO LO 0 Twisted (4)
Further, it can be derived that after twisting, the helix angle a produced on the rope is:

twisted
Lo 5)

However, this paper found in the actual research, based on the equal volume assumption of

o = arcsin

Equation (2), in the case of multi-stranded ropes, due to the large gap in the multi-stranded ropes, as
shown in Figure 10, in the process of torsion, the behaviour of the TSA will be to fill in the gap first
in the uniform torsion, resulting in the more the number of rope strands, the greater the error in the
calculation of Equation (4) is calculated and is not applicable to the method of multi-stranded ropes
with continuous body locking as described in this paper. In this paper, from the energy point of view,
to establish the expression applicable to this robot. The shaded portion of the figure shows the much
considered gap under the assumption of equal volume.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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n=2 n=3
Figure 10. Cross section under multiple-string.

Since this paper only investigates the case under equilibrium conditions, it follows that when
the TSA is not loaded, the total input is provided by the motor torque Mmotor, Wwhich leads to a certain
amount of elastic force in the rope after twisting. Therefore, the formula for Al is proposed as follows
in Equation (6):

A lk — M motor
Twisted (6)

Where k is the elasticity coefficient of the material used and riwiswed is easier to measure compared
to Al, therefore, in this paper, the validity of the above equation will be verified experimentally.

3.2. Analyses of Variable-Stiffness

The variable stiffness structure of the robot is a core component and one of the design goals of
this robot. The variable stiffness design proposed in this article, as mentioned earlier, uses TSA to
control the motor and twist the multi-rope connected to it, causing axial tension T to be generated on
the multi-strand rope passing through the central axis of the robot, thereby increasing the pressure
N between the substrates and changing the frictional force used to resist external loads, ultimately
causing a change in the stiffness of the robot. The principle is shown in Figure 11.

Figure 11. Schematic diagram of variable stiffness for continuous force-locking.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The black solid line represents the entire continuum, the black dashed line represents the
continuum matrix, and the blue solid line represents the driving rope. From the figure, it can be seen
that the end of the robot is a continuous free end, used to perform continuous motion and medical
functions. The front end is fixed at the connection on the support plate. Therefore, when conducting
mechanical or stiffness analysis, the continuous part of the robot can be regarded as a cantilever beam
structure.

As shown in Figure 11 (a), the robot is not performing variable stiffness operation at this time.
After being subjected to the end radial load F, the flexible joints of the robot are composed of discrete
matrix cascades. When the joint itself is not subjected to axial tension, it does not have radial stiffness
and cannot resist the end load. Therefore, under the action of the load, there will be a displacement
D in the radial direction and a rotation angle 0 will be generated; When the robot performs TSA
variable stiffness operation, as shown in Figure 11(b), the discrete joints of the robot are squeezed
against each other, becoming rigid joints as a whole to resist deformation. In more detail, the TSA
motor of the variable stiffness section rotates N turns, driving the connected multi strand ropes to
twist and generate axial tension force T, completing the TSA process. At this time, under the action
of tension force T, the substrates are squeezed against each other, generating axial pressure N. Under
the action of external radial load, the robot will have a radial movement trend. Therefore, under the
action of the pressure N between the substrates, friction force between the substrates will be
generated in the radial direction, which is opposite to the direction of the external load F, and stiffness
will be obtained to resist the external radial load F, thus completing the variable stiffness process.
Furthermore, when the external load F exceeds the maximum frictional force fmax obtained by the
TSA process, static friction between the substrates will be converted into dynamic friction, and slip
will begin to occur. At this point, the robot cannot be considered to have failed; When the substrate
slips completely, the robot’s motion can no longer be controlled, and the robot is considered to have
failed. The external load at this point is referred to as the failure point of the robot. In actual use, it
should be kept within the maximum static friction force fmax range, and should be avoided as much
as possible from being used within the maximum static friction force and failure point, rather than
continuing to be used after the failure point.

The stiffness of the continuum consists of two parts: radial stiffness and axial stiffness. However,
in the axial direction, the horizontal displacement of the continuum is limited by the support plate
and the variable stiffness retraction mechanism. The stiffness is determined by the strength of the
base material and support plate. In practical operation, medical devices mainly cause loads in the
radial direction, so discussing axial stiffness is meaningless. The continuous matrix itself does not
have radial stiffness due to its discrete structure, and its stiffness is provided by the frictional force
generated by the pressure between the matrices. Furthermore, the two main sources of tension on the
robot substrate are the tension generated on the drive rope located on the circumference and the
tension generated on the multi strand rope located on the axis used by TSA. Therefore, the stiffness
K of the robot mainly comes from two sources: one is generated by the driving rope and cannot be
adjusted; The second is the variable stiffness of the robot generated by TSA, which is provided by
tension and serves as the main stiffness for the robot’s load tasks.

The cantilever beam model of the robot is shown in Figure 12. Under the radial action of external
force F, the robot generates displacement D and rotation angle 0. The blue solid line represents the
driving rope and the red rope represents the TSA rope, which bring tension forces in two axial
directions, thereby generating pressure between the substrates to obtain the friction force between
the substrates. The friction force is converted into a friction torque M fixed on the continuous
cantilever beam. At this point, the steel wire rope being stretched can be equivalent to a spring.
According to the formula for calculating the stiffness of a cantilever beam, the stiffness of a
continuous body can be calculated using Equations (7) and (8).

L @)
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()

Figure 12. Cantilever beam model of robot.

The stiffness of the continuum is derived from the driving force Fa when the tension force T of
the multi-rope is 0 without TSA operation, which generates the original stiffness KO of the robot and
the variable stiffness Kt of the continuum when T # 0. Therefore, first use Hooke’s law to calculate
the robot’s own stiffness K as shown in Equation (9). For the safe operation of medical robots, it
should be assumed that the robot bends to the most extreme situation, where only one driving rope
is subjected to force Fa. At this point, the original stiffness K of the robot is the lowest.

— EdriveAdriveeR

contact

F

drive 2 ldrive (9)

According to geometric relationships, the relationship between joint angle O and end
displacement D can be derived as follows:

D= L (1-cos8)
0 (10)

Where Ebase is the equivalent modulus of elasticity of the base, and Ivase is the equivalent base
moment of inertia around the axis, under the condition that the whole is regarded as a cylindrical
cantilever beam, the holes of the driving rope and the holes of the tensioning rope are symmetrical
around the axis. The cross-section area of the base is Avase; the area occupied by the drive rope on the
circumference is Adrive; the area occupied by the tension rope hole on the axis is Atension; the area
occupied by the rope hole reserved for the sensor on the circumference is Asensor, then the actual cross-
section area A is:
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A=4

base

Adrive - "4fension - Asensor (11)

The cross-sectional shape of the base is shown in Figure 13, from which Ibase can be deduced as
the following equation:

Ly = [ (7 +7)dA
- (x> +y*)dA

Apase = Adrive = Arension = Asensor (12)

Drive wire hole

TSA wire hole |

Reserved hole

Figure 13. Schematic diagram of matrix cross-section.

For the assumed state at this time, the force distribution between the substrates is shown in

-
N /7
/ F

Figure 14. Schematic diagram of matrix stress balance when T=0.

Figure 14.

2
1,

“Convex” type matrix as an example (“concave” configuration of the same force), its equilibrium
by the radial load F, by the fixed tension on the drive rope F ariveand the tension rope on the adjustable
tension T wnsion under the action of reaction Pressure N, and then the friction torque Mt produced by
N under the joint action to maintain balance, can be obtained as follows.

drive contact )

F R +M, =F(+2I
2 | (13)
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Where, according to the principle of tribology, under the condition of no failure of the substrate,
i.e., the condition of maximum static friction, Mris maximised as in the following equation, with the
direction being upwards.

Mf = /'INRcontact (14)

Thus the stiffness Ko of the robot at this point can be obtained as Equation (15). In the formula,

Z ¥ is the total distance from the end of each section of the substrate to the point of static friction
force

_ (rcircle + le .luN)EAr 03

circle

’ D*(1-cos@)sin L, (15)

According to the assumption, the robot does not adjust its stiffness at this time, resulting in the
minimum stiffness.

After the robot performs TSA variable stiffness operation, the tension force T on the axis of the
continuum is not 0. The principle of variable stiffness should be discussed in two situations, that is,
the robot only has a motion trend, and there is only static friction between the substrates at this time;
When the static friction force exceeds the maximum value, slip has occurred between the robot
substrates, but the overall failure has not yet occurred. Both of the above situations will ultimately
maintain force balance, therefore, the matrix force diagram at this time is shown in Figure 15.

F, ~ Y \@i

Figure 15. Schematic diagram of matrix stress when T # 0.

From the figure, it can be seen that the difference between the stress state of the substrate at this
time and the stress state at T=0 is that the inter substrate pressure N is jointly provided by the force
Farive on the driving rope and the force T on the TSA wire.

In the first situation, where static friction is still maintained between the substrates and there is
only a relative motion trend without any relative motion, the schematic diagram is shown in Figure
16.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1602.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 December 2025 d0i:10.20944/preprints202512.1602.v1

14 of 28

4 A4 N\ 7 N
C2C)CH

pLLLN

Figure 16. No slip occurred in the matrix.

Thus the stiffness Krobot of the robot at this point can be obtained as:

_ F _ 2E base] base
robot -
t D robot l3
=7 E base '
(2R4 B 36R3rive B 2’Rtinsion B RczircleRjrive)
8’ (16)

In the second situation, where the external load exceeds the maximum static friction force but
has not reached the failure point, and a part of the continuum rotates, it is assumed that the robot
only has one joint Li. In this joint, under the action of an external load F, the base of the Im joint rotates
while the base of the ] joint remains unchanged. The continuum rotates a total of 0 angles and
undergoes a displacement of Drension1, as shown in Figure 17.

= F

-
\_/

N,

D

Im I

i
\

Figure 17. Partial matrix slip occurs.

For the variable stiffness Keension, the following two systems of equations can be listed according
to their mechanical equilibrium:

R R. [ -1 :
wT,  +F, )—owd e —F|]  c0s0+-—2%gin@
2 2 0 17)

F lstable = ﬂY;ensionEzontact (1 8)

For its geometrical relations, the following relation can be obtained
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_%(1—cos¢9)+lsin9

tensionl —

(19)

At this time, the force on the driving rope and TSA rope are jointly provided. Therefore, force
can be calculated by Hooke’s law:

F;i ‘ T — E driveAdrive HRcontact
2ldrive (20)

By combining Equations (16)—(20), the expression for the external load F can be obtained. And
the load F on the second, third, and first joints, the driving rope force Farie, and the tension rope force
T are the same, the joint length is different from 11, and the other mechanical states are similar. The
load F on them can be deduced by the above method, and the corresponding Diension2 and Diensions can
be calculated. Therefore, the overall stiffness Keension of the robot is given by Equation (21):

F

[g L=
tension
D

tensionl

+D

tension2

+ Dtension3 (21)

For a section of the matrix, the point of action of the matrix friction torque Mt is at the end of the
matrix, while for the entire continuum, the point of action of the friction torque is at the fixed end.
Therefore, the total friction torque on a joint is expressed by Equation (22).

[ . . . e
Among them, z ¥ is the total distance from the end of each base to the point of static friction
force. There are two configurations of the matrix described in this article, therefore, two situations
need to be discussed for Is Equation (23):

[, =1+21,..,(When!l is "convex")
[ =1-21

contact

(When [ is "concave") 23)

Based on the above two friction conditions and calculation formulas, the stiffness of the robot
should be calculated using the following two scenarios Equation (24):

_7E,, ,2R'-36R,, 2R —-R. R

drive tension circle” “drive
Krobot - = 813 = = = (F;max < IUNRcontact / le)
F
K tension = D (F; max > lu N Rcontact / Z lS )
tensionl + tension?2 + tension3 (2 4)

It is not difficult to find from the above calculation process that the stiffness K of the robot is
small without considering the tension between the substrates, while when considering the static
friction force formula, the stiffness calculation formula is greatly affected by the tension force and the
driving rope force. Furthermore, the force on the driving rope cannot be adjusted and is provided by
the motor. Its value is significantly smaller than the force on the tensioning rope. Therefore, the force
provided on the TSA rope will have a significant impact on the variable stiffness performance.

3.3. Geometric Model of Turning Angle

After the study of the variable stiffness principle of the robot, to ensure that the motion of the
matrix of the continuum robot does not fail, it is necessary to analyse the motion angle of the matrix
of the continuum. From the above robot’s matrix configuration, it can be seen that the motion
limitation of the robot described in this paper will occur after the two sections of the matrix are rotated
to a certain angle, the aperture wall of the drive rope or tension rope will be extruded with the drive
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rope or tension rope, and the matrix can no longer be rotated in the direction of the extrusion once
one of the aperture walls has been extruded with the steel wire rope in that channel, and because the
aperture diameter of the aperture of the tension rope is larger compared to the aperture diameter of
the aperture of the drive rope and the angular change on the centre line is small [33], so only the
angular limitation of the movement of the drive rope needs to be considered, and the above limit
cases are shown in Figure 18.

: | 12
e | ) f
1
I / | Jﬂ ’5/
econca‘-e _ - Jlr-éi %c’ﬁ"ex — g
| B2 &?
1
: ot
s A |r
Df | contact 1°°ﬂtaq
(a) “Concave-convex” configuration corner  (b) “Convex-concave” configuration corner

Figure 18. Schematic diagram of robot turning angle.

Where Rrope denotes the diameter of the rope; Rarive denotes the diameter of the hole of the drive
rope; Rension denotes the diameter of the hole of the tension rope; reontact denotes the radius of the
circular arc of the contact surface; R denotes the diameter of the substrate; 1 denotes the length of the
substrate (excluding the circular arc portion); leontact denotes the length of the circular arc portion of
the substrate; Oconcave denotes the limiting angle of the “concave-convex” contact; O(convex) denotes the limiting angle of the
“convex-concave” contact; and 6(convex) denotes the limiting angle of the “convex-concave” contact. )denotes the limiting angle of “concave-
convex” contact; Oconvex denotes the limiting angle of “convex-concave” contact. Therefore, from the
geometrical relationship, the expressions for the two limiting angles can be deduced as follows:

__ “drive __ " drive
circle rope circle 2
0., eave = arctan 7 —arctan ; =
JRE— l 2 drive \2
2 contact 5 + lcontact - Rcontact - (Rcircle - ) )
(1)
R, . R, .
drive drive
circle 2 + Rrope circle 2
o = arctan —arcsin
convex
1 — wact contact
contac
2 22)

From the above calculations, the robot described in this paper has a turning angle of Oconcave =
13°, Oconvex = 11°. The turn angle range of each joint is about 70°, which ensures that its flexibility can
meet the basic task needs.

4. Experiment

4.1. Prototype Assembly and Feasibility Experiment of Motion

After theoretical modelling, the type of rope used in the TSA should be selected for the TSA
variable stiffness continuum robot proposed in this paper. There are many different types of ropes
available, mostly made of many different materials or combinations of materials (Vectran, Kevlar,
Dyneema, etc.), with a wide range of radii, as well as braided and non-braided constructions, etc. In
particular, Vectran ropes have a higher stiffness coefficient, which makes them more rigid for the
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TSA. Among these, Vectran ropes have a higher stiffness coefficient, which allows the rope to respond
faster to torsion and thus better meet the experimental demands [34]. Considering that the Vectran
rope may rupture under a load greater than 20N, a load of 0-10N is chosen in this paper. The robot
experiment platform assembled in this paper is shown in Figure 19, which is mainly composed of the
robot part, drive part, upper computer and sensor detection part.

Continuum Support Wire  TSA motor Drive motor

Figure 19. Physical assembly diagram of robot.

The multi-strand rope TSA control motor described in this paper is the basis of variable stiffness,
and its specific structure is shown in Figure 20, and its working principle is as follows: n-strand rope
(yellow rope in the physical picture, n for the number of rope strands) one end by fixed in the
coupling, the other end is fixed in the end of the continuum, coupling with the motor link, the motor
rotates, due to the other fixation, the n-strand rope will twist and shorten, at this time to relax the
linking bolts, so that the block can be back, and then tighten the bolt, using the self-locking of the
motor and the bolt to fix the twisting of the n-strand rope, to complete the multi-strand rope TSA
variable stiffness control process described in this paper.

Support TSA wire Motion wire Coupling

Support

Rollback TSA motor

Figure 20. Picture of TSA control part.

The continuum control mechanism described in this paper is as follows: the control board is
controlled from the host computer, and then the motor is driven by the driver, which drives the drive
rope, thus controlling the movement of the continuum. The drive part of the motor is shown in Figure
21.
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Connection point

Support
Drive motor

Figure 21. Picture of the drive motor part.

Subsequently, the motion control of the proposed continuum robot was verified using the above
control principles, and the results are shown in Figure 22, demonstrating the robot’s ability to move
in all directions.

(b) bend down
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(c) Bend to the left

I

(d) The turning angle of the robot in other directions

Figure 22. Image of motion control continuum motion state.

4.2. Experiment on the Relationship Between Motor Rotation and Wire Retraction in TSA

After verifying the feasibility of the robot’s motion and ensuring its flexibility, the amount of
rope retraction needs to be tested. More specifically, during the TSA process, as the number of motor
torsion turns N increases, the rope used for actuation is “tightened” and there are two physical
changes: a shortening of the rope length by AL and an increase in its diameter. This results in a
significant increase in the stiffness and load capacity of the TSA [35]. The robot described in this paper
will be affected by its AL, but the radius change will not be affected because the pre-drilled holes in
the TSA located at the centre of the shaft reserve enough radius. The above characteristics of the TSA
actuator, on the other hand, are highly variable due to the influence of the rope material and so on.
Therefore, experimental verification of Equation (4) and (6) described in the previous section is
needed to determine the robot’s length retraction AL after motor rotation N to ensure the robot’s
manoeuvrability. The experimental setup is shown in Figure 23. below.
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Figure 23. The relationship between n and AL.

Using the experimental setup described in the above figure, for the number of rope strands n=2
and n=3, the motor was initially set to N=0 revolutions (no rotation), and the amount of backlash AL
in the above figure was measured, and each time it was loaded so that N was increased by 5 up to
N=30, while subject to the motor torque, with the number of rope strands n=4, N was increased by 1
at a time, up to N=17. A graphical comparison of the experimental data and the theoretical data is
shown in the following Figure 24.
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Figure 24. Relationship diagram between AL and N.

In the figure, the coordinate points are the actual experimental data, the dashed line is the
theoretical curve based on the volume assumption, while the solid line is the theoretical curve based
on the energy assumption. From the above figure, it can be seen that the expression for the amount
of backlash of multi-stranded rope TSA proposed in this paper, which is based on Vectran from the
principle of virtual work, is generally fitted to the actual situation when the number of motor rotating
turns is small and is basically similar to that fitted to the traditional assumption based on the
assumption of volume equivalence, but when the number of torsional turns is larger, it is fitted to the
actual situation in a much closer way and is significantly superior to that based on the relational
equation of the assumption of volume. This is due to the TSA in the multi-stranded rope case, the
gap is larger, the assumption of volume equivalence has a certain error: In the motor rotation circle
N is small, multi-stranded rope due to the larger gap, the transfer of torsion there is a hysteresis and
lead to inhomogeneity, so with the theoretical formula fit is worse; and in the multi-stranded rope
torsion is larger after the larger gap is filled by the deformation of the rope, the volume change is
larger, which leads to the volume-based assumption of the fallback Volume calculation is no longer
close to the real situation, and from the energy point of view, the use of virtual work principle of the
calculation of the formula fit better; furthermore, based on the energy assumption of the relationship
between the formula also exists in friction and other errors, and with the gradual approach to the
limit torque of the motor, the greater the error; it is worth noting that, the two theoretical curves in
the amount of retreat for about 20mm when intersected, this is due to the motor at this time, most of
the work used for the torsion, and at this time the torsion is more uniform, the gap is smaller.
Therefore, it can be concluded that the retraction equation proposed in this paper can better fit the
retraction of the TSA under multi-stranded ropes, which can make the robot described in this paper
obtain better operability.

4.3. Variable Stiffness Experiment Based on TSA

The stiffness characteristics of the robot are important in the study of this paper, so the
continuum robot stiffness experiment is needed. The stiffness cannot be measured directly due to the
limitation of conditions. However, by the cantilever beam stiffness formula, the displacement is
inversely proportional to the stiffness, i.e., the end of the robot under a certain load, the smaller the
displacement, the greater the stiffness, so it can be used to replace the robot stiffness by the robot end
displacement D. The experimental setup is shown in Figure 25 below, where weights are tied at the
end as the external load F, and the number of weights at the end is changed to change the load F. The
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increase in tension T is realised by the number of rotations of the motor n (i.e., the TSA achieves
different degrees of torsion under the control of the motor) and is measured by the dynamometer,
and the number of strands of the multi-stranded rope is taken as n=2,n=3 and n=4 for the three types
of multi-stranded ropes of the same material but with different strands. At the end, an increasing
load F is taken and the displacement is recorded to respond to the displacement-angle-load
characteristics and to verify that the stiffness becomes higher as the number of strands increases and
the tension increases.

Figure 25. Experimental diagram of displacement-angle-load.

By the above experimental procedure, the experiment was first carried out at n=2 and n=3, with
the number of motor rotations N=10, N=20 and N=30, respectively, by loading the end of the motor
at intervals of 0.5N starting from F=0N and measuring the displacement D and the tension T of the
rope, until the robot fails. After that, the above experimental procedure was repeated for n=4 for the
number of motor rotations N=5, N=10 and N=15 respectively, and the experimental results are shown
in Figure 26.

It should be noted that the point at the very end of each curve in the figure is not an artificial
stop, but rather a point at which the robot fails under this load due to limitations in the load torque
of the motors, for example. That is, at this point, the substrate slips significantly and the torque of the
drive motors is too low to control the robot any longer, so loading measurements after the point of
failure has no value. In all three graphs above, i.e., n=2, n=3 & n=4, the point of failure occurs at a
displacement D of approximately 250mm, which is due to the characteristics of the robot substrate.
A curve with N=0 exists in each of the plots, when the centrally located TSA rope is not twisted to
provide tension T, as the original control group without variable stiffness operation. It is easy to find
in the graphs that in the same set of experiments with the number of rope strands n, with the increase
of the number of torsion turns N, the maximum tolerable load Fmax or the failure point is significantly
shifted back, for example, in the case of n=3, the maximum load at the number of motor turns N=30
is 9.4N, which is 235% higher than the maximum load of 4N when the stiffness is unchanged, i.e., the
stiffness is increased by a factor of 2.35. And between the experiments with different groups of rope
strands n, the maximum load after TSA is also improving as n increases, for example, the maximum
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load at n=4 is 9.9N, while the maximum load at n=2 is 8.6N, which is an improvement of 115%.
However, it is easy to see that the degree of torsion cannot be described by the same use of the number
of motor rotations N, even when all other conditions are the same, due to the limitation of the change
in the number of motor and rope strands. This is because the number of motor rotations N is only an
intuitive independent variable, but what causes the change in stiffness is actually the rope tension T.
Therefore, with the help of a dynamometer, the intuitive relationship between the rope tension T and

the end displacement in this paper is shown in Figure 27.
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(c) Experimental results with n=4

Figure 26. Experimental results of displacement displacement-angle-load.

As can be seen in the figure, the tension T provided by the TSA increases after the number of
motor revolutions N is increased or the number of rope strands n is increased. Further, T is essentially
the friction force between the substrates to resist the displacement after the external load is increased,
therefore, the larger T is, also represents the better robot stiffness K. Since then, the feasibility of the
TSA method has been verified to be the same as that of the continuum machine with human-locked
variable stiffness, and the reasonableness of the proposed substrate in this paper. For the
experimental data in Figure 27 Comparison between different numbers of strands, it can be seen that
the more the number of rope strands, the better the stiffness provided. The experiment belongs to all
the large changes at a displacement of about 150 mm, which is due to the structure of the matrix,
there has been a part of the matrix to produce slippage, but the whole is still not failed. In particular,
the tension pattern presented in the data at n=3 is significantly different from that at n=2 and n=4.
This is because the rope is more compact and the torsional transfer is more homogeneous at n=3
compared to the other two cases, so the data are more intensive. The overall stiffness experiment
proves that the theory of variable stiffness of the continuum robot TSA designed in this paper for the
spine-like configuration is valid and the method is effective.
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Figure 27. Tension displacement relationship diagram.

5. Conclusions

(1) In order to improve the stiffness of the continuum robot, this paper adopts a multi-strand
rope force-locking continuum robot design based on TSA and proposes a spine-like matrix design
suitable for force-locking. For the range of motion of the spine-like matrix, a mathematical model is
constructed for the geometric relationship between the stiffness of the continuum robot and the TSA
described in this paper.

(2) The robot experimental platform described in this paper was assembled and tested for motion
feasibility, and the results showed that the robot exhibited excellent flexibility. Secondly, the
retraction test was carried out to verify the formula, which provides a theoretical basis for the
subsequent control of the robot. Finally, the variable stiffness performance test was carried out under
different loads, rope tensioning force and number of rope strands. The data show the validity and
theoretical correctness of the design of the multi-strand rope force-locked variable stiffness
continuum robot, and the variable stiffness effect is significantly better than that of the variable
stiffness method of a single rope without torsion, which provides a new way of thinking for the
variable stiffness design of continuum robots.
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(3) In future work, there are also still some problems that need to be improved: from the
retraction results, it can be seen that a large amount of additional experimental data is still needed to
better eliminate control errors; from the results of the stiffness experiments, it can be seen that the
displacement-axial force-load and other factors do not follow a strictly linear relationship, and future
work should explore the impact of factors such as rope tension when applying TSA to continuum
robots; the motor torque in this study also limits data collection; in future work, a higher-torque
motor can be adopted to acquire more experimental data.
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