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Abstract— Cable-Constrained Synchronous Rotating Mech-
anism (CCSRM) has an important application prospect in
the field of cable-driven robots, which can greatly reduce the
number of driving motors while ensuring the light and slender
body. However, there are obvious cable friction effect and elastic
deformation in CCSRM. These nonlinear characteristics have
a significant impact on synchronous motion performance. In
this paper, a model of CCSRM considering cable friction is
proposed, which integrates the effects of cable pretension, elastic
deformation, and friction between cable and pulley on system
characteristics. The distribution law of cable tension under
the influence of friction force and the phenomenon of motion
hysteresis caused in reverse rotation are emphatically discussed.
Then, an improved LuGre friction model is proposed to solve
the problem of line contact friction between cables and pulleys.
Further a dynamic model of CCSRM is established to simulate
the motion characteristics of the whole process, including the
discontinuous friction phenomenon in reverse rotation. Finally,
an experimental prototype of two-axis synchronous rotating
system is built, and the friction coefficient is identified. The
experimental results show that the dynamic model can well
simulate the motion characteristics of CCSRM.

I. INTRODUCTION

Cable-driven robots, inspired by the natural organs such as
elephant trunk and octopus arm, have a slim light body and
super-redundant degree of freedoms (DOFs) [1], [2]. There-
fore, they have a wide application prospect in narrow space
environments [3], [4], such as nuclear plants maintenance
[5], in-space inspection [6], parts assembly [7] and other
fields [8]. Some scholars have studied the use of super-elastic
structure as ridgelines of cable-driven robots [9], [10]. The
structure of this type of robot is relatively simple, and the
modeling work focuses on the handling of elastic support
rods [11], [12].
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Fig. 1. The segmented manipulator composed of CCSRM.

Segment 1

However, the stiffness and load capacity of this type of
robot is relatively low due to its structural elasticity [13].
Liu et al. [14] proposes a cable-driven manipulator shown in
Fig. 1, which is composed of rigid links and traditional joints.
Its biggest bright spot is to achieve synchronous rotation
of adjacent joints through CCSRM. As shown in Fig. 1,
the segmented manipulator composed of CCSRM can ap-
proximately simulate equal curvature bending of continuum
robots. The CCSRM can not only realize the miniaturization
of manipulator’s size, which is very important for robots
working in narrow space, but also can obtain high stiffness
and large load capacity of manipulators. However, due to
the introduction of many linkage cables, the complexity of
the robot system has greatly increased, which has higher
requirements for system modeling. Liu et al. only discusses
the design and kinematics of CCSRM, while statics and
dynamics related to synchronous rotation performance is not
explored. On the basis of the work in [14], Ma et al. [15]
carries out the work about dynamics modeling and analysis
of cable-driven manipulator composed of CCSRM. For the
modeling of CCSRM, Ma et al. refer to Closed Cable Loops
(CCL) model of solar array’s deployment mechanism [16],
[17] and regard linkage as linear torsion spring constraint. In
the CCL model, only the cable stiffness characteristics are
considered [18], [19].

Different from the solar array’s deployment mechanism,
the CCSRM in the robot needs to move back and forth
for many times, and requires higher precision. Therefore, in
the robot system, it is necessary to carry out more delicate
handling of cables, such as the influence of cable friction on
tension distribution. Agrawal et al. [20] conducted a detailed
study on the tension transmission characteristics in the cable-
conduit system using static Coulomb friction model. Do et
al. [21], [22] uses modified LuGre model and normalized
Bouc—Wen model to describe friction characteristics between
the tendon and sheath, while under the condition that no
change of the accumulated curve angle occurs during the
operation. These studies show that friction has a significant
effect on the performance of systems with cables. Also for



CCSRM, the effect of cable friction on synchronous rotation
accuracy cannot be ignored and a dynamic friction model
suitable for CCSRM needs to be built.

Due to the design limitation of the slender structure, this
type of robot often lacks corresponding feedback at the
distal end. Therefore, the model considering friction can be
used in the compensation control of the system. Do et al.
[23] designed a feedforward controller to compensate for
the hysteresis in the surgical robot through the established
hysteresis model. Agrawal et al. [24] proposes an adaptive
robust control method while utilizing the limited output feed-
back available in conjunction with the intermediate actuator
position feedback.

In this paper, we carry out a detailed study on the statics
and dynamics of CCSRM and elaborate two contributions.
First, a refined model of CCSRM with friction is proposed.
The model can simulate the motion characteristics of syn-
chronous rotating mechanism more truly. Second, an im-
proved LuGre friction model is used to solve the line contact
friction problem of cable-pulley, which can accurately reflect
the friction change of the cable passing through the pulley.
On this basis, the dynamic model of the cable synchronous
rotation mechanism is established.

The remainder of this paper is organized as follows.
Section II elaborates the research issues in this paper. In
section III, the statics model of CCSRM is established, and
the joint stiffness and hysteresis characteristics are analyzed.
Section IV establishes the dynamics model of CCSRM. In
section V, an experimental prototype is developed. Typical
experiments are performed to verify the established model.
The last section summarizes the whole paper and gives the
conclusions.

II. MOTIVATION

As shown in Fig. 1, the manipulator has three segments,
each segment contains multiple joints. The adjacent joints
in the same segment are connected by cables in a specific
way to realize rotation at approximately equal angles, which
is similar to the equal curvature bending of the continuum
robot. This can improve the flexibility of the segmented
manipulator, and achieve a higher stiffness compared with
continuum robots. Table I presents a list of nomenclature
used throughout this paper.

A. Introduction to Principle of CCSRM

As part of the manipulator, the CCSRM is the basic unit
and composed of a pair of agonist and ant-agonist cables and
two pairs of pulleys, as shown in Fig. 2. These cables are
called Coupling Cable Pairs (CCP), and each pair consists of
two 'S’ shaped cables that are placed crosswise around the
pulleys. The anchors of the cables are fixed on Link;_; and
Link; ;. The pulleys are fixed on Link; and are concentric
with the joint axis. As the two cables are antisymmetric,
take one cable as an example. As shown in Fig. 3, points A;
and A, are cable anchors, each coupling cable is artificially
divided into five parts according to whether it is in contact

TABLE 1
NOMENCLATURE TABLE

Geometric Relationship

L.y Length of non-contact part of cable and pulley
S Length of contact part of cable and pulley
T Pulley radius

Statics Modeling

9(,),9(,) Joint angle and angular velocity

AO,AOC) Synchronous rotation error in different states

Al Cable deformation

k Cable elastic coefficient

T,T(,) Cable tension

Ty Cable pretention

Owo Cable initial wrap angle

Owrap() Cable pulley wrap angle

() Cable tension transfer coefficient

kequﬂl,ke(:llal Joint equivalent stiffness in different states
Dynamics Modeling

sign(s),sat(+) Sign and saturation function

fesfss,00,01,02  LuGre friction model parameters

g(v) Stribeck function

€ A small damping item

J Link inertia

—_—— —.— —

O Pulley Cable ® Anchor

Fig. 2. Cable pulley synchronous rotation unit.

with the pulley. When the joint rotates, the length of L1, Lo,
L3 (yellow color) will remain constant for they are always
along the tangent direction of the pulley. Only the winding
parts of the cable, denoted S; and S> (red color), will change.
When the rotation angle of joint ¢ is 6;, the rotation angle
of joint 7 +1 is 0;+1, the winding parts of the cable become
S1 and S}, respectively.

§i = §1 —’I“Hi

~ = 1
Sé = SQ + T0i+l ( )

where r is the radius of the pulley.

Fig. 3. Length change of cable winding part.



Assuming that the total length of the cable remains the
same, the following relation can be obtained:

Si+S5,="51+5, 2
Combining Eq. (1) and Eq. (2) yields:
r (91 - 9i+1) =0 (3)

That is, the angles of joint ¢ and joint ¢ 4+ 1 are always
equal in theory.

B. Motivation

According to the linkage design principle of the CCSRM,
one of the preconditions for realizing complete synchro-
nization of adjacent joints is that the length of cables is
unchanged, that is, the cables cannot deform. However, the
cable will inevitably deform under complex stress conditions,
resulting in the change of cable length. Therefore, the main
factors that affect the synchronous rotation accuracy of the
CCSRM include the cable stiffness, cable tension distribu-
tion.

The friction force between the cable and pulley has an
impact on the cable tension distribution. Therefore, if the
motion characteristics of the CCSRM are to be accurately
described, the influence of friction must be fully considered.
Synchronous rotation accuracy will directly affect the posi-
tioning accuracy of robots, so it is very important to establish
fine models of the CCSRM, including statics and dynamics.
On one hand, they can be used to deeply analyze the motion
characteristics of the CCSRM and guide the improvement of
the design. On the other hand, they can assist the control of
the robot and improve its motion performance.

I1I. STATICS MODELING
A. Statics Modeling without Friction

When the CCSRM moves, one cable gradually tightens
while the other loosens. Therefore, in order to prevent the
cable from sagging, the cable must apply a certain initial
pretension force T),. Since winding sections (51 and Sg)
and fixed sections (L1 and Lj3) are relatively short, only
consider the deformation of the section L,. The cable tension
is calculated as follows:

T, =T, — kAl @)
To =T, + kAl

where T7 and 715 are cable tension of CCP. Al is the cable
deformation. When Al is positive, cable 1 is loosening and
cable 2 is tightening. k is elastic coefficient of the cable, and
k=FEA/ly, E, A,y are the elastic modulus, cross-sectional
area and length of the cable.

The deformation of cable is calculated as follows:

A=+ 5 (3 +5) = rag

5
AG =0y — 64 ®)

where A is the synchronous rotation error of adjacent joints.
6, and 0, are angles of joint 1 and joint 2, respectively.

By using the virtual work principle, the energy conservation
equation can be obtained as follows:

The rotation angle and cable deformation have the follow-
ing relationship:
5(5A9l) — )
Combining Eq. (6) with Eq. (7), the tension-torque rela-
tionship of the CCP is obtained:

7. = (Ty — Ty) r = 2kr2Af )]
Define the equivalent stiffness of synchronous joint:
kequal = 2]437’2 (9)

The equivalent stiffness of joint is only related to the
elastic coefficient of cable and the radius of pulley. However,
friction is ignored in the modeling process. Therefore, Eq.
(8) cannot fully describe characteristics of the system.

B. Friction Model between Cable and Pulley

There is a line contact between the cable and the pulley,
instead of point contact. The cable tension is changed on
both sides of the pulley due to friction force. The static
friction model of the cable-pulley is often deduced based
on the Coulomb friction model.

Fig. 4. Infinitesimal cable-pulley element.

As shown in Fig. 4, analysis infinitesimal cable-pulley

element:
N =Tdo

dT = —f = —u Tdf sign(v)

where T is the cable tension, df and d1 are the wrap angle
and the cable tension difference on both sides corresponding
to the micro element. N is normal force, f is the friction
of the cable on the pulley. v is the relative speed and u, is
Coulomb friction coefficient, sign(v) is sign function defined
as follows:

(10)

si n(v)—{ 1 v>0

& -1 v<o0

The first order differential equation of the cable tension is
obtained by Eq. (10):

4T = —u, sign(v)df

Y

12)

By integrating the Eq. (12) to get the cable-pulley tension
transmission:

Towt = Tinn = T}ne—uﬁwmp sign(v) (13)



where T;, and T, are tension input and output on both sides
of pulley, Owr.p is wrap angle. 1 represents the cable tension
transfer coefficient, with 7 = e~ %cfun sign(v)
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Fig. 5. Cable-pulley tension transmission.

Assuming that the wrap angle is constant, the meaning
of the Eq. (13) can be shown in Fig. 5. The cable tension
transmission is divided into four stages. Stage II and stage
IV represent the tension loading and unloading stages, re-
spectively. Stage I and stage III represent friction direction
changing stages. Assuming that the cable tensions on both
sides of the pulley are equal at the initial moment, which
means the cable is only attached to the pulley, and the friction
of the cable-pulley is zero, corresponding to point A. When
the input tension increases gradually, the output tension
remains unchanged due to the frictional force until it reaches
point B. Then the tension transfer relationship satisfies the
Eq. (13) with v > 0. Then the input tension is gradually
reduced at point C, the direction of friction is gradually
changed, whille the output tension remains unchanged until
moment D, and satisfies the Eq. (13) with v < 0 and starts
to move.

C. Statics Modeling with Friction

In order to describe the static transmission relationship of
CCSRM more accurately, we further established the statics
model of CCSRM considering friction. As shown in the Fig.
6, each cable is in contact with the pulley twice. The tension
of cable 1 in sections L1, Lo, L3 are defined as 111, 112, 113,
respectively. Similarly, the tensions of cable 2 are defined as
151, Taa, Tos3.

Fig. 6. Tension distribution and wrap angle.

Combining the cable-pulley tension transmission Eq. (13),
the cable tension distribution is obtained as:

T =Tio /M1 151 = Toom:
Tio =T, — kAl T =T, + kAl (14)
T3 = T127712 Tos3 = T22/7722

where tension transmission coefficients satisfy the following
relations:

UG ywrapl 1 Sign(él) UByrap12 sign((ﬁ)

mi=e

No1 =€

s =€

(15)
01)77722 =e

uawmle Sign( uawmpzz Sign(é2)

As shown in Fig. 6, wrap angles are calculated as follows:

ewrapll = 9w0 + 017 ewrapIZ = 0w0 - 92 (16)
Owrap21 = Owo — 01, Owrap2z = Oyo + 02

where 6y, is the initial wrap angle. The tension difference
between two cables is:
AT =Ty — Ty
= [T, + kAl n21 — [T, — kAL /n1a
Combining Eq. (15), Eq. (16) and Eq. (17):

a7

AT :eu91 sign(él) (eu9W0 sig‘n(él) + efuewo sign(91)> kAL

+ e'uﬂl sign(él)Tp (equW() sign(él) _ eu9W0 sign(él))
(18)
Link 1 is driven passively by CCP, so the cable tension
difference can be regarded as the joint driving force. Similar
to the Eq. (8), the relationship of cable tension-torque is
obtained:

.= ATr
:eu01 sign(él) (euewo sign(él) + e—u9w0 sig11(91>) kj?“QAQ

+ euﬁl sig11(91>Tp (e—u9W0 sign(él) _ euewo sign(él)> r
) (19)
When #; > 0 and 7, = 0, it is called static equilibrium
state I, then:

(6“0““0 + 67“9“'0) krAOT + T, (efuawo -

eugwo) =0
(20)

where AfV is the joint synchronous rotation error of the

static equilibrium state 1. Then the joint 1 is fixed and an

infinitely small external force is exerted on the joint 1:

o7 =%t (00 4 e 0w0) kr? (A + 56)

T, (et — ) e
= (¢ 4 =) k250
The equivalent stiffness of the joint is:
k;;“"“ - % = e (euewo + e_uewo) kr? (22)

When the joint rotates in the opposite direction, 0, <0
and 7. = 0, it is called static equilibrium state II, then:

(6“9‘“J + e‘“ewo) krA0~ + 1T, (e“ew" — e‘“QW") =0
(23)
where AA~ is the joint synchronous rotation error of the
static equilibrium state II. The equivalent joint stiffness of
the joint inverse movement can also be obtained:

—uby (euewo + efuﬁwo) :ZCT’Q (24)

equal =€

It can be seen that the equivalent stiffness of the joint is not
only related to the elastic coefficient of cable and the radius
of pulley, but also the friction coefficient and the initial wrap



angle. In addition, the stiffness of the manipulator is also
related to the rotation angle of joint. Therefore, the equivalent
stiffness varies with the configuration of robot. When the
movement direction of the joint changes, the joint stiffness
changes dramatically. The Fig. 7 shows the joint stiffness
with the relationship of joint angle and angular velocity.

500

450

equal (Nm/rad)

400
0.2

e

Fig. 7. Joint stiffness with joint angle and angular velocity.

Since the joint 2 is driving joint and joint 1 is passive
joint. When joint 2 starts to rotate in the opposite direction,
joint 1 will not immediately rotate in the opposite direction
until the direction of the friction force changes. Similar to
the backlash with gear transmission, the difference in rotation
angle of joint 2 can be regarded as the backlash of the cable
pulley transmission system.

2T, (eﬂr"wo —e~%0wo )

(e“ewo +e—u0wo )kr

AT — A =

(25)

The cable-pulley friction makes the robot have a
large transmission hysteresis when the movement direction
changes. The transmission backlash is related to the initial
pretension of the cable and the initial wrap angle. Increasing
the radius of the pulley or the stiffness of the cable can
reduce the transmission backlash.

IV. DYNAMICS MODELING
A. An Improved LuGre Dynamic Friction Model

The friction model of the cable pulley obtained by Eq. (13)
does not consider the situation that the relative velocity is
equal to zero. The friction is discontinuous when the velocity
direction changes. It is unable to deal with the friction change
in the process of joint reverse movement. Rone et al. [25]
uses the saturation function to replace the sign function, so
that the friction force is continuous at the speed equal to
Zero.

|’U| < Vthreshod
|’U| Z Uthreshod

v / Vthreshod

sign(v) (26)

sat(v) = {

Palli et al. [26] uses tanh(v) to avoid numerical problems
in simulation. However, these models are all static friction
models and cannot simulate Stribeck effect and hysteresis
that occur in the system. The LuGre [27] model is a dynamic

friction model, which can give a more realistic description
of friction changes.

f=09z4+ 012+ o2v

oolv|

g9(v)

9(v) = fo+ (fa = fo) e @/

where f is the friction force and z is the state variable that de-
notes the average bristle deflection. v is the relative velocity
of the two contact surfaces. The function models the Stribeck
effect and g(v) > 0. g, 01 and oy are elastic stiffness,
damping and viscous friction parameter, respectively. f. and
fs are Coulomb friction and the maximum static friction,
respectively. vy is Stribeck velocity.

The cable and pulley are in line contact, and the calcula-
tion of the friction needs to be integrated along the pulley
path. In order to extend the LuGre model to a line contact
dynamic friction model, several improvements have been
made to the LuGre model given in Eq. (27). The basic idea is
to take the friction force as a whole, equivalent LuGre model
parameters are obtained by combining cable-pulley static
friction model, thus the LuGre friction model is extended to
dynamic friction model suitable for calculating cable-pulley
friction.

Improvement 1: Combining the Eq. (13), the equivalent
Coulomb friction force is obtained ,with f. = T}, — Tow =
Tin (1 — e~ ueOmwsien(v))  In addition, a sufficiently small
damping term ¢ is added to avoid the numerical problems.

fc:Tin

zZ=v—

27)

— Tow = Tin (1 — e7"ebmien®)) e (28)

Improvement 2: Since the static friction force is difficult to
obtain, the friction coefficient is determined by the material
of the two contact surfaces, the equivalent maximum static
friction force is defined as follows:

fs = %zfc

where u, is coefficient of static friction.

(29)

B. Dynamics and Numerical Simulation

Generally, the input of dynamics is the motor drive torque.
For the synchronous rotation test platform, joint 2 is the
active drive joint and joint 1 is the passive drive joint. For
joint 1, the torque generated by the cable force is the joint
drive torque, and the cable tension-torque relationship is

Te= (To1 —Tu1)r (30)

In order to facilitate the follow-up analysis and experi-
ment, the angle of joint 2 is taken as the system input, and the
static friction model in Eq. (14) is replaced by the dynamic
friction model:

To1 = T51 — f21,1uGre
T22 = Tp + kr (U — 91)
Toz = T2 — f221uGre

T11 = T2 — f11,1uGre
T12 = Tp — kr (u — 91)
T3 = T2 — f12,1uGre

€2y



where u is the angle input of joint 2. f.) 1uGre is the improved
LuGre dynamic friction model obtained in the previous
section. Combine Eq. (30) and Eq. (31):

Te = (2kr (u — 01) + f11,LuGre — f21,LuGre)T (32)
The dynamic equation of link 1 is as follows:
Jél + T jointl = T¢ (33)

where J is inertia of the link 1. 7y join1 is joint 1 friction, and
satisfies the Eq. (27). Define the state variable as follows:

. T

x=[6 6 2" ] (34)

T )
where Z = [ 211 212 221 222 Zjoit | . The equation
of state is obtained:

é} 6,
X = 0, —_ T(:—y,joint] (35)
Z V—O'()|V|®g(V)OZ
. . . . . T
where v = [r@l rfy —1rl; — 10y 91] , © and o are

Hadamard division and product.

The Runge-Kutta method is used to solve the above first-
order differential equation. The system parameters are shown
in Table II. The setting of the LuGre parameters of the cable
pulley is shown in Table III. The joint friction LuGre param-
eters define with og = 1000, o1 = 10, vs = 0.01rad/s, the
others are zero. System input u = 65(¢t) = 10sin(0.57t).

TABLE II
CCSRM PARAMETERS

Parameter names Values
Cable elastic coefficient k 1e6N/m
Cable initial pretension T} 50N

Pulley radius r 0.012m
Initial wrap angle 6Oy, 1.69rad
Link inertia J 0.01kgm?

TABLE III
CABLE-PULLEY LUGRE PARAMETERS

g0 g1 g2 1229 s Vs
le6 1000 500 0.15 0.18 5e—5m/s

Fig. 8(a) shows the simulation results of joint rotation
angle and synchronous rotation error. During the start-up
phase, the synchronous rotation error gradually increases.
This is because the transmission of cable tension to the
distal end needs to overcome the friction force first, so
that the tension distribution of the cable changes greatly,
and the deformation of the cable causes the synchronization
rotation error. The error is related to the initial tension
distribution of the cable. In the reverse rotation phase, the
change of synchronous rotation error approximately equals
to the backlash calculated in Eq. (25). Fig. 8(b) shows the

—0
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Fig. 8. Simulation. (a) Joint angle and error. (b) Phase
diagram of rotation angle of adjacent joints.
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Fig. 9. Force. (a) Tension distribution of CCP. (b) Cable-
pulley friction.
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joint rotation angle phase diagram, and the CCSRM shows
great hysteresis characteristics.

The tension distribution of CCP is shown in Fig. 9(a). The
cable tightens and relaxes alternately during the movement.
Fig. 9(b) is the cable-pulley friction, the part inside the
dotted line shows the Stribeck phenomenon, which can’t be
described by static friction model.

V. EXPERIMENT
A. Experiment Setup

As shown in Fig. 10, three tension sensors are installed
on each cable. High-precision photoelectric encoder with
17-bit is installed on each joint. Joint 2 is driven by the
Maxon motor. The anchor of the cable is equipped with
adjustable screws to adjust the pretension force of the cable.
A STM32 microcontrollers is used as the controller, which
sends instructions to the motor driver through CAN bus,
reads the encoder signals through SPI protocol and collects
the tension sensor data through ADC.

B. Identification of Cable Elastic Coefficient

The theoretical calculation formula for the elastic coef-
ficient of the cable is k¥ = EA/ly. However, the cable
is composed of multiple steel wires with gaps between
the wires. And the cable’s cross-section area is difficult
to calculate accurately. In addition, the cable needs to be
pre-stretched before using. Different pre-stretched methods
and the gaps in the system will affect the cable’s elastic
coefficient. Therefore, in general, the elastic coefficient of
cable is usually in a range.

In order to obtain accurate cable’s elastic coefficient, the
synchronous rotation test platform can be used to measure.



Fig. 10. Experiment prototype.

According to Eq. (14), the cable tension of section Lo is
proportional to the synchronous rotation error of the joint.
The proportional coefficient is the elastic coefficient:

k= To2—Typ

rAO (36)

However, the synchronous rotation error of the joint is
zero at some moment, the elastic coefficient of cable cannot
be obtained directly by the Eq. (36). The MATLAB opti-
mization tool fmincon function is used to identify the elastic
coefficient, the objective function is defined as follows:

. N . .
min % Zizl(TZemper(Z) - TQ,sim(Z))z

where Tb gim (1) = tp + krA0(i), Th eqp is the experiment
tension data of section Lo of cable2, N is total number of
samples from experimental results.

Since the identification of cable elastic coefficient needs
to get the joint synchronous rotation error first, in this
experiment, high-precision encoders are installed on both
joints to calculate Af(i). Manually rotate the joints to collect
the corresponding experimental data.

Fig. 11(a) is the experimental data of joint angle and joint
synchronous rotation error. When the joint rotates in reverse
direction, the joint synchronous rotation error is large and
the maximum joint synchronous rotation error is 1.56°. Fig.
11(b) shows the phase diagram of the adjacent joint angles.
It is shown that obvious hysteresis characteristics of the joint
motion transmission exists.
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Fig. 11. Experiment. (a) Joint angle and error. (b) Phase
diagram of rotation angle of adjacent joints.
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Fig. 12. Tension comparison of cable 2.

The final identification result is & = 5.023e4N/m. Fig.
12 shows the comparison between the experimental and the
simulation of the cable tension using identification result.

C. Identification of Coulomb Friction Coefficient

From the Eq. (13), the Coulomb friction coefficient is
obtained as follows:

U = ‘ln (?—“{:) /Owrap ‘

Joint 2 is driven by motor, joint 1 is equipped with a
high-precision encoder and driven by CCP. Fig. 13(a) shows
the rotation angle of joint 1. It can be seen that when joint
2 rotates in the reverse direction, joint 1 will not rotate in
the reverse direction immediately. Joint 1 remains stationary
for a period of time, that is, a large gap appears during the
turning process. Fig. 13(b) shows the change of cable tension
distribution.

(38)

20 Y 120

Tension(N)

-40

Fig. 13. Experiment data. (a) The angle of joint 1. (b) Tension
distribution.

The result of identification is shown in Fig. 14(a), u’,, =
0.178, u, 9y = 0.155. The area with sharp spines corresponds
to the reverse rotation process of the joint, so it can be
neglected. The cable is composed of multiple steel wires,
the contact surface of the cable is different when the cable
moves forward and backward, so the friction coefficient is
slightly different. In addition, if the friction between cable
and pulley is too large, debris will be generated at the contact
part after several tests. In order to reduce the friction loss,
lubricating oil is added to the contact parts. So the result
is smaller than the usually friction coefficient of cable and
aluminum, while it does not affect the identification method.

Combined with the dynamic friction coefficient obtained
from the identification, the simulation and experiment results
are shown in Fig. 14(b), It can be seen that the LuGre friction



model can simulate the actual friction well. One possible
reason for the difference is that only the deformation of
the middle part of the cable is considered in the modeling
process.

0.25

Friction(N)

(s) i(s)
() (b)

Fig. 14. Identification. (a) Coulomb friction coefficient iden-

tification. (b) Experimental friction and simulated LuGre

friction comparison.

VI. CONCLUSION

The CCSRM is an ingenious design that can realize the
miniaturization of the synchronizing unit, and realizes ap-
proximately synchronous rotation of two joints through two
anti-cables. However, the introduction of CCP also greatly
increases the complexity of the system. Rotation errors
caused by friction between cables and pulleys and elastic
deformation of cables will seriously affect the positioning
accuracy of robots. The difficulty in modeling CCSRM is
the handling of cables. First, we review the design principle
of CCSRM, and established the statics model of CCSRM
according to the characteristics of cables’ arrangement and
friction. Then, we improve the LuGre friction model to solve
the problem of discontinuous friction in reverse rotation,
and establish the dynamic model of CCSRM. The dynamic
simulation analysis further proves that the synchronous
mechanism has strong hysteresis characteristics. Finally, a
synchronous rotating experimental prototype is built, the
stiffness coefficient of cable and dynamic friction coefficient
in the experimental system are identified. The correctness of
the proposed modeling method is verified. We focus on the
modeling of CCSRM in this article, in the future, we will
continue to study the dynamic modeling and control method
of the whole robot system composed of CCSRM.
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