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Modeling and Experimental Verification of a
Cable-Driven Rolling Joint System Considering
Preload and Friction Effect

Song Zeng “?, Yixin Zhang *, Shaoping Wang

Abstract—In the realm of cable-driven robotics, the
cable-driven rolling joint (CDRJ) is a transformative in-
novation that effectively increases stiffness based on
biomimicry while maintaining the robot’s slim and light-
weight structure. This study presents a comprehensive
model of CDRJ that meticulously considers the effects of
cable friction, integrating the influences of cable preten-
sion, elastic deformation, and the frictional interaction be-
tween the cable and the pulley on the system’s perfor-
mance. The research delves into the distribution law of
cable tension influenced by frictional forces and the con-
sequential motion hysteresis observed during reverse ro-
tation. An enhanced LuGre friction model is introduced to
address the complexities of line contact friction between
cables and pulleys. Building upon this, a dynamic model of
CDRUJ is established, capturing the motion characteristics
throughout the process, including the discontinuous fric-
tion phenomena inherent in reverse rotation. This article
culminates with the construction of an experimental pro-
totype of a cable rolling joint system, through which the
friction coefficient is determined. Experimental results cor-
roborate the dynamic model’s proficiency in simulating the
motion characteristics of CDRJ, underscoring its poten-
tial for accurate tension prediction and force assessment
within intricate pulley systems. Meanwhile, the general-
ized model of the pulley—cable system developed in this
research may be applied in the fields of biomechanics,
prosthetics, and bionic design, providing new insights into
various cable-driven systems.

Index Terms—Bionic, cable-driven rolling joint (CDRJ),
friction analysis, preload, tension distribution.
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[. INTRODUCTION

anisms are esteemed for their minimal mass, economical
nature, and proficiency in transmitting power across extensive
distances [1]. These mechanisms are particularly integral to the
functionality of surgical robots and interactive robotic arms [2],
[3]. The cable-driven rolling joint (CDRJ) is a new type of bionic
motion structure that improves joint output stiffness through a
tension amplification mechanism. Many scholars have proposed
humanoid mechanical upper and lower limbs containing rolling
joints [4], [5], [6], [7], but they are mainly structural optimization
and discussion of stiffness. Nonetheless, the inherent limitations
of cable rigidity and tensile strength necessitate the development
of strategies to bolster operational safety and diminish the like-
lihood of cable failure [8]. However, the constraints imposed by
the compactness of design and budgetary considerations render
the incorporation of supplementary sensors for tension monitor-
ing impractical [9]. Consequently, enhancing the precision of the
system’s model for tension prediction and estimation is impera-
tive. Current models of cable and pulley systems predominantly
focus on localized analyses, examining individual pulleys and
cables without accounting for the overarching pulley layout’s
influence.

At present, many studies have done related work on the
modeling of pulleys and cable bodies. Yuan et al. [10] con-
ducted static and dynamic stiffness analyses for a long-span
cable-driven mechanism, where the cable’s mass and elastic-
ity could not be disregarded. Qi et al. [11] developed mo-
tion models for flexible cables, accounting for changes in
length, and carried out coupled motion analyses between ca-
bles and winches or pulleys. Peng et al. [12] introduced an
efficient multibody modeling approach for cable—pulley sys-
tems with friction, introducing a variable-length cable ele-
ment with movable nodes. In large-scale cable-driven sys-
tems, cable quality and deformation significantly impact system
response. Commonly used cable modeling methods include
the finite-element method and the absolute node coordinate
method [13]. However, in miniaturized cable-driven systems,
the cables employed are typically small in length and size,
with the mass effect during movement being negligible [14].
Under the aforementioned cable bearing system, it basically only
involves the static or dynamic deformation analysis of the cable,
and there is little consideration for the friction of the cable pulley
and the preload of the cable, and it is often difficult to make a
more accurate evaluation of the system state.

In terms of the contact characteristics of pulleys and cables,
two prevalent friction models are employed to describe the

IN the realm of modern engineering, cable-driven mech-
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friction between pulleys and cables. The first model is Euler’s
model [15], which elegantly expresses tension over the pulley
or capstan as a decaying exponential function. Ju and Choo [16]
introduced a parametric superelement model where cables pass
through multiple pulleys based on the Euler model, primarily
used for static analysis under heavy loads. The second friction
model, proposed by Grashof [17], refines Euler’s model by
dividing the contact arc into the adhesion arc and the sliding arc
[18]. In the adhesion arc, the tension remains constant, while
in the sliding arc, the tension varies following the exponential
function just like Euler’s model. Cho et al. [19] illustrated
the relevant deformation based on the Grashof model. The
current cable—pulley models are analyzed by the static friction
model, and the sliding friction is mainly considered. In general
mechanical systems, dynamic friction models are widely used
to capture more properties of the system by using additional
state variables. Pennestri et al. [20] introduced the currently
widely used dynamic friction models, such as Dahl model,
LuGre model, Gonthier model, etc. The LuGre model is an
extension of the Dahl model, which captures the Stribeck effect
and, therefore, can describe stick—slip motion. The LuGre model
contains only a few parameters and can, therefore, be easily
matched to experimental data [21].

In this article, we conduct a detailed study of the design
analysis and cable system modeling methods of CDRJ and
illustrate three contributions. First, a rolling joint mechanism
was analyzed, the kinematic and dynamic models satisfying
the rolling joint were solved, and the relationship between
joint torque and cable system tension was deduced. Second,
a novel pulley and cable system modeling method is proposed,
which can simplify the complex pulley system and iteratively
solve the tension value of any node and element of the cable
system. In addition, the improved LuGre sliding friction model
and the rolling friction model were used to solve the overall
friction problem of the cable—pulley line contact. This model
can accurately reflect the changes in cable tension through the
pulley. On this basis, a rolling joint experimental platform was
established to verify the model.

The rest of this article is organized as follows. Section Il intro-
duces the proposed bilateral conjugate rolling joint. Section III
introduces the nodal element cable tension model, considering
the friction effect and preload. Section IV deeply analyzes the
impact of rolling friction and sliding friction models on the sys-
tem. Section V establishes a rolling joint experimental platform
to validate our model simulation results. Finally, Section VI
concludes this article.

[I. ANALYSIS OF THE CDRJ SYSTEM

A. Introduction to Rolling Joints and Cable Systems

In pursuit of augmented joint torque and heightened energy
efficiency without surplus motors, recent scholarly endeavors
have introduced a rolling joint structure; it is widely used in
cable-driven elbow joints and knee joints of upper and lower
limbs [7], [22]. By leveraging the opposing characteristics of
cables, it becomes possible to ensure that as one side of the
cable changes length during movement, the other side adjusts
accordingly. This article proposes an implementation method of
rolling joints based on conjugate gears, as shown in Fig. 1(a),
which can improve the overall stiffness and operational stability
while ensuring pure rolling characteristics. At the same time, a
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Fig. 1. (a) Conjugate gear rolling joint. (b) Pulley layout system.
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Fig. 2. (a) Tension amplification principle. (b) Rolling joint mechanism.

n is the number of cable windings, Az is the cable length change of
joint, Az, is the cable length change of the winch, T}, is the tension
of one single cable, Tyt is the joint output tension, Kqpe is the stiffness
of the one single cable, and Ko is the joint output stiffness.

symmetrical pulley cable layout method is proposed, as shown
in Fig. 1(b).

The pulley’s symmetry ensures that elongated and contracted
cables maintain the same length and speed. The rolling joint
mainly consists of two parts, which pass through the independent
cable systems of the upper and lower fixed pulleys and the
movable pulley, respectively, and the first ends of both the cable
systems are fixed at the edge of the motor winch, and the ends are
fixed at the rolling joint. When the upper cable length decreases,
the lower cable length correspondingly increases, while the joint
angle changes; in this process, the dynamic pulley position
changes with the change of joint angle, while the number of
cables turns wound on the dynamic fixed pulley will affect the
overall operating speed and efficiency. Furthermore, cables with
varying number of turns can enhance the force on the pulley,
creating a combined effect akin to that of both the movable and
static pulleys. As depicted in Fig. 2, these parameters adhere to
the following relationship:

AZoy = Azin/n

Tow = nTiy

Kcable == ﬂn/AIin

Kouw = Tout/Axout = TLZT,‘HAZ‘,‘“ = nchable~ (1)

B. Joint Kinematics

As shown in Fig. 3(a), we can get the overall relationship
between the rolling joint motion angle and the cable length.
When 0 is zero, lyp and lgown have the same length as nd.

According to the simplified winding method [see Fig. 3(b)],
the following relationship can be obtained:

lyp = n(d — wsin )
ldown = n(d + wsin 6)
Al = Alyp = —Algown = nwsind
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Fig. 3. (a) Joint motion analysis, Iyp is the total length of the upper
cables, l4own is the total length of the lower cables, Al is the change in
length of the upper and lower sets of cables, d is the diameter of the
rolling surface, w is the installation width of the pulley, 6 is the link angle,
n is the number of winding turns. (b) Cable length analysis ignoring
the pulley radius, Iyp pase iS the length of the remaining part except for
the cable of the pulley. (c) Cable length analysis considering the pulley
radius, r, is the pulley radius, and I, Iy, [, L4, and [, are the lengths of
the parts in contact with the pulley, respectively.

f = arcsin (Al) . )
nw

As shown in Fig. 3(c), considering the size of the guide pulley
and assuming an even number of n (here, n = 2), the actual wire
length liy is

Zlotal = lup_base + la + lup/z + lb + lup/z + lc + ld
= lupfbase + lup + (27TTp - le)- 3)

When the bending angle 6 changes, only the lengths [, and ..
adjust accordingly, while the other lengths remain constant. With
an even number of turns, the actual wire length, o, is solely
dependent on [j.f, mirroring the movement of the simplified
winding. The elongation and contraction of the cables at both
the ends are symmetric. In principle, a pretensioning mechanism
is not necessary to prevent cable slack, but the total cable length
must be adjusted to establish the desired cable pretensioning
force.

C. Joint Dynamics

Establishing a dynamic model for the cable can be more com-
plex, primarily due to its stiffness. To simplify the analysis pro-
cess in cable-driven manipulator control and modeling, cables
are often treated as rigid, neglecting their mass and deformation,
as seen in the literature [5], [23]. Given the relatively small scale
of the cable-driven joint system and the limited inner diameter
and length of the cable used, the cable’s mass is negligible
compared to the joint and the load. Therefore, only the impact
of its deformation is considered.

Following principles from Newtonian and Lagrangian me-
chanics, the fundamental dynamic model for the mechanical
arm joint is as follows:

= D(q)i+ Clq,q) + G(q) )

where 7 is the joint moment, D(q) is the nxn mass matrix of
the joint, C'(q, ¢) are nx 1 centrifugal force and Coriolis force
vectors, and G/(g) is the gravity vector of nx 1.

As depicted in Fig. 3(a), the pure rolling meshing process of
the conjugate gear leads to the joint’s angular velocity being
twice the rotational angular velocity of the gear. This design

approach effectively expands the joint’s range of motion within
the limited rotation range of the gear. With a load, the joint can
achieve a range of motion within 45°, and the end load can have
a motion range of 180°. Assuming that the rolling components
can be approximated as circular and disregarding the masses and
radius of the pulley and the cable, as well as the deformations and
frictions of the end cable, the joint dynamics can be described
using the Lagrange dynamic equation. The rotational kinetic
energy and moment of inertia can be determined using the
following formulas:

1 . 1 .2 .
KVJ'Oim = 5101'92 + 5102 (29) = 3mjoint92R2- (5)

When the initial horizontal position is considered as the zero
point of potential energy, the joint’s potential energy can be
calculated as

Pioint = Mjointg - (2R) sin 6. (6)

Likewise, the kinetic energy and the potential energy of the
end load can be determined as follows, with L  representing the
distance between the end load and the center of the joint:

5 .
Kioad = (zLdz +2R* + 2L4R cos 9) mload¢92 (7)

Poad = mloadg(ZR sin@ + L, sin 29) ®)

By substituting into the Lagrange kinetic equation, the driving
moment 7y of the joint is equal to the product of the tension
difference 7 between the upper and lower sets of cables and the
moment arm

[6mjoinc R+ (SLa* +4R*+4 L4 R cosf)miugad 6 —2L4R sind

Mioadd* +2g [Mjoint R €08 0+mMigad (R cos 04 Lg cos 20)] =1g.
9

Considering that the tension difference at the tension ampli-
fication pulley forms the active moment driving the joint, it can
be expressed as

w
Tdifference 2 cos ) = 7y. (10)

Therefore, it can be seen from (10) that the output torque of
the joint is related to the tension difference between the upper
and lower cable systems and the angle of the joint. The tension
difference between the upper and lower cables can be solved
inversely through the dynamic equation in (9).

[ll. MODELING OF THE CABLE—PULLEY SYSTEM

Despite the diverse layouts and applications of cable-driven
systems, their fundamental components primarily consist of
winches, cables, pulleys, and fixed anchor points. As a result,
leveraging the node element concept from the finite-element
method allows for the simplification and solution of complex
systems through iterative methods [24]. The current pulley node
finite-element analysis scenarios are mainly for cranes, transmis-
sion lines, parachutes, and other cable bearing systems; most of
the existing models are analyzed only for the static mechanics,
without considering the dynamic problems. At present, this
kind of sliding cable system does not involve the cable preload
problem.

Due to the tension amplification joint in the CDRJ system, the
number of pulleys contained in the system is far more than that
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i(i=1,..,n)

i(i=1,...n)

Fig. 4. System node element and tension transfer model.

of the traditional pulley system. In order to comprehensively
analyze the influence of the overall pulley—cable system, the
finite-element iteration method can more accurately capture
the complex mechanical and kinematic characteristics of the
system. Especially, in the case of multiple factors, such as
cable length change, preload, tension, friction, and pulley sys-
tem, the finite-element iteration method provides more refined
simulation results through segmented simulation and stepwise
approximation. To the best of our knowledge, this article is the
first to incorporate a finite-element iterative method applied to
a similar rolling joint cable-driven analysis scenario.

Fig. 4 illustrates the elastic deformation of a continuous cable
passing through multiple intermediate pulleys, which are affixed
to brackets. The entire system comprises n nodes, n — 1 cables,
and n — 2 pulleys. The cable can transition from one side of the
pulley to the other due to pulley rotation, cable sliding friction,
or acombination of both. It can be assumed that when the cable’s
length between two nodes greatly exceeds the pulley’s winding
length, cable elongation primarily concentrates in the middle
section of the cable (i) and is influenced by both the preceding
and succeeding pulleys. The transfer length of the pulley is
denoted as s; (2 = 2,...,n—1), with sy =5, = 0. The
entire pulley system may consist of both the fixed and movable
pulleys, resulting in node displacement u; (i = 1,2,...,n),
particularly when the adjacent pulley is a fixed pulley or a fixed
anchor point, where u; = 0.

During the model construction and experiments, the following
assumptions were made to simplify the system structure and
analysis process.

1) The cable exhibits linear elongation under small defor-
mations.

2) The modulus of elasticity and the cross-sectional area of
the cable change negligibly during the motion.

3) The mass of the cable is negligible and, hence, not con-
sidered in the calculations.

A. Cable Element and Pulley Node Force Modeling

Simultaneously, the cable forces acting on each node are

recorded as fi(l), where the subscript i denotes the ith node,
and the superscript (i) designates the ith section of the cable.
Many prior studies [25], [26] have developed dynamic models
for cable-actuated robotic manipulators featuring elastic cables.
In these models, the elastic cable connecting two pulleys is
typically represented by a linear spring. However, linear springs
can apply both the tensile and compressive forces, which may
not accurately reflect the actual properties of tendons. In this
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study, we propose a method for modeling unidirectional forces
in tendons.

Fig. 4 illustrates the process of generating cable tension
through cable deformation and movement between adjacent pul-
ley blocks. Let us assume that the deformation resulting from the
initial preload force on each section is denoted as ug ; + So,;, and
the corresponding tension is g ; = k(i)(uoj + 50,0 — U0,i4+1 —
50,i+1). When applying the preload force to maintain the joint
in its initial position, where u; = 0 (i = 1,2,...,n), only the
pulley segment experiences minor displacements. These cumu-
lative small displacements are subsequently fixedly constrained
by the end anchor points.

If the positive rotation of the pulley is defined as the counter-
clockwise rotation of the pulley, then for a small angle of rotation
of the pulley, the magnitude of the tension in the ith cable is ¢;

(1)

It can be noted that I'*(z) returns its value only when the
argument is positive. Otherwise, 't () gives zero value.

Since the cable can only take axial tension, the forces on both
the sides of the same cable unit are equal in value but opposite in
direction; the relationship between cable deformation and force
can be established as

fz(l) B k(l) _k(z) U, —+ 80,i — Ui — S
fi(j-)l T =ED B | woi + S0,i41 — Wi — Sig1 [

(12)
Substituting the expression of ¢ ; into (12) and deforming the
matrix yields

t, = I‘+{t0’i — k(t) (’Uq + 8; — Ui4+1 — Si+1)}.

(i) (i) i
o b =138 § K0 {1 U _1] o
fish Lo,it1 -1 1 =11 8

' Sit1

(13)
where fl-(l), u;,8;, and fi(fl,uq;+l,5i+l are the axial force, dis-
placement, and the wrap length atnodes 7 and ¢ + 1, respectively.
The nominal stiffness of the subelement k(¥ is defined as

o EDA®

=70 (14)

where £V, A® and L) are Young’s modulus, cross-sectional
area, and length of the subelement, respectively. If the modulus
of elasticity and the cross-sectional area of the cable change
negligibly during the motion, when the length of the cable
between adjacent nodes changes, the stiffness of each cable
segment also changes.

Transforming nodal forces and displacements from local
subelement coordinates to global coordinates gives

{téf% - } _ P“) H { To) - F. } (15)
t(()fi-‘rl — fith 0 Al Ty — FiY

u; A0 00 A,
Ui+1 L _ | O A0 0 0 Ait
si (0o 0 10 5 (16)
Sit1 0 0 0 1 Si+1

where {ng)}, {F§21} and {A;}, {A,1} are the nodal force
and the displacement vectors at the global coordinate system,

respectively, as shown in Fig. 4 defined by (17) shown at the
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Fig. 5. (a) Simplified schematic diagram of a CDRJ system.
(b) Schematic diagram of tension amplification mechanism winding.

bottom of this page, where A is the transformation coefficient
corresponding to the local coordinate system to the global co-
ordinate system, which corresponds to the change of the node’s
displacement u; along the direction of cable motion and the
global displacement A;, while the cable length s; transferred by
the pulley wrap is always along the direction of cable motion.

By substituting (15) and (16) into (13) and using the orthogo-
nal property of the transformation matrix, the following element
matrix equation is obtained:

(mom) [
7 1 K3 1 (3 1
Ti—i—lin’-ﬁ—l 6x1 _kAA kAA _kAs kAs 6x%8
AV]

AVES)

s, (18)
Sit1 ) gy

() 0L o] [(®]  —roho]"
[kAALx3 K [X ] [k }’[kASLn k [)‘ }

(19)

Considering the force equilibrium conditions at each node,
the following equation for the node element can be obtained:

A
{T - F}3n><1 = [KAA KAS}3nx(4n—2){ S }
(4n—2)x1

(20)
where {T' — F'},,, ., and {A};, , are the conventional nodal
forces and displacements of the cable system, [Kaals,,,3,and
K A‘9]3n><(n72)’ which are, respectively, assembled from (18)

and (19), and {S},, ), is

{S}nzpr =52 53 Sna Saa]. (2D

Fig. 6. (a) Basic principles of cable and pulley winding. M is the driven
torque, T is the tension of the cable pull end, 75 is the tension of the
cable hold end, r is the radius of the pulley, and 3 is the transmission
wrap angle. (b) Cable passes through the node model on both sides of
the pulley.

The rolling joint system discussed represents a more complex
configuration within cable-driven mechanisms. Here, a single
motor drives two independently pretensioned cable systems,
with pulleys introducing significant variations in cable segment
length. The proposed model is applicable to most of the existing
cable-driven mechanisms. For example, in traditional hoisting
systems without pretension, the model can be applied by setting
pretension to zero. Similarly, in conventional serial or parallel
cable-driven robots, where each motor typically drives a single
cable and the guiding pulleys are fixed, the model can be sim-
plified to a scenario with a single pretension and zero pulley
node displacement. Consequently, this model is broadly appli-
cable to mechanisms incorporating pulley—cable systems, such
as cable-driven dexterous hands, robotic arms, and miniature
surgical robots.

B. Cable—Pulley Tension Transfer

When tension is transferred through the pulley, relative motion
occurs between the cable and the pulley. Friction influences this
process, resulting in a disparity in tension on both the sides;
the actual friction comes from the sliding friction between the
cables and pulleys and the rotational friction of the bearings.
The difference in tension is quantified by the transfer coefficient
7, as depicted in Fig. 6(a)

T, = nT. (22)

Consider the force at node 7, where cable elements ¢ — 1 and ¢
are connected to the ith pulley, as shown in Fig. 6(b). Substituting
into (13), the nodal axial force can be expressed as

(4) (5) j j
The system consists of two independent cable systems, as f J. — t(),j — k@ [ )‘(])‘ _)‘F‘7) -1
illustrated in Fig. 5(a). At the rolling joint, the cable is wound f](i)l t(()j’ j) +1 L N
multiple times through a tension amplification mechanism, as
shown in Fig. 5(b). By integrating the established tension dis- A
tribution and kinematic models, the relationship between the Aji (23)
elastic force of each cable element, pulley node displacement, Sj
and cable length changes can be determined. Sj+1
DY _ [ o) o@]T [\ _ [ i » 1T
(FOY =[50 50 @) AR} =[50, 8 9]
@\ _ |6 i o 1T @\ _ [,6G i i T
O} = i @ ] (T} = [ e 6] .

{
[w)} - [,\gj) RIPYC }

(Ui Uy Uzi]T,{Az'+1}=[um‘+l Uyit1 Uzi+l]T

)»;(L-i) = (Tit1 — mi)/L(i)a)"’!(ji) = (Yit1 — yi)/L(i)Jg) = (Zit1 — Zi)/L(i)
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where 7 = ¢ and ¢ — 1, corresponding to two adjacent cable
elements, respectively.

Based on (22), the axial force relationship of the two cable
elements at node 7 can be expressed as

fi(i) = *mfi(i_l)

where the negative sign results from the force convention in the
cable element, and 7); depends on the coefficient of friction and

(24)

the contact angle at the pulley. Substituting fi(i) and fi(ifl) in
(23) into (24) gives

O ﬁ't(ifl)} B B SN SYRSIE S SV QS S
0,4 190,45 _nik(i_]) nik(i—l) + k(Z) _k(i)
X [Ai,1

T
A Ai+1 5i+1]

(25)

Si—1 Si

with
[kgﬂ — @ [x(i)] )

Summating (25) for i = 2 to n—1 gives

A
{TO}(n—Z)xl = [Kia KSS](7L—2)><(47L—2){ s} :
(4n—2)x1

(26)
Asresult, (26) defines the relationship between node displace-
ment and pulley motion that is satisfied by the cable passing
through all the pulleys in the system. The specific expression of
the defined stiffness coefficient can be found in the Appendix.
Synthesizing the tension transfer relationship between the
cable element and both the sides of the pulley node, (27) gives
the final relationship between the general nodal displacements
and forces:

T - F} A
~ Kl 2o 2] 8 | @)
{ To (4n—2)x1 (n=2pdn=2)1 'S (4n—2)x1

K] = {KAA KAS] . (28)

KSA Kss
Thus, through the creation of an iterative equation, it becomes
possible to deduce the deformation of the cable and the tension
of each cable when the tension at any cable position, the preload
force, and the end cable’s movement displacement are known.
At the same time, it can be seen from (27) and (28) that with
the presence of friction between the cable and the pulley, the
stiffness matrix [K] is generally unsymmetrical. The specific
resultexpression of Kaa ,Kas,Ksa, and K, isreportedinthe
Appendix. This matrix will become symmetrical if the frictional

effect is negligible since [Ka,] = [K;a]", whenn = 1.

IV. FRICTION MODEL CONSIDERING SLIDING AND ROLLING
CONTACT

Classical Euler’s formula assumes that the pulley remains
fixed and does not rotate, causing the cable to contact all the areas
of the winch edge, resulting in pure sliding. In this case, the fric-
tion loss reaches the maximum value, and the transfer coefficient
reaches the minimum value, as shown in Fig. 7(b). However,
when the central pulley can rotate, the area where sliding friction
occurs between the cable and the edge of the pulley gradually
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Rotating

(b) ©

Fig. 7. Different cable—pulley friction model. (a) Tension transmission.
(b) Pure sliding. (c) Pure rotating.

decreases due to the presence of rolling bearings. Ideally, there
is no slippage between the cable and the pulley, causing friction
loss in the bearing motion, and the transmission coefficient
reaches the maximum value, as shown in Fig. 7(c). This article
comprehensively considers the friction loss of the rolling bearing
and the sliding friction caused by the cable—pulley contact and
evaluates the tension transfer coefficient.

A. Modeling With Sliding Friction

Consider a pulley fixed at the ground and a tendon around
it, as shown in Fig. 6(a), where an end of the tendon is pulled
with tension 77, while the other end is held with tension 75.When
impending motion, a differential element of the tendon is subject
to two tensions 7' + d7" and T on both the sides, the normal force
dN, and the friction d fs = p. dN, where . is the coefficient
of Columb friction. Force equilibrium on tangential and normal
components yields

dT Tdr
— = —p.dfsgn(v) — — =

6
- T —fjg pedfsgn(v) (29)

T(0) = Tye "*"") 0 <9 < 30)

where 3 is the contact angle. The friction force generated by the
sliding part is

fs =T —T(0) = Ty (1 — e Heboen(), (31)

When there is no rolling friction, the pulley is fixed and does
not rotate. The passive holding tension 75 is completely deter-
mined by the active pulling tension 77, the friction coefficient
e, and the contact angle 3. The amount of tension loss from 7}
to T3 is due to the friction force f,, applied along the path of the
contact

ns = e HePoEn(v), (32)

The cable—pulley friction model obtained by (31) does not
consider the case that the relative velocity is equal to zero. When
the direction of velocity changes, the friction is discontinuous. It
cannot deal with the friction changes during the reverse motion
of the joint. LuGre [21] model is a dynamic friction model, which
can more truly describe the change of friction

f=o00z+ 012+ ov
r=v— 2, (33)

9(v) = fot (fs = fo)e /v,

Equation (33) is the basic expression of the LuGre model,
where f is the friction force and z is the state variable repre-
senting the average bristle deflection. v is the relative velocity
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of the two contact surfaces. This function simulates the Stribeck
effectand g(v) > 0. 0y, 01, and o, are elastic stiffness, damping,
and viscous friction parameters, respectively. f. and f, are the
Coulomb friction and the maximum static friction, respectively.
vy 1s the Stribeck speed.

The cable and the pulley are in linear contact, and the cal-
culation of friction needs to be integrated along the pulley
path. To extend the LuGre model to the line contact dynamic
friction model, some improvements are made to the LuGre
model given in (33). The basic idea is to take the friction as
a whole and combine the cable—pulley static friction model to
get the equivalent LuGre model parameters, thus extending the
LuGre friction model into a dynamic friction model suitable for
calculating the cable—pulley friction. Inspired by Li et al. [27],
we have made some improvements to convert static friction into
the dynamic friction process.

Improvement 1: Combined with (30), the equivalent Coulomb
friction is obtained, and a sufficiently small damping term ¢ is
added to avoid numerical problems

fc =T —Touw = Tm(l - efucésgn(v)) + €. (34)

Improvement 2: Because the static friction is difficult to
obtain, the friction coefficient is determined by the materials
of the two contact surfaces, and the equivalent maximum static

friction is defined as follows:

1
fs:ic
He

(35)

where (1 is the static friction coefficient and p. is the Coulomb
friction coefficient.

Considering the steady-state sliding, the system satisfies z =
0, and zy = %ﬁ:) sgn(v). When ignoring viscous friction, there
is

f =002 = g(v)sgn(v)

= [fo + (ns/tte — V) fee~ @/ )sgn(v).  (36)

Then, we can get

na = 1 — (1 — e-redsn) 4 )7 4 <Z _ 1) /o)
(37
The parameters 6 and v are related to the pulley—cable con-
figuration and the motor drive, with a focus on the LuGre model
parameters: [, [ic, and v,. Given that the pulley—cable systems
typically utilize metallic cables and operate at relatively low
velocities, the ranges for s and p. are identified as [0.2, 0.4] and
[0.1, 0.3], respectively, while v, is generally below 0.1 mm/s.
The sensitivity analysis of these parameters, as illustrated in
Fig. 8, indicates that within these specified ranges, the dynamic
tension transmission coefficient exhibits an approximately linear
relationship with parameter variations, consistently remaining
above 0.8. This analysis demonstrates that despite the influence
of the LuGre model parameters 5, (4., and v, the model remains
robust and reliable, thereby validating its applicability and ef-
fectiveness in accurately representing the friction dynamics in
pulley—cable systems.

Sensitivity Analysis with Respeet to /s
0858

. 2 .
0 o 01 02 01
00z ™ os 02 ™ 005 0
", v, " \,

os
03
. LU
So6 / e 08 P =06
04 s 0
os
oMoy 0.1 0

Fig. 8. Sensitivity analysis of main parameters of the dynamic transfer
coefficient.

B. Modeling With Rolling Friction

When there is no sliding friction, the following equation is
valid:

N (T3, T3.6) = [Ty + Ta| = \/T? + T3 + 2\ Tycos 6 (38)

(Tl — Tz) Tp = fddN (39)

It can be seen from Fig. 7(c) that ¢ = m — 3, and set o =
rp/(fad); then, we substitute these two parameters into (38)
and (39)

(042—1)772—2(a2—cosﬁ)77+a2—1:O
a? —cos B — /(1 —cos B)(2a% — cos B — 1)
Nr = 5 .
ar—1

When considering both the sliding friction between the pulley
and the cable and the rolling friction of the bearing, the following
moment balance equation is satisfied:

(40)

(41)

(Tv = Th) rp = fadN + fsrp. (42)
The actual tension transfer coefficient 7 satisfies
Nr <1 <1 (43)

Different weighting factors are assigned to different friction
effects; define p as the sliding friction influence coefficient.
Define 7 = png + (1 — p)n,; different p values can be selected
to simulate changes in friction coefficient according to different
stress states.

C. Influence of Different Friction Effects

The effects of rolling friction and sliding friction on the
tension transmission of the system have been discussed. In
the simulation, the preload force of the upper and lower cable
systems is set to 20 N. When the system is completely influenced
by sliding friction, the coefficient p is set to 1. Conversely, when
the system is entirely affected by rolling friction, the coefficient
p is adjusted to 0.

As depicted in Fig. 9, the friction force exerts a substantial
impact on the tension of the cable. When solely considering the
bearing rolling friction, a notable disparity in tension between
the upper and lower cable systems is observed, signifying the
potential for a heightened driving force to be generated as the
joint transitions between states. Conversely, considering only
sliding friction, the tension in both the upper and lower cable
systems diminishes, with a more pronounced loss of tension in
the upper cable, highlighting a significant reduction in driving
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Fig. 9. Different friction effects. (a) Simple rolling friction (p = 0).
(b) Simple sliding friction (p = 1). ATyown is the tension difference for
downward movement and AT, is the tension difference for upward
movement.

Fig. 10. Experimental platform. The cable system is symmetrically
arranged vertically, and the black arrows are used to indicate the cable
winding order.

efficiency and force attributable to the influence of sliding fric-
tion. Furthermore, distinct driving forces are necessitated for
the upward and downward motion of the joints, with a greater
variance in tension observed during upward movement due to
the necessity of overcoming the gravitational forces acting on the
joints and their extremities. In contrast, the gravitational com-
ponent serves as the dominant driving force during downward
motion. Thus, it is imperative to establish an appropriate sliding
friction factor, denoted as p, in accordance with the specific
operational conditions.

V. SIMULATION AND EXPERIMENTAL VERIFICATION
A. Experimental Setup

The experimental platform is composed of two symmetrical
cable—pulley systems at the top and the bottom, featuring nine
nodes including seven pulley nodes and two end anchor nodes,
as illustrated in Fig. 10. Two 0.2-mm 304 stainless steel stranded
wires were used in the experiment. The elastic modulus of the
cable is about 200 GPa, the mass of the joint itself is about 0.2
kg, and the mass of the end effector load is about 0.3 kg. At the
cable’s end, a pretensioning device is connected, allowing for
the adjustment of the cable tension by rotating the end screws.
The preload force can be modified when stationary, with tension
measured by the tension sensor. The cable on the experimental
platform is wound around the tension amplifying pulley of the
rolling joint after passing through four guiding pulleys from
the motor end, where the pulleys are made of stainless steel,
and the pulley dimensions, bearing diameters, and pulley wrap
angles can be obtained from Table I. Li et al. [27] have a similar
configuration of cable—pulley contact; the LuGre parameters are
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TABLE |
PULLEY PARAMETERS

Pulley 2 3 4 5 6

Diameter (mm) 22 22 22 13 9

Bearing diameter 10 10 10 6 5
(mm)

W NN |
W O |0

Wrap angle(degree) 40.9 1054 32.1 577 0.6-78.5 180 90
TABLE Il
CABLE—PULLEY LUGRE PARAMETERS
() g1 g2 U Us Vs fa
le6 1000 500 0.15 020 5e-2m/s 0.01

Angle(Deg)

V(Deg/s)

Time(s)

(a) (b)

Fig. 11.  (a) Joint simulation movement. (b) Real joint movement.

shown in Table II. Based on the aforementioned configuration,
the joint motion simulation parameters are set to be consistent
with the actual joint motion process, as shown in Fig. 11.

Two sets of experiments are conducted, each involving dis-
tinct preload forces. The preload is accurately measured using
an end tension sensor while the system remains stationary.
Specifically:

1) first set: preload forces of Ty, = 23.52 N (upper cable)
and 1yown = 6.66 N (lower cable);

2) second set: preload forces of Ty, = 36.85 N (upper cable)
and Tyown = 26.26 N (lower cable).

The original experimental data are fitted using the MATLAB
Smoothdata function. To ensure a consistent benchmark, we
introduce the sliding friction influence factor p = 0.2. Finally,
we plot the parameter curves with respect to time and angle
for a comprehensive comparison between the experimental and
simulated results.

B. Validation of Cable Element Tension

The terminal cable element in our system is directly linked to
a tension sensor, allowing for a precise measurement of cable
tension. As depicted in Fig. 11, the tension sensor captures
the actual scatter plot alongside its corresponding fitted curve.
Simultaneously, a simulation curve represents the cable tension
throughout the movement process. Remarkably, the simulation
curve closely aligns with the actual measured fitting curve,
demonstrating a high level of consistency.
Throughout a complete movement cycle, we have the follow-
ing.
1) Upper cable tension: Initially, the upper cable tension
gradually increases, followed by a subsequent decrease.
Upon reversing the movement direction, there is a sudden
upward tension shift, succeeded by a gradual increase and
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Fig. 12.  Eighth cable element tension over time and angle with dif-
ferent preloads. (a) First set of preloads. (b) Second set of preloads.
(c) Errors of simulation data and experimental results.
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Fig. 13. Third pulley nodal force over time and angle with different
preloads. (a) First set of preloads. (b) Second set of preloads. (c) Errors
of simulation data and experimental results.

subsequent decrease. This tension profile resembles an
overall “M” curve.
2) Lower cable tension: Conversely, the lower cable tension
exhibits an inverted pattern, forming a distinct “W” curve.
Based on graphical analysis, under the first set of preload
forces, the average force error is 1.34 N, with an average relative
error rate of 13.65%. Under the second set of preload forces, the
average force error is 1.10 N, with an average relative error rate
of 4.44%. The error comparison charts in Fig. 12(c-1) and (c-2)
show that discrepancies between simulation and experimental
results are predominantly observed at three critical points: when
the joint angle reaches its maximum and minimum limits, and
when the maximum differential tension between the upper and
lower cables is achieved. At these positions, abrupt changes in
force and velocity occur, leading to increased errors. These errors
can be mitigated by ensuring smooth transitions and controlled
reversals in joint velocity. Furthermore, for the terminal cable
element, the hysteresis effect induced by joint reciprocation is
minimal, resulting in a strong correlation between the experi-
mental and simulation curves throughout the entire process.

C. Validation of Pulley Node Force

The nodal force exerted on the third pulley is derived from the
tension in adjacent cable elements, resulting in an overall tension
that surpasses that of a solitary cable. Fig. 13 depicts simulation

curves that are well aligned with the empirical data from the
tension sensor, demonstrating a high degree of consistency in
both quantitative values and the trend of changes. In contrast
to the tension discrepancies observed with end cable actuation,
the difference between symmetrical nodal forces becomes more
pronounced as the preload force increases.

From the graphical evaluation, the average force error under
the first set of preload forces is 2.58 N, with an average relative
error of 11.86%, and under the second set of preload forces,
the average force error is 2.68 N, with an average relative
error of 6.74%. As shown in Fig. 13(c-1) and (c-2), the error
exhibits periodic variation throughout the motion, indicating
that the hysteresis effect on the nodal force is pronounced due
to the cumulative influence of the forward cable elements and
nodes. Specific deviations, particularly during abrupt directional
changes at the joint, lead to significant fluctuations in cable
element tension and nodal force. The most considerable tension
error occurs during steering movements, likely due to minor
jamming within the cable system, causing rapid tension release
during reverse motion. In addition, the abrupt tension variation
in the nodal force depicted in Fig. 13 exceeds that of the terminal
cableelementin Fig. 12. This discrepancy arises because the sec-
ond node, being closer to the motor, experiences a swift tension
switch upon a shift in the motor’s rotational direction, which
immediately affects the third node. In contrast, the transmission
to the terminal cable is delayed and reduced in magnitude due
to frictional effects.

D. Validation of the Friction Model

The proposed node tension model reveals that when the
node force at any given node and the cable element tension
are known, the parameters of other nodes and elements can be
iteratively determined. In our simulation, a fixed value of p was
employed, yielding results consistent with the actual data trends.
Consequently, assuming that the sliding friction coefficient p for
the pulley cable remains unknown, we can obtain the sliding
friction coefficient under varying preloads through parameter
identification. We define the residual of the objective function
as follows:

Res = Z (F3_cal — F3_exp)*. (44)

F3_cal represents the third nodal force derived via itera-
tive computation from f8, while F3_exp denotes the force
ascertained through experimental measurement. The MAT-
LAB function fminbnd was employed to ascertain the mini-
mal value of a univariate function within a prescribed interval.
The optimization process yielded coefficients of p,, = 0.1114
and pgown = 0.3920 under the first preload force group, and
pup = 0.1100 and pygown = 0.1315 under the second preload
group. Incorporating these empirically determined sliding fric-
tion coefficients into the nodal tension distribution model facili-
tates the computation of the cable—pulley frictional forces under
the actual parameters discerned.

Fig. 14 illustrates the correlation between frictional variation
and the third node (corresponding to the second pulley) in rela-
tion to the cable. By substituting the empirically identified value
of p into the nodal element model, the frictional force for the
second pulley is derived. The observed variations closely mirror

Authorized licensed use limited to: Politecnico di Torino. Downloaded on November 27,2024 at 08:45:52 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

10

“2)

Fig. 14.  Second cable—pulley friction over time and angle with different
preloads. (a) First set of preloads. (b) Second set of preloads. (c) Errors
of simulation data and experimental results.

empirical outcomes, confirming that different preload configura-
tions significantly influence the system’s sliding friction factor,
p. As shown in Fig. 14(c-1) and (c-2), after substituting the
identified p, the error remains within a small range, although
it is still concentrated at the joint limit positions. According to
the graphical assessment, the average force error under the first
set of preload forces is 0.048 N, with an average relative error
of 15.78%. Under the second set of preload forces, the average
force error is 0.039 N, with an average relative error of 13.19%.

A substantial preload force ensures consistent cable tension,
precluding slackness and predominantly inducing rolling fric-
tion, which results in relatively uniform changes in frictional
force. Conversely, a minimal preload force increases the propen-
sity for cable slackness and slippage between the cable and the
pulley, with sliding friction prevailing and leading to marked
fluctuations in frictional force, thereby impacting the operational
stability of the system. Consequently, sustaining an optimal
preload force within the cable’s tensile strength threshold is
imperative not only for diminishing system hysteresis and en-
hancing joint actuation efficacy but also for ensuring operational
stability.

E. Discussion of the Proposed Model

Traditional finite-element methods discretize the cable into
nodes, requiring the consideration of both the number of pulleys
and the discretization points along the cable [11], leading to
substantial computational demands, particularly for complex
cable-driven systems. In addition, when using the classical Euler
friction model [15], the tension transmission coefficient between
nodes remains constant across varying preload forces and cable
velocities, introducing significant errors in tension and nodal
force calculations. Furthermore, most conventional models only
address systems where pulleys are fixed [19], maintaining con-
stant distances between nodes, which fails to account for the
macro-length variations in more intricate systems, such as those
involving rolling joints.

Unlike these traditional approaches, our proposed approach
models the pulley as natural node within continuous cables,
significantly reducing the number of finite-element nodes and
enhancing computational efficiency. While previous models typ-
ically focus on single-cable closed-loop systems and concentrate
nonlinear factors like friction at drive and joint pulleys [18],
our model iteratively accounts for the effects of all pulleys and
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cables, accommodating varying preload forces across multiple
independent cable systems. Unlike conventional models, which
often overlook simultaneous cable sliding friction and bearing
rolling friction [16], [19], [27], our extended LuGre model
incorporates these factors into pulley—cable line contact scenar-
ios. This approach more accurately captures dynamic changes
in the system, thereby improving the overall accuracy of the
results.

VI. CONCLUSION

This study designed a new type of cable-driven rolling joint
and proposed a new node element tension distribution model,
which greatly facilitates the analysis and solution of complex
cable-driven systems. This model ingeniously distills complex
pulley—cable assemblies into an intelligible array of nodes and
elements, meticulously considering the diverse influences of
preload forces and frictional dynamics. It employs an iterative
approach to infer the conditions of indeterminate node elements
based on established parameters. Our thorough investigation,
which integrates dynamic sliding and rolling friction as per the
LuGre model, has disclosed a pronounced impact of sliding
friction on the system’s efficacy in force transmission. The
establishment of a rolling joint experimental platform has cor-
roborated the model’s precision, underscoring its prognostic
value, especially in assessing the influence of preload force
on system tension. The findings elucidate a direct correlation
between heightened preload force and a reduced necessity for
driving force in joint actuation.

The model is an invaluable tool for assessing cables and
pulleys in space-constrained systems where tension sensors
cannot be installed. Although the current model relies on initial
preload input, future developments will allow for the direct
mapping of the system’s initial tension using cable stiffness
and spring deflection, eliminating the need for tension sensors.
However, it is crucial to recognize potential discrepancies due
to the static nature of friction model parameters compared to
real-world dynamics. Transient phenomena, such as changes in
joint direction, may also cause sudden shifts in cable tension and
nodal forces, diverging from the model’s predictions. The model
can be adapted to various robotic systems, including those used
in space exploration, where compact and reliable mechanisms
are critical. It also holds potential in biomechanics, prosthet-
ics, and bioinspired design, where precise force transmission
is essential. Future work will aim to further improve model
accuracy, perform preload identification, and address challenges
such as transient frictional effects. Expanding its scope across
interdisciplinary applications will advance mechatronics and
provide valuable insights for various scientific and engineering
fields.

APPENDIX

Based on the simplified pulley node and cable element model
in this article, the stiffness matrix coefficients between the
node force and the initial preload force matrix and the node
displacement and the pulley motion matrix are obtained through
sequential iterations

| Kaa Kag
[K] n |: KSA Kss :| ’

The specific expression is as follows:
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