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Abstract— Cable-driven joints proved to be an effective
solution in a wide variety of applications ranging from medical
to industrial fields where light structures, interaction with
unstructured and constrained environments and precise motion
are required. These requirements are achieved by moving the
actuators from joints to the robot chassis. Despite these positive
properties a cable-driven robotic arm requires a complex cable
routing within the entire structure to transmit motion to all
joints. The main effect of this routing is a friction phenomenon
which reduces the accuracy of the motion of the robotic device.
In this paper a bond-graph approach is presented to model a
family of cable-driven joints including a novel friction model
that can be easily implemented into a control algorithm to
compensate the friction forces induced by the rope sliding into
bushings.

I. INTRODUCTION

The most interesting characteristic of a cable-driven mech-
anism is the option to move actuators from joints to chassis
reducing the overall weight of the moving structure and
increasing the payload capability of the robot. This property
makes possible to assemble several joints together into a
hyper-redundant manipulator able to move into wide, but
constrained environments. Furthermore, the presence of ca-
bles introduces compliance in motion transmission increasing
the safety of interaction with unstructured environments.
All these attributes promote the cable-driven mechanism to
widespread in many applications. In medical field, where
accurate motion, dexterity and safe interaction are crucial
aspects, the cable-driven mechanism is adopted to realise
system for minimally invasive surgery [1]. In industrial fields,
cable-driven mechanisms appear in various application rang-
ing from a parallel robot for logistics [2] to hyper-redundant
robots for the inspection of complex and constrained devices
[3]–[5] or maintenance in harsh environment [6]–[8] that
cannot be reached by humans. In bio-inspired robots cable
driven mechanism are often used to mimic limb tendons [9].

One of the drawback of such mechanisms is the necessity
to route the cables all along the structure complicating the
design and introducing friction due to their interaction with
bushing and pulleys. Requirements on motion accuracy lead
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Fig. 1. Schematic of the cable-driven joint family considered in this work.

to define a precise model for cable-driven mechanism which
considers also friction phenomena.

This work focuses on modeling a family of cable-driven
joints in which the cable routing along the structure has been
fulfilled through bushings as shown in Fig 1. The bond-
graph approach [10], a graphical modeling technique, has
been selected to determine the dynamic equations of the
mechanism. Even if the bond-graph features fit perfectly
with cable-driven mechanisms there are few examples of
such mechanisms modeled through bond-graph [11]. This
approach allows to separately analyse the different parts
constituting the mechanism to better understand the phenom-
ena involved in each subsystem. A complete simulation of
the whole system can be obtained connecting together each
subsystem through power bonds. In this modeling framework
it is easy to understand how the friction forces act and
consequently how to include them in the dynamic equations.

Friction is one of classic, yet challenging problems in
practical system modeling. Several friction models have
been defined in literature: static friction model consists in
a combination of Coulomb, viscous, stiction and Stribeck
terms, and an accurate description of friction is given by
dynamic models such as Dahl or LuGree friction model [12].
For cable-driven mechanisms, friction forces produced by
pulleys can be modeled as a function of the cable tension,
velocity, wrap angle and number of pulleys [13]. An attempt
to define a general formulation for multi-node sliding cable
is presented in [14]. To describe the friction force produced
by sliding rope into bushing a modified version of the Dahl’s
model has been proposed [15]. However, aforementioned
models are not able to correctly describe the friction forces
generated by cables sliding into bushings or are too complex
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Fig. 2. General bond graph representation of a cable driven joints.
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Fig. 3. Bond graph describing the linear actuator model.

to be easily implemented in a real time controller.
In this paper a novel method to model the friction of a

cable sliding into a bushing is proposed; the aim is to define a
simple model that can accurately describe the friction forces
of sliding cable to eventually improve the performances of a
real time control algorithm for cable-driven mechanism. An
hardware prototype has been used to validate the proposed
model. The remainder of this paper is organised as follows:
in Section II the bond-graph modeling approach for cable-
driven joints is presented and the dynamic equations of the
system are derived. In Section III the mathematical friction
model for cables sliding into bushing is presented. Section IV
presents the hardware setup and the experimental tests per-
formed to identify the sliding rope friction coefficients, and
the simulation results are compared with the real device
behaviour. In Section V the conclusion is drawn and future
works are listed.

II. BOND-GRAPH MODELING OF CABLE DRIVEN
MECHANISM

A cable-driven joint can be seen as the connection of three
macro subsystems: a certain number of actuators, several
cables and a joint mechanism. The physical connection
among them can be represented in terms of generalised
efforts (e) and flows (f ) as illustrated in Fig. 2.

In this scenario the bond-graph approach allows to define
a model for each of these subsystems separately making
easier the understanding of the main phenomena involved
in all these parts isolating them to define identification
procedures to estimate uncertain parameters such as friction
or stiffness. Furthermore this technique makes it easy to
substitute different models of the same subsystem so as to
favor the accuracy or the speed of the simulation. From
the graphical representation of bond-graphs the dynamic
equations of each subsystem can be derived where the
state variables are represented by generalized momenta and
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Fig. 4. Bond graph describing the cable model.

Fig. 5. Cable driven joint tested during the experiments.

displacements. Finally each subsystem can be connected to
each other to obtain a complete simulation of the mechanism.
In this work a real cable-driven joint has been considered
to validate the proposed model. The following subsections
present the bond-graph model for each subsystem of the
selected cable-driven joint.

A. Actuator Model

The linear actuator under test is made by a geared brush-
less DC motor that moves two parallel ball nuts at the
same speed but in opposite direction. From the bond-graph
illustrated in Fig. 3, it is possible to derive the state space
representation of the linear actuator as

ẋ1 = −Rm
Lm

x1 −
km
Jm

x2 + V,

ẋ2 =
km
Lm

x1 −
cm
Jm

x2 + τf +NgNs (∆Fr + ∆Fa) ,

ẋ3 = x2,

(1)

where x1, x2 and x3 are the state variable representing
respectively the flux linkage, the angular momentum and
the integral of the angular momentum of the motor, V
represents the voltage applied to the motor, τf is the gear
friction torque, which can be experimentally determined
trough an identification procedure described in Section IV,
∆Fr = Fr1 − Fr2 is the force applied by the cables and
∆Fa = Fa1 − Fa2 is the friction force produced by the
sliding cables, which is described in Section III. The actuator
parameters are listed in Table I.

B. Cable Model

The cables selected in this work are made by a synthetic
fibre called Zylon. While this material shows a non linear
behaviour for low tension, under the assumption that the
preload is sufficiently high, it is possible to approximate the
cable model with a parallel between a linear spring and a
damper. Fig. 4 illustrates the equivalent bond-graph repre-
sentation of this model. The resulting state space description
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Fig. 6. Bond graph describing the joint model.

is defined by
ẋ4 = vj − va, (2)

where x4 is the state variable representing the elongation
of the cable, vj and va are linear velocity of the joint and
actuator, respectively. From the state equation (2) the forces
applied by each cable can be computed as

Fr = Kx4 + c (vj − va) , (3)

where the stiffness K and internal damping c can be
estimated through an identification procedure described in
Section IV.

C. Joint Model

The selected cable-driven mechanism consists of two rigid
links and two parallel revolute joints whose rotation angles
are constrained to be same through a gear system. Fig.
5 shows the joint prototype, where O1 and O2 represent
respectively the first and second rotation axes, and Pcm1

and
Pcm2

are the center of mass (CoM) of the first and second
links, respectively, while Pee is the end effector position.
Pcm1

, Pcm2
and Pee are described by

Pcm1
=

[
d11 cos (θ)
d11 sin (θ)

]
,

Pcm2
=

[
l1 cos (θ) + d21 cos (2θ)
l1 sin (θ) + d21 sin (2θ)

]
,

Pee =

[
l1 cos (θ) + l2 cos (2θ)
l1 sin (θ) + l2 sin (2θ)

]
,

(4)

where θ denotes the angular position of the joint, d11 and
d12 represent the distance between the CoM of the first
link and O1 and O2, respectively, d21 and d22 represent the
distance between the CoM of the second link and O2 and

TABLE I
ACTUATOR PARAMETERS NOMINAL VALUES

Symbol Value Unit Description
Actuator Parameters

Lm 0.471 mH Motor inductance
Rm 0.444 Ω Motor resistance
cm 10.319 mNm/s Motor viscous friction
Jm 349.88 gcm2 Total inertia
km 102.4 mNm/A Motor torque constant
Ngear 1 : 80 Gear reduction ratio
Nscrew 5 mm Screw pitch

Joints Parameters
m1 0.217 kg 1st link mass
J1 0.0007 kgm2 1st link inertia
m2 0.806 kg 2nd link mass
J2 0.00016 kgm2 2nd link inertia
d11 47 mm O1P cm1

d12 103 mm O2P cm1

d21 12 mm O2P cm2

d22 338 mm PeeP cm1

r 65 mm Anchor point distance

Fig. 7. Schematic of the forces acting on a sliding cable.

Pee, respectively, and l1 = d11 + d12 and l2 = d21 + d22
represent the length of the first and second links.

The bond-graph depicted in Fig. 6 is obtained through (4).
This gives the following dynamic equation:

ẋ5 =

−4m2l1d21 sin(θ)
J2
1

x25 + r cos (θ) ∆Fr + τg

1 +
4J2+m1d211+m2(l21+4l1d21 cos(θ)+4d221)

J1

, (5)

where x5 denotes the state variable representing the angular
momentum of the joint, m1, J1, and m2, J2 are respectively
the mass and inertia of the first and second links, r is the
distance of the cable anchor point from the center of the
flange and τg is the torque due to gravity which is described
as

τg = d11 cos (θ)Fg1 + (l1 cos (θ) + 2d21 cos (2θ))Fg2 , (6)

where Fg1 and Fg2 are the gravity forces acting on the first
and second links respectively . Table I shows the values of
the joint parameters.

III. SLIDING CABLE FRICTION MODEL

In this section the mathematical friction model of the cable
sliding into a bushing is presented. The aim is to define a
simple model that can be easily inserted as feedforward term
in a control scheme to improve the trajectory tracking perfor-
mances of cable-driven mechanisms. Under the assumption

7287



Fig. 8. Hardware setup for the experiments with the prototype of the cable-driven joint and its actuation system.

that the relative velocity between cable and bushing is low
it is possible to neglect viscous friction phenomena and
consider only stiction. Then the static friction acting on the
cable can be computed as

Fa = µ
∣∣∣ ~N ∣∣∣ , (7)

where µ represents the static friction coefficient and N is the
force normal to the contact point. Fig. 7 shows a schematic
of the forces acting on the cable in a given configuration
θ. From the equilibrium equation it is possible to find the
reaction force ~R given by the bushing as follows:

~R =

[
T (1 − cos (θ))
−T sin (θ)

]
, (8)

where T is the norm of the preload applied to the cable.
Considering that ~N lies on the bisector of the angle between
the entrance and exit direction of the cable the module of ~N
can be computed as the projection of ~R on such bisector∣∣∣ ~N ∣∣∣ = 2T

∣∣∣∣sin(θ2
)∣∣∣∣ . (9)

By substituting (9) into (7), the static friction force can be
determined as

Fa = 2µT

∣∣∣∣sin(θ2
)∣∣∣∣ . (10)

Equation (10) shows that static friction in cable-driven mech-
anism is not constant with respect to joint configuration. To
deal with possible asymmetries in the mechanism due to
manufacturing imperfection and uncertainties on parameters,
such as friction coefficient between cables and bushings, a
generalised model for the stiction of a cable driven mecha-
nism can be described by the following equation:

Fa =


a1 + b11T sin

(
θ−c1
2

)
v > 0, θ > c1

a1 + b12T sin
(
θ−c1
2

)
v > 0, θ < c1

a2 + b21T sin
(
θ−c2
2

)
v < 0, θ > c2

a2 + b22T sin
(
θ−c2
2

)
v < 0, θ < c2

, (11)

where v is the relative velocity between the cable and the
bushing, ai is a static force related to the inversion of motion,

bij is the double of the friction coefficient between the cable
and the bushing and ci takes into account the manufacturing
error.

IV. EXPERIMENTAL VALIDATION

In this section the hardware prototype used to validate the
proposed model, the experiment description and the results
discussion are provided.

A. Experimental setup

The device in Fig. 8 consists of a cable-driven joint
operated by a linear actuator able to move two twin cables in
opposite directions and a pulley mechanism that aligns the
cables with the joint geometry. Besides, Fig. 5 illustrates the
cable driven joint used to validate the friction model.

Two force sensors are used to measure the force applied
to the joints with a resolution of 5 N. The cable is made of
Zylon with a diameter of 3 mm fixed by splicing the cables
around the anchor points in pulling rods and flanges. The
actuation system is composed by a Maxon brushless motor
coupled to an harmonic gear. The geared motor transfers the
motion to the first ball screw, which moves a helical gear
mounted on it. The two gears with ratio 1:1 allow the two ball
nuts to move with the same speed but in opposite direction.
A Renishaw absolute magnetic encoder with a resolution of
18 bits is mounted on the rotation to axis measure the joint
angular position with a resolution of 2.4 × 10−5 rad.

To run the control algorithm and acquire the measure-
ment signals a National Instrument compactRio is used. A
CANbus module has been used for reading the encoders and
driving the motor, while force sensors have been acquired
through an ADC module with a sample frequency of 250
kS/s and 16 bit of resolution.

A PID controller has been implemented to move the cable-
driven joint. The coefficients of the friction model proposed
in section III have been identified acquiring the cables forces
in the whole range of motion of the joint.
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Fig. 9. Actuator friction parameter identification result

Fig. 10. Actuator friction parameter identification result

B. Parameters Identification

1) Harmonic Gear Friction: To obtain a more realistic
simulation, the harmonic gear friction has been modeled
as described in [16] as a non linear function of the motor
velocity ω as

τf = α arctan (βω) . (12)

To identify the α and β parameters of (12), the actuator
has been driven in velocity mode with no load attached. In
this configuration an array of velocity set points has been
sent to the motor. For each velocity set point the mean
value of the torque and its standard deviation have been
computed. Such values have been used to identify the friction
model parameters using the non-linear least square algorithm
provided by the curve fitting toolbox of Matlab R©. Fig. 9
shows the fit result and the uncertainty associated to each
point. The identified coefficients and their 95% confidence
level are listed in Table II.

2) Cable Stiffness and Internal Damping: Measuring the
linear displacement, velocity of the actuator, and the force
on the cable K and c parameters can be easily identified
through a linear regression. A set of experiments have been
carried out connecting one end of the cable rigidly with the
chassis and the other end with the linear actuator. In the
first part of the experiments the cable has been preloaded up
to 200N in order to exclude all the non-linear phenomena
related to low tension. Then the motor starts to move at
a constant low speed ramping the tension up to 500N .

Fig. 11. Cable friction identification results

TABLE II
IDENTIFIED PARAMETERS

Coefficient Estimated Value Uncertainty unit
Harmonic Gear Friction Parameters

α 77.7 ±1.9 mNm

β 0.02 ±0.004 s/rad

Cable Parameters
K 272.1 ±0.2 N/mm

c 31.6 ±0.7 Ns/mm

Cable 1 Friction Parameters
a1 60.60 ± 0.05 N

a2 4.35 ± 0.05 N

b11 −0.7088 ± 0.0011

b12 1.283 ± 0.005

b21 −1.5211 ± 0.0020

b22 0.9346 ± 0.0024

c1 −0.1524 ± 0.0003 rad

c2 −0.04185 ± 0.00023 rad

Cable 2 Friction Parameters
a1 −15.11 ± 0.06 N

a2 43.24 ± 0.10 N

b11 −1.411 ± 0.002

b12 0.966 ± 0.003

b21 −1.066 ± 0.003

b22 −0.104 ± 0.003

c1 −0.0289 ± 0.0003 rad

c2 −0.0254 ± 0.0007 rad

The dataset made by the different experiments has been
divided into two parts, the former 60% for identification and
the latter 40% for validation. The result of the estimation
is shown in Fig. 10 and the parameters and their 95%
confidence level are listed in Table II.

3) Sliding Cable Friction: The trajectory implemented
to estimate the cable sliding friction is made by three
setpoints to explore the whole range of motion of the joint
under investigation. Every movement is implemented with
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Fig. 12. Comparison between simulation and experimental data: (a) the forces on the first cable (F1), (b) the forces on the second cable (F2), (c) the
joint angular velocity (θ̇), and (d) the joint angular position, (θ).

a trapezoidal velocity profile. During the motion the cable
tension force, the angular position of the joint, and the linear
velocity of the actuator are recorded. The acquired data are
lowpass filtered with a cut-off frequency of 1Hz in order
to reduce high frequency noise. Then the mean value of the
force measured is subtracted to remove the bias induced by
the preload of the cable. Finally the non linear fit algorithm
has been implemented to find the friction coefficients for
both the cables. Fig. 11 shows fit results while the identified
parameters and their 95% confidence level are listed in Table
II.

C. Friction Model Validation

The model derived in Section II has been implemented
in Simulink R©. Then a simulation of the above described
experiment has been performed. Figs. 12a and 12b show
the forces measured during the experiment on the first and
the second cable respectively and the corresponding forces
obtained by the simulation. The joint velocity has been
computed by numerically differentiating the joint angular
position. Figs. 12c and 12d depict the joint angular velocity
and position measured during the experiment and simulation.
During the test, the measured velocity plot shows a sinusoidal
disturbance, which is caused by the harmonic gear torque
ripple not considered in the modeling. As shown by plots
Figs. 12a and 12b , the forces measured on both the cables

are accurately described by the forces computed by the pro-
posed friction model. Furthermore the experimental data lie
under the uncertainty bounds obtained from the identification
procedure. Figs. 12a and 12b present a temporal shift Tshift
in force discontinuities. This phenomenon arises because,
even if the joint velocity is almost zero, in the simulation
appears a change of direction of the motion not present in
the real joints. This small difference cause an ill-timed jump
in the forces observed. This timing issue is not a problem
to introduce this friction model as a feedworward term in a
control scheme since the velocity reference is a priori known
and does not suffer from error.

V. CONCLUSION

In this paper the bond-graph approach has been applied
to model the dynamics and friction of cable-driven joints.
First from the bond-graph formalism the dynamic equations
of the system are derived to perform a realistic simulation
of the mechanism under test. Subsequently a novel method
to model the friction of cables sliding into bushing has
been proposed. Then a campaign of experimental tests has
been carried out to perform the identification of the pa-
rameters of the model proposed. Finally experimental data
and simulation results have been compared showing that
such model is able to accurately describe the dynamics of
a cable-driven joint and the friction associated to cables
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sliding into bushings. In the future work, a feedforward
friction compensation is to be implemented to improve the
tracking performance of a realtime controller for cable driven
mechanisms.
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