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Abstract Cable-driven rehabilitation devices (CDRDs) represent a widespread class
of rehabilitation robots used to restore individual impaired movement capabilities by
performing repetitive rehabilitation training of impaired extremities. CDRDs offer
several merits, such as low inertia, high payload-to-weight ratio, modularity, simple
architecture, and convenient for reconfiguration. In this paper, a model that takes into
account the particular features (pulleys and magnetic hook) of the cables of a CDRD
is presented. Experimental tests carried out with the modal analysis approach show
that the model is able to reproduce most of the dynamic properties of the vibrated
system equipped with cables.

1 Introduction

Cable-driven parallel robots (also known as cable robots and CDPR) are commonly
used in specific fields as industry applications [1], entertainment [2] and, especially,
rehabilitation (e.g., Carex [3], CUBE [4], NereBot [5], CADEL [6, 7]). Thanks to
their unique properties, such as the possibility of operating in very large workspaces,
the low cost, and the high speed [8], cable robots remain a research area of great
interest. The principle of operation of cable robots is based on motors, one for
each cable, which pull the cables that are attached to a mass, the end effector.
The combination of the action of multiple motors allow the movement of the end
effector within the workspace. Compared to robotic rehabilitation devices (RRDs)
with other power transmissions, CDRDs offer several advantages, such as low inertia,
high payload-to-weight ratio, simple architecture, and modularity [9, 10]. Therefore,
CDRDs have attracted increasing attention from researchers in the past decade [11].
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The main disadvantage of cable robots relies on the cables themselves: cables
are flexible and vibrate in both axial and transverse directions. The vibrations of
end-effector caused by cable flexibility has been a concern for applications which
require high stiffness or high accuracy [12]. To investigate the vibration of cable
manipulators, during the years researchers have proposed to model cables both as
linear springs [13, 14] and nonlinear springs [15], and it is common practice to
model cables as axial springs [16]. As a result, transverse vibrations are neglected.
The aim of this article is to propose a vibrational analysis of a simplified cable

system that reproduce the characteristics of a wire-driven rehabilitation robot, also
in transverse direction. The focus is on the effects of hook mass and pulley inertia.
The phenomena of cable loosening and sagging are not considered [17].
Starting from the cable system of the rehabilitation robot, in Section 2 a simplified

model that evaluates the influence of the pulley inertia and the influence of the
magnetic hook mass is proposed. The numerical data are reported in Section 3,
while the comparison between the analytical and the experimental data is shown
in Section 4. Finally, in Section 5 the modal proprieties of the cable system are
discussed and future applications of the cable model are illustrated.

2 Mathematical model

The Maribot [18, 19] (Figure 1a) is a 5-DOF CDRD composed of a rigid planar
structure (2-DOF) and a yielding structure moved by cables (3-DOF). The three
cables are controlled by DC motors fixed to rigid links, and they support an orthosis
used to hold up the patient’s arm during rehabilitation exercises (Figure 1b). Cable
length and orientation is determined by the presence of pulleys. To guarantee patient
safety, each cable is connected to a magnetic hook near the orthosis which allows
the instantaneous release of the cable when the safety-limit force is overcome.
To analyze the influence of the inertia of the cable pulleys and of the mass of

the magnetic hooks on both the longitudinal and transversal vibrations, each cable
is schematized by a 4-DOF model, the "simplified cable system". To simplify the
dissertation, from now on, a single cable is considered.
As shown in Figure 2, the simplified cable system is composed by cable 1 (𝐿1+𝐿2)

which connects themotor (considered to bemechanically fixed) to themagnetic hook
(mass 𝑚2) passing through a pulley which can rotate by \1. A payload equivalent to
one third of the expected load on the orthosis (mass 𝑚3) is supported by a second
cable with length 𝐿3 and it moves only vertically by 𝑦3 due to the presence of a
sliding pair.
The 4-DOF of the simplified cable system are: \1, the rotation of the pulley; 𝑥2,

the lateral displacement of the hook; 𝑦2 and 𝑦3, the displacements of the two masses
with respect to the configuration defined by the rigid cable.
The translation 𝑥2 of the magnetic hook rotates 𝐿2 by 𝜑2 and 𝐿3 by 𝜑3 (Figure

2b). Assuming small oscillations, cables rotations are:
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(a)Maribot.

(b) Orthosis and cable system of Maribot.

Fig. 1:Maribot rehabilitation robot.

(a) Longitudinal vibration. (b) Transversal vibration.

Fig. 2: Analytical model of the cable.

𝜑2 =
𝑥2
𝐿2

, 𝜑3 =
𝑥2
𝐿3

(1)

The vertical displacement of the masses 𝑚2 and 𝑚3 (ℎ𝑚2 and ℎ𝑚3 respectively)
due to hook lateral displacement can be calculated as:

ℎ𝑚2 = 𝐿2 − 𝐿2 cos (𝜑2) (2)

ℎ𝑚3 = 𝐿2 − 𝐿2 cos (𝜑2) + (𝐿3 − 𝐿3 cos (𝜑3)) (3)
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Substituting Equation 1 in Equations 2 and 3, ℎ𝑚2 and ℎ𝑚3 become:

ℎ𝑚2 =
1
2
𝑥22
𝐿2

(4)

ℎ𝑚3 =
(𝐿3 + 𝐿2) 𝑥22
2𝐿2𝐿3

(5)

These 2𝑛𝑑 order terms have a negligible effect on kinetic energy, but affect gravity
potential energy.
In the hypothesis of massless cables, the system kinetic and potential energy are:

𝐸𝑘 =
1
2
𝐼1 ¤\21 +

1
2
𝑚2

(
¤𝑦22 + ¤𝑥22

)
+ 1
2
𝑚3 ¤𝑦23 (6)

𝐸𝑝 = 1
2 𝑘1 (𝑅1\1)

2 + 12 𝑘2 (𝑦2 − 𝑅1\1)2 + 12 𝑘3 (𝑦3 − 𝑦2)2 +
+𝑚2𝑔 (ℎ𝑚2 + 𝑦2) + 𝑚3𝑔 (ℎ𝑚3 + 𝑦3)

(7)

where 𝐼1 is the pulley inertia, 𝑅1 is the pulley radius, and 𝑘1, 𝑘2 and 𝑘3 are cables
elasticity.
Using the Lagrangian approach, the equations of free undamped vibrations are:

𝐼1 0 0 0
0 𝑚2 0 0
0 0 𝑚2 0
0 0 0 𝑚3



¥\1
¥𝑥2
¥𝑦2
¥𝑦3

+

𝑅21 (𝑘1 + 𝑘2) 0 −𝑅1𝑘2 0

0 𝑚2𝑔
𝐿2

+ 𝑚3𝑔 (𝐿2+𝐿3)
𝐿2𝐿3

0 0
−𝑅1𝑘2 0 𝑘2 + 𝑘3 −𝑘3
0 0 −𝑘3 𝑘3



\1
𝑥2
𝑦2
𝑦3

 =


0
0
0
0


(8)

Natural frequencies and modes of vibration are calculated solving the eigenvalue
problem.

3 Numerical results

By means of Equation 8 and the parameters of Table 1, the influence of the inertia of
the pulley 𝐼1 and of the mass of the hook𝑚2 is studied, and results are shown in Table
2. The first longitudinal mode is nearly uninfluenced by both 𝐼1 and 𝑚2: neglecting
both of them a maximum error of 1.08% is retrieved, with a major influence of
𝑚2 (0.98%) rather than 𝐼1 (0.1%). As regards the transverse vibrations, Equation 8
shows that those are independent from 𝐼1, as confirmed by the results.
Figure 3 deals with the two longitudinal modes of vibration. In the first mode

of vibration the pulley, magnetic hook and payload vibrate in phase, whereas in the
second mode the pulley and hook vibrate in phase whereas the payload vibrates in
phase-opposition with a small amplitude.
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Table 1: Parameters of mathematical model.

Parameter Value

𝐼1 [𝑘𝑔 · 𝑚2 ] 6.84 · 10−6
𝑚2 [𝑘𝑔] 0.08
𝑚3 [𝑘𝑔] 0.596
𝑔 [𝑚/𝑠2 ] 9.81
𝑅1 [𝑚] 0.018
𝐿1 [𝑚] 0.415
𝐿2 [𝑚] 0.345
𝐿3 [𝑚] 0.110
𝑘1 [𝑁/𝑚] 4.245 · 104
𝑘2 [𝑁/𝑚] 5.106 · 104
𝑘3 [𝑁/𝑚] 1.428 · 104

Table 2:Numerical results of the influence of pulley inertia and magnetic hook mass
on natural frequencies. All Δ 𝑓𝑛 are calculated as the difference between the baseline
(𝐼1 ≠ 0, 𝑚2 ≠ 0) and the case considered.

𝐼1 ≠ 0, 𝑚2 ≠ 0 𝐼1 = 0, 𝑚2 ≠ 0 𝐼1 ≠ 0, 𝑚2 = 0 𝐼1 = 0, 𝑚2 = 0
𝑓𝑛 [Hz] 𝑓𝑛 [Hz] Δ 𝑓𝑛 𝑓𝑛 [Hz] Δ 𝑓𝑛 𝑓𝑛 [Hz] Δ 𝑓𝑛

Longitudinal Mode I 19.16 19.18 0.10% 19.35 0.98% 19.37 1.08%
Mode II 105.58 110.00 4.02% 253.76 58.39% - -

Transversal Mode I 4.79 4.79 0% - - - -

(a)Mode I. (b)Mode II.

Fig. 3: Longitudinal modes of vibration.

4 Experimental test and validation

To experimentally validate the simplified cable system model, the test bench shown
in Figure 4a was designed. During the tests a DCmotor controls cable position with a
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(a)
(b)

Fig. 4: Experimental test bench (a) and experimental results (FRF𝑦3𝑦3) with torque-
controlled (red) and mechanically fixed (blue) motor (b).

1/29 gearbox and a 7075T651 aluminum pulley with a diameter of 30𝑚𝑚. The acetal
cable pulley has a diameter of 36𝑚𝑚 and is placed just above mass 𝑚3. The cable
that goes from the motors to the hooks (𝐿1 + 𝐿2) is a High Modulus Polyethylene
(HMPE) cable (𝐸 = 106𝐺𝑃𝑎, diameter 𝑑 = 0.46𝑚𝑚) with a total length of 760𝑚𝑚,
whereas the cable from the hook to the payload (𝐿3 = 110𝑚𝑚) is in Nylon with a
diameter of 1𝑚𝑚.
Tests were carried out with the modal analysis approach [20] using ModalVIEW

software. The acquisition system is composed of an instrumented hammer (±2.35𝑚𝑉/𝑔)
with rubber tip and amonoaxial piezoelectric accelerometer (±4.56𝑚𝑉/𝑔). The sam-
pling frequency was set at 2048𝐻𝑧 with a resolution of 0.5𝐻𝑧.
The accelerometer was positioned in sequence on the payload and on the hook.

The hammer hit was excited on the payload in the vertical direction. To improve
the repeatability of measurements, 7 subsequent tests carried out in the same con-
figuration were mediated. A preliminary analysis of the natural frequencies was
performed considering the motor either torque-controlled or mechanically fixed.
Figure 4b shows that in both conditions the natural frequencies have a comparable
value (with a deviation of less than 0.5%) hence, during the following tests, the
motor was mechanically fixed.
The FrequencyResponse Functions (FRFs) for the longitudinal and the transversal

vibrations are represented in Figure 5, normalized by the corresponding maximum
value. The first index represents measurement point and direction, whereas the
second index represents excitation point and direction.
Analytical and experimental results are compared in Table 3. In longitudinal di-

rection, the experimental data is in agreement with the simplified analytical model
with a deviation of 4.65% for the first mode and of 13.90% for the second mode. Fur-
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Fig. 5: Experimental FRFs. Red and yellow lines show longitudinal FRFs, while
blue line shows transversal FRF.

Table 3: Comparison between analytical and experimental natural frequencies.

Analytical 𝑓𝑛 Experimental 𝑓𝑛 Δ 𝑓𝑛

Longitudinal Mode I [Hz] 19.37 18.47 4.65%
Mode II [Hz] 105.58 90.9 13.90%

Transversal Mode I [Hz] 4.79 4.41 7.93%

thermore, the transverse vibration of the magnetic hook presents a good correlation
between analytical and experimental results with a deviation of 7.93%.

5 Discussion and Conclusion

The simplified cable system model made it possible to evaluate the natural frequen-
cies and the modes of vibration of the cable robot system and the influence of the
magnetic hook and the pulley on the overall dynamic behavior. The analytical model
shows that the longitudinal natural frequencies do not significantly depend either on
the mass of the magnetic hook or on the inertia of the pulley, as the resulting devia-
tion is around 1%. Moreover, the inertia of the pulley does not affect the transverse
natural frequencies.
These considerations were validated through experimental tests, which demon-

strated the reliability of the analytical model, with deviations of 4.6% for the lon-
gitudinal natural frequencies and 7.9% for the transverse ones. Therefore, to extend
the single cable vibrational model to a planar model with two cables, it is possible
to simplify the system by neglecting the effects of the inertia of pulleys and of the
mass of the magnetic hook in the longitudinal direction. More detailed model is
under development to take into account the loosening of cables and to access the
effectiveness of an innovative mechanical cable tensioning system.
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