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Vibration is one of the problems that limits the applications of cable driven parallel robots (CDPR). Te problem is bigger in
CDPR with planar confguration due to the presence of out-of-plane vibrations, which have a larger amplitude and settling time.
Some authors have proposed solutions such as the increase in tension of the wires, increase in the end efector mass, or the use of
active dampers. In this research, we investigated the performance of tuned mass dampers (TMD) and electromagnetic tuned mass
dampers (ETMD) which are integrated in the end efector of a CDPR in a planar confguration with eight wires. Te essential idea
is to reduce the settling time of the end efector through free vibrations without the use of external energy. Tis research followed
an analytical and experimental methodology with the following steps. Tree mathematical models were formulated and analysed
using numerical simulations. Ten, a test bench to validate the analytical results was designed and built. Te efectiveness of the
dampers was evaluated by comparing the settling times of the following three cases: without damper, with TMD, and with ETMD.
During the investigation, it was observed that the use of AMS can reduce the settling time using the appropriate parameters. Te
efectiveness of AEMS is highly dependent on frictions and can be efective in some scenarios. Reductions in settling time from
marginal values to 95% can be obtained. Tis research implies a viable solution for the out-of-plane vibrations of planar CDPR.

1. Introduction

A cable driven parallel robot, referred to as CDPR, is
a parallel robot that uses fexible cables instead of rigid links.
Te movement of the end efector in the workspace is
achieved through the coordinated retraction and extension
of the cables. Some of the frst works were made in Japan by
Higuchi et al. [1] with applications in the construction and
maintenance of facades, then another work was published in
the USA by Dagalakis et al. [2] with shipbuilding applica-
tions. Since then, research on this topic has been expanded
and various practical applications have been proposed.

As a new technology, there are some issues that should
be resolved before applying it in a broader way. Tere are
problems in the formulation of workspaces, force distri-
bution [3], inverse kinematics, and inverse dynamics.

Another problem is the vibration. Due to the inherent
fexibility of the cables, the problem of vibration arises.
Some authors have explored the vibrations in cable robots
[4–6].

To reduce the vibrations in cable robots, diferent so-
lutions have been proposed. One of these solutions is the
increase in cable tension. With more tension in cables there
is a higher vibration frequency and a lower amplitude.
Another solution is the increase of the mass of the end
efector. With a greater mass, the fnal efector is less sus-
ceptible to external disturbances. Some other solutions in-
clude active systems to reduce vibration [7–11]. All these
solutions solve the problem to some extent, but they have
a general problem. In all the previous solutions, extra energy
for the system was needed. One of the advantages of cable
robots is that they use low energy and have little moving
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mass. If we use the previous solutions, we could be elimi-
nating these advantages.

Of all the possible types of vibrations in the CDPR, the
out-of-plane vibrations are the most problematic. Tis is
because they have the biggest vibratory amplitude and the
largest settling time in the out-of-plane direction of the
CDPR. Tese kind of vibrations are present in planar
confgurations, where one direction does not have a direct
mechanical restriction. A design of this kind of CDPR can be
seen in [12]. Tis kind of vibration and this confguration of
a CDPR were the study cases in this research.

Te out-of-plane vibrations in planar cable robot con-
fgurations need to be reduced. A solution could be a shock
absorber or a damper.Tis dampermust not be connected to
the mechanical reference because the end efector of the
CDPR moves throughout the workspace during its opera-
tion. One candidate is a tuned mass damper, or TMD. Te
linear TMD is a well-studied option to mitigate vibrations in
structures; it just needs to be connected to the vibratory
structure and not to the mechanical reference. It consists in
attenuating the vibration of a structure by placing a second
degree of freedom and tuning the mass, the spring, and in
some cases the damper. Te evolution of this technology can
be seen in the work of Villaverde [13] in which it is shown in
its beginnings, the work of Sadek et al. [14] and the article of
Bekdas and Nigdeli [15] who implemented a new strategy of
optimization. Teoretical research about the use of TMD in
cable robots has been presented [16]. Research has been
carried out on the use of geometric nonlinearities for use in
TMD [17]. Tere is another option to reduce the vibrations
with a damper that does not need to be in contact with
a mechanical reference. Te electromagnetic tuned mass
damper, or ETMD. Tis is an innovation in the TMD
technology and it consists of incorporating relative move-
ment between a coil of cooper and a magnetic feld. Tis is
implemented between the frst and second degrees of
freedom. Te research on this technology is more recent.
Some signifcant works in ETMD are by Fleming and
Moheimani [18] who created an active control, Tang and
Zuo [19], and Zuo and Cui [20].

Tis paper investigates the performance of TMD and
ETMD as potential solutions for the out-of-plane vibrations
of planar CDPR. Te focus of this study is the mitigation of
the settling time of the vibration in the end efector of the
cable robot. Tis vibration is studied when the robot is not
executing a trajectory, that is, when the end efector is not
moving through the workspace. In the case of TMD, the
variables stifness and mass of the damper are varied. In the
case of ETMD, the variables electromechanical coupling
coefcient and load resistance are varied.

Te remainder of this paper is organized as follows:
Section 2 describes the mathematics used to build three
models: the vibration without damper, the vibration with
TMD, and the vibration with ETMD. To achieve this, the
equations that defne the geometric nonlinearities of springs
and dampers were deduced. Tese were used as building
blocks. Te experimental procedure that shows the con-
struction of a test bench and the protocols for experimen-
tation are presented in Section 3. Section 4 presents the

analytical and experimental results of the research. Finally,
the discussion and pertinent conclusions are provided in
Section 5.

2. The Mathematical Model of the
Dynamic System

Tis section shows the development of three mathematical
models. Tese are the vibrations without TMD, the vibra-
tion with TMD, and the vibration with ETMD. According to
the diagram in Figure 1, the CDPR workspace is the plane
xf − yf according to the framework hf. Te cables are
connected at one end to the mechanical reference and at the
other end to the end efector. Te cables lie on the xf − yf

plane. Te robot end efector and the magnetic feld (per-
manent magnet) represent the frst degree of freedom z1 in
the zf direction. A coil of copper with its assembly elements
represents the second degree of freedom z2 in the zf di-
rection.Te displacement of the end efector in the direction
are the out-of-plane vibrations. It can be better seen in
Figure 2 with a view from the zf − yf plane. Te frst
mathematical model was elaborated, taking into account the
equivalent elasticity and viscosity of the cables. Ten the
dynamic elements of the TMD were incorporated to build
the second model and fnally the dynamic elements of the
ETMD were incorporated to build the third model.

2.1. Geometrically Nonlinear Vibrations. Te out-of-plane
vibrations are described as the oscillations of the end efector
of the cable robot in the zf direction according to the
framework hf. In this research, the phenomenon was
studied when the end efector is vibrating in the zf direction
but it is not moving in the workspace. Te end efector is in
the workspace centre, where the least stifness in the zf

direction occurs. Tese vibrations could have diferent
causes, like momentary external disturbances to mis-
alignments in the mechanical assembly. In this work, the
causes are not studied; the goal is to solve the vibration that
already occurs.

Te critical element of the cable robot that promotes the
vibrations due to its inherent fexibility is the steel cable. As
shown in Figure 2, when the out-of-plane vibrations occur,
the cable experiences a change in their axial elongation and
in its direction. Tis is described as geometrically nonlinear
behaviour. Te cables are modelled as a spring and damper
in parallel with negligible mass; this is a Kelvin–Voight
model. Other authors have modelled the cable in a similar
way [21], and some experimental works about the axial
viscoelasticity of a steel wire with this model have been
published [22].

Figure 3 shows a diagram that represents the dynamics of
a cable with geometrically nonlinear oscillations. Te bcn
represents the viscous friction coefcient of the n-th cable
and kcn represents the spring constant of the n-th cable.
Tese elements are linear in their axial direction. At the top,
the cable is attached to a mechanical reference; at the
bottom, it is attached to the A point, which travels in the
positive and negative direction zf according to the
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established framework ℎ?. Te cable length ln is the instant
length, and if the system is in oscillation, then the value of ln
is changing all the time. Te original cable length lon occurs
when the cable is in its equilibrium position, which is vertical
with the angle θ? equal to zero. At this time, lon is equal to ln.
It is important to mention that the cable, in its equilibrium
state, should have a minimum tension of zero and a maxi-
mum that depends on the resistance of the cable and the
mechanical structure.

Te process for modelling spring and damper force in
the zf direction is described below. Te forces through the
cable at all moments due to the spring and the pretension,
are defned by fcn. Tis is the sum of the spring force fckn,
and the pretension fptn, as shown in the following equation:

fcn � fckn + fptn. (1)

Te force of interest in this application is the one that
exerts the equivalent spring of the cable in the zf direction,
that is, the component of f?? in the zf direction. Tis force
is called fkzn. Its nomenclature means the force (f ) of the
spring (k) in the direction of (z) of the n-th wire (n). Tis can
be achieved by multiplying equation (1) by sin (θn), and the
result is shown in the following equation:

fkzn � fcn sin θn( 

� fckn + fptn sin θn( .
(2)

Te force due to the elongation of the spring fckn can be
defned as a function of the original length lon and the instant
length ln using Hooke’s law, as shown in the following
equation:

fckn � kcn ln − lon( . (3)

Te displacement in zf, the original length lon, and the
Pythagorean theorem are used to get the instantaneous
length of the cable. Te instantaneous length ln is defned as
the hypotenuse, as stated in the following equation:

ln �

�������

lon
2

+ z
2



. (4)

Te instantaneous length ln can be substituted in
equation (3) to make the equation a function of the variable
to be measured and a known constant. Tis is shown in the
following equation:

fckn � kcn

�������

lon
2

+ z
2



− lon . (5)

Te force in zf is exclusively due to the spring fkzn,
without considering the pretension that may exist in the
cable, can be defned by known variables and constants by
substituting equation (5) in equation (2). Te result is the
following equation:

fkzn � kcn

�������

lon
2

+ z
2



− lon sin θn( . (6)

It is possible to incorporate the pretension fptn of the
cable. Te following equation shows this:

fkzn � kcn

�������

lon
2

+ z
2



− lon  + fptn sin θn( . (7)

Te angles θn can be represented by known variables in
the system, these are the displacement in z and the original
length lon. Te Pythagorean theorem is used with the op-
posite side OS and the hypotenuse H. It is shown in the
following equation:

sin θn(  �
OS

H

�
z

�������

lon
2

+ z
2

 .
(8)

Substituting equation (8) in equation (7), the expression
that defnes the force of the cable in the zf direction due to
spring elongations and pretension is obtained, as shown in
the following equation:

fkzn �
z fptn − kcn lon −

������

l
2
on + z

2


  
������

l
2
on + z

2
 . (9)

In the case of geometrically nonlinear damping, some
authors have proposed some theoretical models that can be
found in [23–25]. Te general expression for the force
generated by a linear viscous damper fbn as a function of its
velocity is the well-known equation shown in the following
equation:

fbn � bcn

dz

dt
. (10)

Te term bcn is the coefcient of viscous friction and Z is
the position coordinate. Te component of this force in the
zf direction is found using the sine of the angle θn and is
called fbzn. Its nomenclature means the force (f ), due to the
viscosity (b) in the direction of (z) of the n-th wire (n). Te
equation is as follows:

Cable 4

End efector
0.1 m

1.5 m

Cable 1 Cable 2

Cable 3

0.1 m
1st dof

z1

1.5 m

2nd dof
z2

Permanent
magnet

Coil of
copper 

yf

zf
hf

xf

Figure 1: Diagram of the planar CDPR and the ETMD inside the
end efector, elements that represent two degrees of freedom in the
zf direction.
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fbzn � fcbn sin θn( 

� bcn

dz

dt
 sin θn( .

(11)

Te angle θn can be presented by known variables in the
system. Tis is the same procedure that was performed with
the springs to eliminate the angle from the equation. Tis is
shown in the following equation:

sin θn(  �
OS

H

�
z

������

l
2
on + z

2
 .

(12)

By making the viscous damping coefcient considering
the geometric properties of the damper at any position,
equation (11) becomes the following equation:

fbn � bcn

dz

dt

� bcn

z
������

l
2
on + z

2
⎛⎜⎜⎜⎝ ⎞⎟⎟⎟⎠

dz

dt
.

(13)

Finally, after making the corresponding substitutions,
the component of the damper force in the zf direction is
expressed as a function of the position and the velocity of the
z1 coordinate, as shown in the following equation:

End
efector

Cable 1

Cable 2

Out of plane 
vibrations

yf

zf
hf

(a)

Mov. 
in z+

End
efector

Cable 1

00

Cable 2

d

(b)

End
efector

Cable 1

Cable 2

Mov.
in z+ 

bc1

kc1

bc2

kc2

(c)

Figure 2: Representation of the out-of-plane vibrations. (a) End efector in its equilibrium position, (b) end efector out of its equilibrium
position, and (c) cables with their equivalent viscoelastic model.

Cable n

yf

zfhf

bcn

lon

ln

kcn

z

θn

A

Figure 3: Diagram of the variables involved in the out-of-plane
vibrations.
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fbzn � bcn

z
2

l
2
on + z

2 
dz

dt
. (14)

Te force of the spring in the zf direction represented by
equation (9) and the force of the damper in the zf direction
represented by equation (14) are the constitutive blocks to
build the three dynamic models. Dynamic diagrams of the
three models are shown in Figure 4. For reasons of space and
cleanliness in the diagram the eight cables are represented by
just two cables (Cable 1 and Cable 2). Parameters implied in
each model can be appreciated.

2.2. Vibrations without Damper-First Model. Te dynamic
diagram of the frst model is shown in Figure 4(a). Tere is
a frame of reference called hf. Te mass of the end efector
me, oscillates in the zf direction and represents the frst
degree of freedom z1. Te cables have original lengths lo1 and
lo2, and instantaneous lengths l1 and l2 that change all the
time during the vibration and are related to the angles θ1 and
θ2. Te cables have an equivalent internal elasticity and
viscosity named kc1, bc1, kc2, ybc2. Te gravity is acting in the
negative direction yf, and the force that exerts in the end
efector is presented in the diagrams as We. Te friction of the
end efector with the air is presented in the diagrams as Ff.

For this frst model of one degree of freedom there is one
diferential equation with some terms associated to the
geometric nonlinearities of the cables, this is shown in the
following equation:

me

d2z1

dt
2 + bf

dz1

dt
+ FkzA + FkzB + Fbz � 0. (15)

Te term FkzA represents the sum of forces in the zf

direction due to the equivalent springs of the upper cables
including the tension Tw, due to the weight of the end ef-
fector. Tere are four of these forces associated to the four
upper cables. Te term FkzB represents the sum of forces in
the zf direction due to the equivalent springs of the lower
cables (cables that do not carry the weight of the end ef-
fector). Tere are four of these forces associated to the four
lower cables. Te term Fbz represents the sum of forces of in
the zf direction due to the equivalent dampers in all the
eights cables. Tere are eight of these forces associated to the
eight cables. Tis is shown in equations (16)–(21).

FkzA � 
4

n�1
FkznA, (16)

FkznA �
z1 fptn + Tw  − kcn lon −

������

l
2
on + z

2
1



  
������

l
2
on + z

2
1

 , (17)

FkzB � 
4

n�1
FkznB, (18)

FkznB �
z1 fptn − kcn lon −

������

l
2
on + z

2
1



  
������

l
2
on + z

2
1

 , (19)

Fbz � 
8

n�1
Fbzn, (20)

Fbzn � bcn

z
2
1

l
2
on + z

2
1

 
dz1

dt
. (21)

2.3. Vibrations with TMD-Second Model. Te vibration of
the end efector with the TMD implemented is the second
model. Tis is shown in Figure 4(b)). Tere are new el-
ements added to the model. Tere is a mas of the damper
ma which represents the second degree of freedom z2.
Between the end efector me and the mass of the damper
ma there is an elastic element ka, a viscous friction ba,and
a dry friction μ.

For this model there is a set of two diferential equations
related to the two degrees of freedom. Tese are the
equations (22) and (23).

me

d2z1
dt

2 + FkzA + FkzB + Fbz + Fa + Fμ + Fka + Fba � 0, (22)

ma

d2z2

dt
2 + Fka + Fba + Fμ � 0. (23)

Te terms FkzA, FkzB, and Fbz are the same as in model
one. Te term Fμ represents the force in the zf direction
between the frst and the second degree of freedom due to
the dry friction. Tis term involves the dry friction co-
efcient μ, the relative velocity of the masses, and the gravity.
Tis is shown in the following equation:

Fμ � mag μ( sign
dz1

dt
−
dz2

dt
 . (24)

Te terms Fka + Fba are related to the linear elements of
elasticity and viscosity in the damper. Te term Ff repre-
sents the viscous friction of the frst degree of freedom with
the air. Putting together all the terms in the original
equations, the full-dynamic model for the AMS on the out-
of-plane vibrations is obtained, as shown in equations (25)
and (26).
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me

d2z1

dt
2 + bf

dz1

dt
+ ba

dz1

dt
−
dz2

dt
  + mag μ( sign

dz1

dt
−
dz2

dt
  + ka z1 − z2(  + FkzA + FkzB + Fbz � 0, (25)

ma

d2z2

dt
2 + ba

dz2

dt
−
dz1

dt
  + mag μ( sign

dz2

dt
−
dz1

dt
  + ka z2 − z1(  � 0. (26)

2.4. Vibrations with ETMD-Tird Model. Te dynamic di-
agram of the third model is shown in Figure 4(c)). Te same
frame of reference hf is used. Tere are three new pa-
rameters in this model. Te electro motive force is repre-
sented by the electromechanical coupling coefcient Cem.
Te electric resistance of the cooper coil is represented by Re

and the electric resistance of the load by Rl. In practice load
resistor is the element that harvest energy.

Te set of two diferential equations of this third model is
shown in equations (27) and (28).

me

d2z1

dt
2 + FkzA + FkzB + Fbz + Fa

+ Fμ + Fka + Fba + Fem � 0,

(27)

ma

d2z2

dt
2 + Fka + Fba + Fμ + Fem � 0. (28)

In the case of the AEMS implemented in the out-of-
plane vibrations there is a magnetic feld in the frst degree of
freedom and a coil of conductive material in the second
degree of freedom. Terefore, an electromotive force is
generated. Te force refected into the mechanical domain
Fe. Considering Lorentz equation and velocity–voltage re-
lationship, the term Fe can be written as a function of the
velocity vel, as shown in the following equation:

Fe �
(Bl)

2

Re + Rl

∗ vel. (29)

Te product of the magnetic feld and the length of the
wire in the coil Bl can be replaced for known variables using
the electromechanical coupling coefcient Cem. Assuming
the coil is exposed to a feld of constant fux density and the
relative displacement is small it results in the following
equation:

Cable 1

Cable 2

θ1

l01

l02

bc2

l2

l1

θ2

Ff me

we

kc1

bc1

z1

kc2

(a)

Cable 1

Cable 2

l02

bc2

l2

l01 l1

θ2

θ1

Ff
ma

ka

ba

me

we

bc1

kc1

z1 z2

kc2

μ

(b)

Cable 1

Cable 2

bc2

l2l02

l01 l1

θ2

θ1

Ff

cem

maba

ka
me

we

bc1

kc1

z1 z2

yf

hf
zf

kc2

Re

R1

μ

(c)

Figure 4: Dynamic diagrams of the three mathematical models. (a) Vibration without damper, (b) vibration with TMD, and (c) vibration
with ETMD.
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vol
vel

�
Fe

i

� Bl

� Cem,

(30)

where Fe denotes the force acting on the coil carrying
a current i, and Cem is the ideal electromechanical coupling
coefcient. When the coil is used as a generator it relates the
induced voltage (vol) to a displacement. Te set of two
diferential equations that defne the full-dynamic model of
an ETMD implemented in the out of plane vibrations are
shown in equations (31) and (32).

me

d2z1

dt
2 + ba + bf 

dz1

dt
− ba

dz2

dt
+ kaz1 − kaz2 + FkzA + FkzB + Fbz +

Cem( 
2

Re + Rl

dz1

dt
−
dz2

dt
  + mag μ( sign

dz1

dt
−
dz2

dt
  � 0, (31)

ma

d2z2

dt
2 + ba

dz2

dt
− ba

dz1

dt
+ kaz2 − kaz1 +

Cem( 
2

Re + Rl

dz2

dt
−
dz1

dt
  + mag μ( sign

dz2

dt
−
dz1

dt
  � 0. (32)

3. Experimental Set up

A test benchwas designed and built to experimentally validate
the proposed models. Te test bench consisted of three parts,
the mechanic, the electronic instrumentation, and the soft-
ware. Te mechanical assembly consists of a main structure
made of aluminium profle, the mechanic reference. Te end
efector or frst degree of freedom is in the centre of the
structure and in the workspace centre, clamped to the main
structure through eight cables. Inside the end efector there is
a coil of conductive wire, which represents the second degree
of freedom. Two types of sensors were used, two position laser
sensors tomeasure the position of each degree of freedom and
four load cells to measure the tension in the cables. Tis
information is collected in an industrial computer and dis-
played in a humanmachine interface (HMI). A block diagram
of the experimental setup is shown in Figure 5.

Te displacement of the two degrees of freedom is in the
zf direction according to the reference frame hf. Te test
bench has the capability to vary the following parameters, in
the model without damper the parameters lon and ptn, in the
model with TMD the parameters ma and ka, and in the
model AEMS the parameters Cem and Rl, Figure 6 shows the
test bench and the main parts that constitute it.

3.1. Mechanical Construction. Te test bench consists of
a main structure made of aluminium profle. Square
workspace confgurations with diferent dimensions and
with the frst degree of freedom in the centre can bemounted
in the main structure. Te end efector joins the main
structure by four double cables from the corners of the
square workspace. Terefore, the fnal efector is held by
eight cables. Here, it is possible to change the frst two
variables of the experiment, the length lon of the cables and
the pretension level fptn. Tis can be done because there are
mechanical elements that were especially designed for this
purpose. For this research, the workspace is a square with
1.5m per side.

Te angular supports for load cells are high stifness
pieces made of steel located in each of the four corners of the
workspace. Tese are the links between the aluminium main

structure and the load cells. Tey can be moved and adjusted
in the xf direction and the C orientation.Tis is the rotation
in the zf direction. Te length of the cables in the test bench
can be varied moving one aluminium profle in the main
structure and the position and orientation of the angular
supports for load cells. Other pieces are the double cable
tensioners. Tese are located at the ends of each of the four
load cells. Tey are made of plastic and have two functions.
Te frst function is to divide a single cable segment into two
cable segments that hold the fnal efector in two points. Te
second function is to vary the tension of cable segments by
means of an adjustment screw.

Te end efector is in the workspace centre. Tis is
composed for three subassemblies: the cube, the linear guide,
and the magnetic feld. Te cube is a cubic structure 10 cm
side made of aluminium profles joined with plastic pieces;
other elements are placed inside of this. Te set linear guide
is composed of two plastic supports and two stainless-steel
linear guide. Te set magnetic feld is a plastic support with
neodymiummagnets whose distance with respect of the steel
linear guide can be adjusted to vary the electromechanical
coupling coefcient Cem. Tese three sets of elements make
the frst degree of freedom of the dynamical system. It is
shown in Figure 7.

In the stainless-steel linear guides, there is a specially
machined bushing in which a coil is mounted. Small metal
bronze plates can be added or removed from the coil to vary
the damper mass ma. Tis is the second degree of freedom of
the dynamical system.Tere are two springs that connect the
frst degree of freedom with the second degree of freedom.
Tese springs can be replaced by diferent springs of the
same length, but with diferent turns to vary the spring
constant of the damper ka. Te bushing has viscous friction
ba and dry friction μ with the linear guides.

3.2. Electronic Instrumentation. Te force in the cables was
measured with four Omega brand load cells placed in each
corner of the workspace. Tese have a force capacity of 30N.
Te displacement of the two degrees of freedom was mea-
sured with two Omron brand laser sensors model XZ1-
LD300A61. Tese have a resolution of 0.002mm and
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a maximummeasuring range of 300mm. To save the data, we
used a National Instruments brand industrial computer
model NI PXIe 1082, with a controller model NI PXIe 8135.
In the chassis of the PXI, we used a module NI PXIe 4330 to
measure load cells in a full-bridge confguration and amodule
NI PXIe 6363 to acquire the signals of the laser sensors. All the
signals are acquiring at a frequency of 500Hz.

3.3. Experimental Protocol. To evaluate the efectiveness of
the AMS a numerical simulation was carried out using the
mathematical model of equations (25) and (26). A three-
dimensional surface was plotted, and the optimal param-
eters were found by exploring the plot. A theoretical set-
tling time was found.Tese parameters were later set on the

test bench, and experimental runs were carried out to
compare with the theoretical results and validate the model.
Te parameters that were varied for the plotting were the
mass damper ma and spring constant of the damper ka. In
the case of frictions, these were kept at low levels as
specifed in Table 1. To evaluate the efectiveness of the
AEMS, a similar procedure was performed using the
mathematical model of equations (31) and (32), and an
experimental validation procedure in the test bench. Te
varied parameters were the electromechanical coupling
coefcient Cem and the load resistance Rl.

To perform the experimental test, after the parameters
were adjusted in the test bench, the end efector was placed
in the positive zf direction at a point outside its equilibrium
state. At that moment, the end efector is released and the
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2 dof (Damper mass)
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displacement 

sensors 

Load cell
Num. 1 
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Industrial
computer 
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Human- machine
interface 
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Load
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Figure 5: Block diagram of the experimental setup.
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Figure 6: Photography of the experimental setup.
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free vibration with the two degrees of freedom is recorded
with the laser sensors. Tis procedure is performed for vi-
bration without dampers, vibration with AMS, and vibration
with AEMS. Te fnal values of the dynamics system pa-
rameters are shown in Table 1.

4. Results

Te research was conducted numerically in the frst instance
and later experimental validations were conducted. Tis
section presents numerical and experimental results of the
tree study cases, which are vibration without damper, vi-
bration with TMD, and vibration with ETMD.Te analytical
data come from numerical simulations of the mathematical
models using the Matlab® development environment.
Point-by-point simulations were performed to build three-
dimensional graphs and explore the optimal values, no other
optimization method was used. Te experimental results
come from the designed test bench.

Te geometrically nonlinear oscillations of springs and
dampers have already been studied analytically in pre-
vious works [16]. It was found that in this oscillation there

are zones of low stifness and low energy dissipation
centred on the equilibrium point of the dynamic system,
and this is the cause of the large vibratory amplitudes and
long settling times of the out of plane vibrations in planar
CDPRs.

4.1. Vibration without Damper. Te vibration without
damper refers to the end efector-free vibration in the zf
direction represented by the equation (15). Te two most
important variables are the end efector mass me and the
original cable lengths lon, which have a direct efect on the
settling time of the free vibration before an initial position
condition of 30mm in the zf direction.Te graph in Figure 8
shows a surface that defnes the variation of end-efector
settling time with respect to me and lon.

Figure 9 shows simulated and real data of the free
vibration with respect to time for three values of initial
position (30mm, 20mm, and 10mm). In the vibrational
decay profle, the large vibratory amplitude and the long
settling time is appreciated. Te time on the horizontal
axis of the graphs is 1200 s, which is 20 minutes. During

Table 1: Dynamic system parameters.

Parameters Description Values Units
First degree of freedom (end efector)
me End efector mass 0.5225 kg
bf Mass-air friction coefcient 0.0031 N/(m/s)
kc1 Cable spring constant 25000 N/m
bc1 Viscous coefcient of friction of the cable 90 N/(m/s)
Tw Extra tension due to weight of 1st dof 3.4 N
lo1 Original length of cables 1.06 M
fpt1 Pretension in the cables 10 N
Second degree of freedom (damper mass)
ma Damper mass 0.067 kg
ka Spring constant in damper 12 N/m
ba Viscous coefcient of friction of the damper 0.4 N/(m/s)
μ Dry friction coefcient of the damper 0.1 Dimensionless
Cem Electromechanical coupling coefcient 2.65 V/(m/s)
Re Coil electrical resistance 85.15 Ω
Rl Electric load resistance 20 Ω

1 dof
(end efector)

Displacement
laser sensors 

2 dof
(damper mass)

Figure 7: Photography of the frst and second degrees of freedom.
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the frst seconds of the oscillation a rapid reduction of the
vibratory amplitude is indicated. Te data show that
lower values of the initial position imply a longer settling

time. Tis contrasts with linear vibration in which
a higher value in the initial position implies a longer
settling time.
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4.2. Vibration with TMD. Te vibration with TMD refers to
the end efector-free vibration in the zf direction using
a TMD. Tis model is represented by equations (25) and
(26).Te parameters dry friction μ and viscous friction ba are
generally not optimized due to the difculty of setting and
maintaining an exact value. Te damper is usually designed
so that the damping coefcients are within a convenient
range of values. To know this convenient range, simulations
were run in which ba and μ were varied, keeping the other

parameters constant (ma � 0.067 and ka � 12).Te results are
shown in Figure 10. It is observed that to achieve the ob-
jective of keeping the settling time low, it is convenient to
maintain low values of both viscous friction and dry friction,
but dry friction has a greater infuence.

Te optima values to know in this second model are the
damper mass ma and the spring constant in damper ka. Tese
are related to themass and spring of the AMS. To achieve this,
the second model was used, and these parameters were varied
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to form a three-dimensional curve where the response var-
iable is the settling time. It is shown in the Figure 11. Te
friction parameters used were μ� 0.1 and ba � 0.4.

Figure 12 shows the time response vibration of the frst
and second degrees of freedom with the implementation of
a TMD.Te graphs are shown in a 4 by 2 arrangement, in the
frst row the simulated data from the second model are
shown, in the subsequent rows the three experimental tests
are shown. In the frst column the complete data is shown
and in the second column a detail of the frst 3.5 s is shown.
In all cases the initial conditions of the free vibrations were
positions of 30mm for the two degrees of freedom. Tis
shows the efect of TMD on vibration with respect to time. It
also highlights the similarities between analytical and
experimental data.

4.3. Vibration with ETMD. Te vibration with ETMD refers
to the end efector-free vibration in the zf direction with the
use of an ETMD. Tis third model is represented by
equations number 31 and 32. Te variables to optimize in
this third model are the electromechanical coupling co-
efcient Cem and the load resistor Rl. Te values of the
frictions are ba � 0.105, ma � 0.105 and the rest of the pa-
rameters are kept according to the values previously
established. A surface with simulated results is shown in
Figure 13.

Figure 14 shows the time response vibration of the frst
and second degrees of freedom with the implementation of

an ETMD.Te graphs are shown in a 4 by 2 arrangement, in
the frst row the analytical data results of the simulation of
the mathematical model are shown, in the subsequent rows
the three experimental tests are shown. Te frst column
contains the complete data and the second column has the
details of the frst 3.5 s. In all cases the initial conditions of
the free vibration were positions of 30mm for the two
degrees of freedom. Tis shows the efect of ETMD on vi-
bration with respect to time. It also highlights the similarities
between analytical and experimental data.

4.4. Comparison of the Tree Cases. Te summary of the
settling times for each of the three cases, both simulated and
real are shown in Table 2 and Figure 15. Te decrease in
vibration settling time of the frst degree of freedom can be
appreciated before the implementation of the TMD and
ETMD damping strategies. In Figure 5, the vertical axis
represents the settlement time in seconds, the three models
are presented on the horizontal axis. From right to left, the
frst set of data is the vibration settling times of the frst
degree of freedomwithout a damper, frst model.Te second
set of data shows the settling time of the frst degree of
freedom using a TMD, second model. Te last group of data,
located to the right of the graph, represents the vibration
setting times of the frst degree of freedom before the
implementation of a ETMD, third model. Te graph clearly
shows the decrease in the settling time of the frst degree of
freedom when using AMS and AEMS.
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Figure 14: Real and simulated data of time response with ETMD. Tird model with ETMD.

Table 2: Settling times.

Free vibration (s) AMS (s) AEMS (s)
Simulated 369.16 324.57 292.15
Test 1 390.88 333.96 289.64
Test 2 375.62 328.47 289.24
Test 3 365.75 305.84 287.29
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5. Conclusions

In this research, the efectiveness of TMD and ETMD in
reducing the settling time of free vibrations in planar CDPRs
was evaluated. A numerical and experimental validation
approach was proposed. Tree mathematical models were
assembled that represent three confgurations of the dy-
namic system. A test bench was designed and built. It
consisted of an eight-wire oscillatory dynamic system. In
this, experimental tests of vibration without damper, vi-
bration with TMD, and vibration with ETMD were
performed.

From the results, it was found that the out-of-plane
vibrations in planar CDPRs have peculiar characteristics
compared to other conventional linear oscillatory systems. It
was known from experimental observations, that this os-
cillation has long settling times and large vibrational am-
plitudes compared to the vibration of its other fve degrees of
freedom. With the fully defned mathematical model, not
only the oscillatory behaviour can be predicted but the
parameters can also be manipulated to obtain the desired
behaviour or convenient settling time according to the
context.

With the implementation of the TMD, an efective re-
duction of the settling time vibration in the frst degree of
freedom was achieved. Te reduction of the settling time
occurs during the frst seconds of the oscillation, in which
the two degrees of freedom oscillate at diferent positions
and speeds. After these seconds, both degrees of freedom
behave as one. Tis is due to the dry friction component
present between the frst and second degrees of freedom.Te
reduction in settling time depends on the selected param-
eters. It is theoretically possible to obtain reductions of 95%.

With the implementation of the ETMD, a reduction in
settling time depends strongly on the frictions. Tis is be-
cause the implementation of an AEMS has the efect of
increasing the coefcient of viscous friction in an equivalent
AMS system; therefore, it could reduce or increase the
settling time. Tat is, if the AMS parameter setting is at
a point where an increase in viscous friction would imply
a decrease in the settling time, then AEMS will reduce the
settling time, as it works by increasing the coefcient of
viscous friction between the frst and second degrees of
freedom. Te opposite case can also be presented.

Te practical utility of this study is to decrease the
settling time for out-of-plane vibrations in CDPRs with
planar confgurations. Knowledge about the infuence of
dampers parameters on settling time has been generated
and the selection of a successful combination of param-
eters will depend on the context of the application. In
some cases, it will be necessary to keep the relationship
between the mass of the end efector and the mass of the
structure at a low value. In this case, it will be necessary to
manipulate the other available parameters. In other cases,
the mass of the damper may not have much space to move,
requiring increasing the rigidity of the damper spring to
limit its movement. In these cases, the mass parameters of
the shock absorber or friction could be manipulated. In
any of the cases mentioned and others that may arise, the
use of the mathematical models developed will be useful to
defne the appropriate values of the parameters. Te
selling point of this method compared to others is that it
does not require increasing the tension on the cables,
greatly increasing the end-efector mass, or implementing
an active solution. Tese mentioned solutions require
external power.
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As future work, it is recommended to explore the new
applications of the geometrically nonlinear oscillations
composed by cable planar confgurations, as there is a great
potential for investigations there. Also, it is suggested to
extend the research to forced vibrations.
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