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Abstract: Cable-driven parallel robots (CDPRs) have several advantages and have been widely used
in many industrial fields, especially industrial applications that require high dynamics, high payload
capacity, and a large workspace. In this study, a design model for a CDPR system was proposed,
and kinematic and dynamic modeling of the system was performed. Experiments were carried
out to identify the dynamic modulus of elastic cables based on the dynamic mechanical analysis
(DMA) method. A modified kinematic equation considering cable nonlinear tension was developed
to determine the optimal cable tension at each position of the end-effector, and the wrench-feasible
workspace was analyzed at various motion accelerations. The simulation results show that the
proposed CDPR system obtains a large workspace, and the overall workspace is satisfactory and
unrestricted for moving ranges in directions limited by the X-axis and the Y-axis from —0.3 to 0.3 m
and by the Z-axis from 0.1 to 0.7 m. The overall workspace was found to depend on the condition of
acceleration as well as the moving ranges limited by the end-effector. With an increase in external
acceleration, the cable tension distribution increased and reached a maximum in the case of 100 m/s2.

Keywords: cable-driven parallel robots; workspace analysis; cable tension model; dynamic
mechanical analysis

1. Introduction

Cable-driven parallel robots (CDPRs) use flexible cables to control an end effector by
winding and unwinding cables instead of using the rigid links of common parallel robots.
The use of light cables with high load-withstanding ability as actuators can reduce the
actuator weight as well as the inertia; thus, CDPRs have many typical advantages, such
as high dynamics, low inertia, and large workspaces. Due to these advantages, CDPRs
have been widely used in various fields, such as in radio telescopes [1], multiple mobile
cranes [2], waist rehabilitation [3], and construction cable robots [4]. The CDPR system
has also been studied by researchers from different perspectives. The control algorithm is
an important factor affecting the accuracy and stability of the robot system. To ensure the
stability of the end-effector during movement, the use of a hybrid position-force control
algorithm as an asynchronous control of the cable force was proposed [5]. A passivity-
based control for a planar cable-driven manipulator system was also investigated. In
this work, to simplify the modeling process of the system, a lumped-mass model is used,
and each cable is modeled individually. Then, the derivation of Lagrange’s equation and
the null-space method is used to derive the dynamics of the system [6]. To dynamically
control CDPRs in [7], visual feedback with linearizing inner loop control was proposed,
and this new approach allows for the control of CDPRs when using long cables or polymer
cables. In addition, the stability of the dynamic control scheme was demonstrated using
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Tikhonov’s theorem. Characteristics of the cable used for CDPR that are related to the
accuracy of the end-effector were also considered based on nonlinear viscoelastic properties,
such as structural elongation and hysteresis. Therefore, to improve the accuracy, many
studies have considered these attributes. Rather than the commonly used elastic cable
approach, an approach based on the numerical analysis of cable elements was proposed
in [8], where a novel formulation for three-dimensional cables was developed. Besides that,
the thermal-elastic of the proposed element was also analyzed. The proposed formulation
leads to an explicit stiffness matrix this makes the new element more efficient in terms
of the analysis time, and the research results in the literature indicate the advantages of
the proposed scheme. Moreover, a simple model for cable elongation was incorporated
to increase position accuracy for CDPR [9]. A hysteresis model was developed based
on the Bouc-Wen model, and dynamic behavior, such as static creep, hardening effects,
long-term recovery, and hysteresis, was described based on a viscoelastic model with
only an integrated dynamic model [10-12]. However, to evaluate its performance, the
workspace analysis of a CDPR, considering the condition of various accelerations, is an
important issue.

The workspace of CDPR can be divided into two categories: dynamic and static [13].
The static workspace can be further divided into a wrench-closure workspace. Most
of the research on CDPR has only considered a static condition in the analysis of the
workspace. A workspace analysis under equilibrium conditions to evaluate external force
was presented in [14]. Besides, a force-closure workspace analysis of CDPR was conducted
based on a workspace with fully restrained positioning mechanisms. Because of the
maintenance of positive cable tension, the general algorithm to generate a force-closure
workspace was studied at various orientations of the end-effector [15]. Moreover, a method
that is seen as one of the most efficient interior-point methods was improved in [16] to
analyze the wrench-feasible workspace for general CDPR. This method uses the linear
matrix inequalities and the projective method to obtain the wrench-feasible workspace.
In [17], to analyze the wrench-feasible printing workspace, a methodology that considers
the impact of cable mass and end-effector orientation was proposed. To ignore the inertia
effects of the cable, this proposed method assumes that the motion of the end effector is
slow. The cable profile is also considered for the checking of collisions based on kinetostatic
analyses of the cable robot. In addition, the limitations of planar cable-driven parallel robots
can be improved so that they cause a zero force on the borders of such a static wrench.
Two different CDPRs, with and without a counterbalancing mechanism, were proposed for
study and comparison, and then the improving effects of the proposed mechanism on the
static wrench (SW) and available wrench set (AW) were demonstrated [18]. Similarly, two
different CDPRs were used to analyze the workspace in [19], and a novel workspace from
the control was proposed, namely the Control Stability Workspace (CSW). This workspace
can determine whether the controller will be able to guide the platform of the CDPR to the
desired position. Moreover, to determine the wrench-feasible workspace (WFW) for CDPR
when subjected to external force and high payload and improve the optimum designs of
CDPR, the overall workspace was maximized. Based on the kinematic equilibrium, the
wrench-feasible workspace and twist feasible workspace were obtained and presented
based on these case studies [20]. Despite much research already being conducted on the
workspace analysis of general CDPR, a workspace analysis on musculoskeletal systems as
cable-driven robots was proposed for the first time in [21]; the research results show that
the proposed approach can produce a realistic workspace.

Recently, several studies on CDPRs focused on workspace analysis, but most of
this research only considered static equilibrium conditions or gravity to determine the
workspace. In their study, Heo et al. presented a wrench-feasible workspace [22]. Their
study not only considered dynamic conditions based on the effect of various accelerations
but also took into account the pulley-bearing friction factor. However, this factor analysis
is only suitable for CDPR systems where the design of the drive uses multiple pulleys in
series and is not applicable to other designs that only use a single pulley at anchor points
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of CDPR systems. As previously mentioned, cable tension is quite important. In a real
CDPR system, the predicted cable tensions cannot easily improve the features of the robot
due to the nonlinear characteristics of the cable as well as the nonlinear tension that occurs
during motion. These characteristics affect the dynamic stability of CDPRs. In addition, the
high acceleration generated on the wrench-feasible workspace affected the CDPR system
significantly. Therefore, the workspace analysis of a CDPR with consideration of the
nonlinear cable tension is an important issue in evaluating its performance. In this study,
we focused on the nonlinear cable tension effect because tension varies when cables are
actuated in dynamic conditions. Cable nonlinear tension modeling cannot be neglected in
situations where high tension is imposed under varying acceleration. The methodologies to
determine the feasible workspace of CDPR have been presented in many studies. However,
for CDPR using polymer cables, the linear tension model can be used to determine the cable
tension, but this model cannot be used to determine the feasible workspace of the CDPR
system because it does not satisfy the nonlinear elastic properties of the polymer cable.
In addition, the operation of the robot is also affected by dynamic phenomena associated
with high cable length variations. The main contributions of this paper can be summarized
as follows:

1.  The dynamics of the redundant cable-driven parallel robot (CDPR) and the influence
of pulley kinematics are presented.

2. A methodology for determining the wrench-feasible workspace (WFW) of a cable-
driven parallel robot (CDPR) is proposed based on a nonlinear cable tension model.

3. The dynamic elastic modulus of the polymer cable for the nonlinear tension model
is obtained based on the dynamic mechanical analysis (DMA) method by changing
the frequencies of the applied force on the cable and is presented for the first time in
this article.

4. Anapproach to obtaining the redundant tensions and ensuring that the cable tensions
are positive, using a nonlinear constraint for optimal function, is proposed.

The structure of the article is organized as follows. First, the kinematics equation
and dynamics of CDPRs were derived. Next, a nonlinear tension formulation of cables
was constructed, and experiments were carried out at different frequencies based on
the dynamic mechanical analysis (DMA) method, from which the dynamic modulus of
elasticity coefficients was determined. Third, cable nonlinear tensions were considered.
Subsequently, optimization was conducted considering these nonlinear tensions, and a
wrench-feasible workspace analysis was also conducted. Then, the simulation results are
discussed, with the main contributions presented in the Conclusions section.

2. Modeling of the CDPR System

The configuration of the designed CDPR is shown in Figure 1. The cube frame
dimension of the CDPRwas 1 m X 1 m X 1 m (L x W x H). The pulleys were located
asymmetrically to prevent intersections with each other during operation (Figure 1b). As
shown in Figure 1b, four pulleys (P1, P2, P3, and P4) were upper pulleys. In contrast, four
pulleys (P5, P6, P7, and P8) were lower pulleys. Additionally, the coordinates of the pulley
location are listed in Table 1.

Table 1. Coordinates of the pulley.

Pulleys X (m) Y (m) Z (m)
P1 —0.455 0.540 0.884
P2 0.455 0.540 0.880
P3 —0.445 —0.540 0.860
P4 0.455 —0.540 0.881
P5 —0.540 0.465 0.075
P6 0.540 0.455 0.071
pP7 —0.540 —0.455 0.073

P8 0.540 —0.455 0.072
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Figure 1. Schematic diagram of the CDPR system: (a) diagram of 6-DOF CDPR; (b) asymmetric
pulley locations.

A flexible cable with high-strength Dynamica rope was used in this study. These
cables started from the winches and then passed through the pulleys to the end-effector and
were divided into four upper cables and lower cables. The position of the end-effector was
controlled by these cables. In Figure 1a, it can be seen that, to reduce the moment caused by
the end-effector during movement, the upper cables were connected to the bottom anchor
points of the end-effector, and in contrast, the bottom cables were connected to the upper
anchor points of the end-effector as described earlier [14]. Here, we used an end-effector
size of 0.26 m x 0.26 m x 0.26 m, with a mass of 1 kg.

2.1. Kinematics of the Redundant-Actuated CDPR System

Briefly reviewing the kinematic model, the geometry of the CDPR robot is described
by its proximal anchor points on the robot frame and the distal anchor points on the
end-effector, which were defined by the vector. Figure 2 shows that B was the origin of

—

the global coordinate, and the vector k; was described from the frame B to anchor point

A
A of the frame. The vector denoted as G represented the vector from B to the center of

the end-effector fixed frame E, the vector e—; was connected from the end-effector fixed
frame E to the anchor point C of the end-effector, and it described the position vector of the
—

anchor point from E. In addition, the vector of cable length denoted as L; was derived from
the given vector. The cable length of the cables could be obtained by solving the inverse

—
position kinematics (IPK). By applying a vector loop, the cable vector L; was established

as follows:
- —

=
Li=k—(G+e) M
where the index i denotes the cable number.

In a typical CDPR robot system, the pulleys have an important role, and they are used
to guide the cable at point A towards the end-effector; the proximal anchor points of the
robots are simplified to be ideal points. Thus, the starting point of the cable described
by the position vector is not a constant but depends on the current pose of the robot and
the wrapping angle of the cable around the pulley is a variable. Moreover, in a CDPR
system, the real cables achieve a reasonable lifetime only when a minimum bending radius
is exceeded [23]. Thus, determining the starting point of the cable is essential to improve
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the accuracy of its position and the effect of pulley kinematics in this system. A model of the
pulley kinematics is presented in Figure 3, and the kinematic equation is given as follows:

Lcomp =Lc+10 ()

where mep is a cable length compensation, L. is the free cable length from point A to point
B, r is the pulley radius and 6 is the wrapping angle of the cable. For the two right-angled
triangles ADO and AOE shown in Figure 3, OA is the common side. Therefore, based on
the Pythagorean theorem for the two right-angled triangles, the following can be obtained:

(dey — 1) +d2 =12 = L2+ ©)
! € {E}
i C
| G
7 N U
ki B}
A 7

Figure 2. Diagrammatic representation of the kinematic parameter.
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Figure 3. Diagrammatic representation of the pulley kinematics.

Considering the tetragon EODA, there are two angles that are right-angles. Thus,
the enclosed angle 67 + 6, at point A equals the sought complementary angle 6 at point
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O [5,23,24]. Using the elementary trigonometric function, the cable wrapping angle around
the pulley is given by Equation (4).
L d.
0 = 61 + 6, = arccos + arccos 4)
(dxy —1)° + d2 (dxy — )7+ d2

where dy, = | /d% + df. Given the coordinates of the point at pulley O whose coordinates

are O(xy, i, X2), at the anchor point of end-effector A(xy, y1, z1), and at the center of end-
effector G(xo, Yo, 20), then the values dy, d,, and d; are coordinates in the x, y, z directions,
which are calculated by the equation: L(x, y, z) = O — A — G. d, represents coordinates of
point E with respect to the frame point B coordinates. Finally, the equation for determining
the corrected cable length, which takes into account pulley kinematics to solve the inverse
kinematics, can be transformed as follows:

L=L.+r6 (5)

2.2. Dynamic Modeling for the CDPR System

To derive the dynamics equation for the CDPR system, first, a static equilibrium model
for the system should be established by applying the forces and moments to the end-effector,
which consists of internal forces and external forces. These forces and moments are from
different parts, with one part from the eight cables and the other from the environment.
Considering the static equilibrium, the total forces and moments exerted on the end effector
should be zero, and the equilibrium equations can be obtained as follows:

1

=
-+m§:Fr (6)

™=
=

Il
-

1

8
y (Z x ﬁ) — M, %
i=1

where T; denotes the tension vector for the ith cable, m is the mass of the end-effector, g
is the gravitational acceleration, and F, and M, indicate the resultant forces and moment
vector, respectively. For convenience, we assumed that the origin geometrical center was
located at the center of gravity. Therefore, the moment caused by gravity could be ignored.
Combining F, and M, together, we obtained the wrench vector:

we={E M } ®

From Equations (6)—-(8), the static equilibrium equation can be described as follows:

.
U]TT+{ i }—WR ©)

s [ B L G -
axLy éxLy, ... égxLg

where | represents the cable tension Jacobian matrix, U1t represents the transposed matrix
of ], and é; and L; denote the unit cable length vector. T is the vector of cable tensions:

T={t to ... tg} 11)
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To consider the effects of external force caused by the acceleration of the end-effector,
the dynamics equation was derived as shown in Equation (12).

el 5[ e ]

where F. and M, denote the external force and moment, respectively; matrices m and I are

a [3 x 3] diagonal matrix of the end-effector mass and tensor of inertia, respectively; X is

the acceleration of the end-effector; and w denotes the angular velocity vector. These are
defined as follows:

X={% ¥ 2 @ @y @} (13)

w={wy w, w;} (14)

In this work, the CDPR system was based on translation-only motion with a nearly
constant orientation. Thus, the angular velocity w was small enough and the last term,
including the angular velocity on the right side of Equation (13), was negligible in this re-
search.

3. Nonlinear Tension Model of the DYNAMICA Cable
3.1. Nonlinear Cable Tension Formulation

This section aims to establish the nonlinear tension formulation, and the dynamic
modeling presented in the previous section will be based on this model to analyze the feasi-
ble workspace of the CDPR system. The linear tension formulations are described simply
as a linear spring, and they are commonly used in CDPR systems. These formulations
cannot satisfy the nonlinear characteristics of the elastic cable and the effect of dynamic
phenomena with high cable length variations. Therefore, a nonlinear tension model is
considered in this study. To provide a total nonlinear tension formulation that is suitable
for highly dynamic applications, nonlinear tension is proposed as follows.

According to [25], applying the Hooke’s law definition, the stress—strain relationship
can be expressed as:

o(t) = Ee(t) (15)

where ¢(t) = %&3), I is the cable length, o represents the stress, and E and ¢ are the modulus

of elasticity and strain, respectively. Assuming that cross-sectional area A is a constant,
then the cable tension can be written as follows:

T(t) = Ac(t) (16)
_ I

where o(t) = —*, T is the cable tension. Equation (16) can be rewritten as the equation
shown below by the time derivative of the cable tension:

T(t) = EAe(t) (17)
Finally, the nonlinear cable tension equation is obtained by integrating Equation (18):

T(t) =EA 1n<l§é)> + 1Ty (18)
where [(t) denotes the cable length, [j is the initial length of the cable, and T is the initial
cable tension. This equation is valid for highly dynamic systems, such as CDPR systems.

For the CDPR system using cables as polymer materials, the nonlinear elastic proper-
ties of the cable or viscosity are generated by the dynamic phenomenon with high cable
length variation. The linear tension model can be used to determine the cable tension.
However, it is not suitable for determining the feasible workspace of the CDPR system
because it does not satisfy the nonlinear elastic properties of the polymer cable. Moreover,
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the operation of the robot is also affected by dynamic phenomena associated with high
cable length variations. Therefore, kinematics and dynamics Equation (12) can be extended
by considering Equation (18). Hence, the modified equation that includes the non-linear
tension is given as:

[]]T<T+EAln(LL(é)> +T0> +{ ’”0§ } = Wg (19)

where []]Trepresents the transposed matrix of J. To find solutions for the cable tensions,
by inverting Equation (19) then multiplying by the pseudoinverse matrix of | and adding
the term of the homogeneous solution [11], the equation of tension can be determined
according to the equation below.

reesin( 50 )+ 0= (we—{ "6 )+ (-0 ) o

0

where [J]° represents the Moore-Penrose pseudoinverse Jacobian matrix and [Ig] is the [8
x 8] identity matrix. Equation (20) combines two parts, with the term on the right-hand
side representing a particular solution and the second term representing the homogeneous
solution. Unlike rigid arm mechanisms, the CDPR robot uses flexible cables to hold the
end-effector. Therefore, the vector {z} is an arbitrary vector and was chosen to ensure
that all cable tensions were positive. To maintain the positive cable tension and resolve
the problem of actuation redundancy in the CDPR workspace, many methods have been
proposed, such as the closed-form force distribution method [26] and an improved force
distribution algorithm [27]. In this study, the nonlinear constraint of the optimal method
was used and the cable tension was obtained by using the objective function, as shown in
Equations (21)—(23).

8
Minimize function s(f) = Z T? (21)
i=1
Subject to Trnin < T; < Tmax (22)
. . ) (S]
Nonlinear constraint — ( [Is] — []] []]) {z} < [J]°"WR — Tmin (23)

The flowchart of the proposed method, as shown in Figure 4, indicates the details
of the iterative method used to find the optimal tension values of the wrench-feasible
workspace. In this flowchart, it can be seen that, for a given trajectory of the end-effector,
from the inverse kinematic equation, the Jacobian matrix of J, and external force WR were
calculated, respectively. Then, the Moore-Penrose pseudoinverse Jacobian matrix [J]” was
calculated and the vector {z} represents an arbitrary vector that was chosen to ensure that
all cable tensions were positive. In this step, the nonlinear constraint of the optimal method
was used, as shown in Equations (21)—(23). Finally, the cable tension was obtained.

3.2. Dynamic Modulus of Elasticity

The modulus of elasticity obtained by the quasi-static method is frequently used to
describe the dynamic behavior of CDPR systems. However, the effectiveness of this method
is negligible; thus, many researchers have proposed different methods. For example, in [28],
a cable model integrating hysteresis effects by applying force was improved; and in [10], a
complex model combining a linear damper model and a rate-independent hysteresis model
was proposed. In this article, to identify the dynamic modulus under forced oscillation,
the dynamic mechanical analysis (DMA) method was used. The DMA method can be
simply described as the application of a sinusoidal force to the cable to cause a sinusoidal
elongation response [29]. In addition, an advantage of the DMA method is that it is possible
to identify a dynamic modulus under various frequencies.
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Figure 4. Flowchart of the proposed method.

To obtain the modulus of elasticity, we conducted experiments. First, the experimental
setup included the tensile test using an MTS-810 Material Testing System (Figure 5). A
Dynamica cable with polyethylene material was used in the CDPR system. The cable of
6 mm diameter consisted of 12 strands, with a breaking strength at t of 4.20. Then, four
samples of the Dynamica cable with a length of 300 mm were prepared and fixed on an
MTS-810 material testing system, and four tests were performed at different frequencies
of 0.1, 1, 2, and 5 Hz, respectively. A preload was applied to the cable at 1500 N before
sinusoidal tensile loading was controlled at different frequencies, each experiment was
repeated 3 times and averaged, and the results were then analyzed. By verifying the
amplitude of the elongation at the peak of a sine wave and the phase lag between the
applied force and the elongation sine waves, the dynamic modulus and the damping could
be calculated. Based on the discussion above, it is known that the DMA allows for the
calculation of a dynamic modulus from the cable response. E’ is a real part of the dynamic
modulus described as a recovered part and can be considered as the elastic modulus.
Compared with the Young’s modulus, which is normally calculated based on the resulting
stresses and strains and represented as the slope of a line, E’ can be a point on the line [29].
In addition, in this study, the tests differed, with the material stretched in the stress—strain
test but oscillating in the dynamic test. E’ is defined as follows:

E = TmaX o @ (24)

E€max
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where 0 max and emax are the maximum amplitude of the applied stress and the maximum
amplitude of the strain response, respectively. The ratio of the maximum amplitude stress—
strain is denoted as E* and called the absolute value of the dynamic modulus, and ¢ is the
phase angle. E” represents the energy dissipation, also called the imaginary modulus. It is
calculated as follows:

Er = I gin g (25)

€max

Figure 5. Experimental setup.

The ratio of the dissipation to the storage modulus is called the damping 77 and defined

as follows: ,

=g = tan ¢ (26)
Figure 6 shows the resulting sinusoidal elongation when a sinusoidal force at various
frequencies was applied. The pre-force exerted on the cable was 1.5 kN before controlling
the sinusoidal force waves and the values of the elongation varied depending on the fre-
quencies. The values of the elongation varied depending on the frequencies. The higher the
frequency, the smaller the rate of change in the elongation value. In addition, the elongation
profile was a time-dependent nonlinear curve. Although the sinusoidal oscillation was
constant, the cable elongation increased significantly over time. Table 2 shows the dynamic
and elastic modulus, the phase angle, and the damping factor. At a very low frequency
of 0.1 Hz, the dynamic modulus decreased significantly from 92.6 to 75.5 GPa, and it was
almost constant at 1 Hz and 2 Hz; then, the value increased insignificantly at a high fre-
quency because of the nonlinear characteristics of the Dynamica cable, including the effect
of cable hardness and dynamic creep. Additionally, the absolute values of the dynamic
modulus and damping factor tended to decrease gradually with increasing frequency.
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Figure 6. Sinusoidal force causing sinusoidal elongation at different frequencies: (a) 0.1 Hz; (b) 1 Hz;
(c) 2 Hz; (d) 5 Hz.

Table 2. Parameters of the modulus of elasticity of the Dynamica cable at various frequencies.

Freq (Hz) Omax (MPa) Emax E* (GPA) E' (GPA) ¢ (Deg) 1
0.1 53.155 5.6877 104 93.5 92.6 34.7 0.14
1 53.54 52031104 102.9 75.5 7.03 0.93
2 53.474 520521074 102.7 75.4 7.03 0.93
5 53.442 49898 104 107.1 78.2 16.4 0.94

4. Workspace Analysis

In this article, simulations were performed for the proposed CDPR system considering
nonlinear cable tension. The wrench-feasible workspace (WFW) was analyzed for a given
motion trajectory of the end-effector and to solve Equation (20). The wrench-feasible
workspace of a CDPR is defined as the set of positions for which a given set of wrenches,
called the required net wrench set, can be balanced by the set of all wrenches, which
the CDPR cables can generate in a determined position of the workspace [18,30,31]. To
determine the wrench-feasible workspace, simulations were carried out for the end-effector
moves in the range of X, Y, and Z directions. The moving ranges were limited in direction
by the X-axis and the Y-axis from —0.3 to 0.3 m and limited in the Z-axis from 0.1 to
0.7 m. Additionally, the simulations were implemented at various accelerations at 10 and
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100 m/s?, and a geometric model was built by MATLAB simulation. The weight of the
end-effector is 10 N and the maximum loading limit of the cable is 4000 N for a Dynamica
cable with a diameter of 6 mm (breaking strength certificate). The step size for the MATLAB
WEFW simulation is 100 mm. According to the definition of feasible workspace, all of the
cable tension at each position needed to be constrained to maintain positive tension and
not exceed the maximum loading of the cable. Besides, each box was denoted with a
color in the diagram; each color represented the maximum cable tension value at each
acting position. Moreover, when the calculated cable tension values exceeded the limited
value, the end-effector at these positions was eliminated from the workspace domain and
appeared vacant in the figures.

The simulation results of the wrench-feasible workspace considering nonlinear tension
are shown in Figures 7 and 8. In the case of the end-effector moves in the X, Y, and Z
directions, the figures show the maximum cable tension distribution of the eight cables
when applying various accelerations for a given position motion of the end-effector. As
shown in these figures, the average cable tension was ~100 N at an acceleration of 10 m/s?
and ~200 N at an acceleration of 100 m/s2. Moreover, the total maximum tensions increased
significantly from 600 N to 1000 N when the acceleration varied from 10 m/ s2 t0 100 m/s2.
In addition, maximum tension values appeared at the vertices and edges of the workspace.
The negative cable tension disappeared in the moving direction due to the constraint of
the optimal method. Considering the case of X-direction acceleration (Figure 7a,b, and
Figure 8a,b), the same directions between the front view and back view surface were
compared, and the tension distribution of the back view surface was slightly higher than
that in the opposite surface. The tension region had a C shape, with the edges created by
the contiguous faces, and the surrounding area had a higher tension distribution than that
of the front view surface. This tension distribution was similar for both cases of X-direction
acceleration. In particular, the vertical edge was the edge created between the back view
surface of the X-direction and the front view surface of the Y-direction, which had the
highest tension distribution in this position because of the optimal method and the variable
cable length; thus, the cable was expected to maintain a positive tension for the acceleration
in the X-direction—the greater the acceleration, the greater the tension distribution in this
region. This finding means that the CDPR system is restricted from working in this area
and the tension must be decreased so that the wrench-feasible workspace can be improved.

Similarly, the range of acceleration in the Y-direction (Figure 7c,d, and Figure 8c,d)
and the surface of the front view of the Y-direction showed a higher tension distribution
compared to the opposite surface in the same direction of movement. Although the applied
acceleration was different, the tension distribution on the faces in the same direction was
similar. In addition, the tension distribution in the vicinities of the edges on these surfaces
had high tension values because the cable maintained a positive tension for Y-direction
acceleration. In particular, a high-tension distribution phenomenon occurred at the bottom
edges on these surfaces. Here, as the acceleration increased, the tension on the line increased.
In particular, in the case of 100 m/ s2, the tension distribution reached the maximum value;
therefore, the CDPR system should be restricted from working in this region. Overall,
neither tension distribution case exceeded the allowable tension of 4000 N. Figure 9a,b show
the quarter section of the wrench-feasible workspace in the simulation results, and they
provide detailed information on the internal workspace and show that both quarter sections
were filled with blue boxes. The cable tension distribution in the interior of the workspace
is shown to be relatively low, with an average value of approximately 100 N. Therefore,
these results were desirable. Additionally, Figure 9c,d show the workspace results at Z
=0.2m and Z = 0.4 m, respectively. It is obvious that the blue boxes comprised the bulk
of the internal workspace and the tension was similar in these two diagrams. However,
the high-tension distribution appeared at the corner of its slice and the vicinities of this
position. Figure 10a—d show the wrench-feasible workspace of CDPR when extending
the moving ranges in the X and Y directions from 0.6 m to 0.8 m and the Z-axis from 0.1
m to 0.8 m. The applied acceleration was 100 m/s?. In these figures, it can be seen that
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both faces of the back view in the X and Y directions had the highest cable tension and
appeared in regions that were eliminated from the workspace because they exceeded the
constraint in the range of 0 < Ti < 4000 N. This shows that the simulation results were
suitable for the wrench-feasible workspace of the proposed CDPR system as well as the real
system due to the necessity of having a safe working space to prevent collisions between
the end-effector and the frame during work. Therefore, extensions of the moving range
directions and the high-tension distribution, which occurred at the vertical edges of the
workspace, should be considered. In addition, compared with results from previous related
studies in [4,22,32], the research results of the paper show that under the same conditions
of motion acceleration, the end-effector range of motion is smaller but the wrench-feasible
workspace analysis results are significantly improved. This indicates the effectiveness of
the proposed method.
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Figure 7. Overall workspace simulation at the acceleration of 10 m/ s2: (a) front plane of the X-axis;
(b) back plane of the X-axis; (c) front plane of the Y-axis; (d) back plane of the Y-axis.
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Figure 8. Overall workspace simulation at the acceleration of 100 m/s?: (a) front plane of the X-axis;
(b) back plane of the X-axis; (c) front plane of the Y-axis; (d) back plane of the Y-axis.
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Figure 9. Quarter section of overall workspace simulation at the acceleration of 100 m/s?: (a) quarter
section of X—direction; (b) quarter section of Y-direction; (c) section view of Z = 0.2 m; (d) section
view of Z = 0.4 m.
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Figure 10. Overall workspace simulation at the acceleration of 100 m/s?: (a) front plane of the X-axis;
(b) back plane of the X-axis; (c) front plane of the Y-axis; (d) back plane of the Y-axis.

5. Conclusions

In this work, kinematics and dynamics were obtained for a proposed CDPR system.
An overall workspace was analyzed for the CDPR system considering nonlinear tension.
Then, experiments were conducted to identify the dynamic modulus of elasticity based on
the DMA method, and the results showed that the dynamic modulus depends on various
frequencies. Based on the nonlinear cable model, the kinematics equation that includes
the nonlinear model was modified and an overall workspace analysis was carried out
for a wrench-feasible workspace at various accelerations. As a result, the CDPR system
was shown to have a large workspace. At the outer surface, high cable tension generally
appeared at the vertices and edges of the simulation region. Moreover, as the acceleration
increased, the whole tension increased, and the maximum tension was achieved at 100 m/s2.
The workspace was satisfactory in the case of the end-effector moving in the X- and Y-axis
limits from —0.3 to 0.3 m. When the axis ranges were increased from —0.4 to 0.4 m, the
cable tensions exceeded the constrained condition, and these positions were eliminated
from the workspace.
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