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Abstract: A control method for a cable-driven robot in a teleoperation system is proposed using
the hardware-in-the-loop (HIL) simulation technique. The main components of the teleoperated
robotic system are a haptic device, also called a delta robot, and a cable-driven hyper-redundant
(CDHR) robot. The CDHR manipulator has higher flexibility and multiple degrees of freedom
(DOF), and, therefore, its inverse kinematics are complex. For this reason, the Jacobian method is
used in place of the conventional method to calculate the inverse kinematics. Moreover, the two
robots constituting the telerobotic system are different in terms of their mechanical structures and
workspaces. Therefore, the position mapping method is applied to ensure that the two workspaces
are utilized together. However, a singularity area appears when the mapping parameter is adjusted to
expand the workspace. Therefore, a haptic algorithm is proposed to prevent the robot from moving
into the singularity region and generate force feedback at the end-effector of the haptic device to warn
the operator. Because experimental verification of this control strategy is difficult, the HIL technique
is used for demonstration in this study to ensure stability and safety before implementation of the
method at the experiment scale. The CDHR robot is designed using SolidWorks 2021. Then, the
Simscape model is used to simulate the telerobotic system. In addition, the protocol between the
haptic device and the laptop is programmed using C/C++ language to facilitate communication with
the CDHR robot in MATLAB Simulink 2022a. A few trials are conducted to evaluate and demonstrate
the effectiveness of the proposed method.

Keywords: teleoperation system; hardware-in-the-loop simulation; redundant manipulator; Novint
Falcon

1. Introduction

Teleoperation systems help humans to remotely implement tasks in hazardous en-
vironments, such as ocean exploration, space exploration, and surgery [1–3]. A simple
teleoperation system comprises a master at the local site and a slave at the remote site.
Because of the different structures of the master and slave nodes, controlling the entire
teleoperation system is challenging. The most common problems include time delay, in-
formation loss, and singularity [4–10]. It is difficult to conduct experiments in practice
using algorithms because any implementation must be safe and stable during operation.
Additionally, in industrial environments, slave robots are used as redundant robots to
increase operational flexibility, rather than using a single robot to repeat a given task.
In this manner, difficult tasks can be performed relatively easily, and collisions in the
working environment can be avoided. However, the kinematics mathematics of the slave
robot become complicated when it has multiple degrees of freedom [11,12]. Therefore, the
hardware-in-the-loop (HIL) method, which simulates a part of an entire system, has been
studied and applied for simulating the behavior of various components of teleoperation
systems based on the specification model.
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The computer executes the digital models whose parameters are identified from the
physical models [13]. To compensate the velocity divergence on the motion simulator
due to the time delay, a response error real-time feedback based force compensation ap-
proach [14] was proposed. In this study, a HIL docking simulator was used to describe the
motion and dynamics of the system. In the field of electrical drive control, HIL simulation
has been used to improve convenience and flexibility in an application involving space
robots [15,16], as well as for implementing tasks such as repair, upgrade, transportation,
and recuse [14,15]. Visteon Corp. applied HIL simulation to improve quality and reduce
the cost of its testing systems [17]. HIL simulation systems can bypass the risks of models
to eliminate unnecessary factors that increase the simulation cost and time, as well as the
dangers associated with electronic systems [18,19]. In the orthopedics field, the process
of testing total hip dislocation under physiological conditions has been conducted using
HIL simulation to improve the accuracy of diagnosis [20]. Specifications about the battery
capacity, and balance circuits of the battery management system were tested carefully
to ensure its effectiveness. The results of a comparison between the real battery and the
HIL simulator are show in [18]. In universities, research on HIL simulation is encouraged
for building low-cost hardware, supporting studies conducted by students working on
automation systems [21], and supporting related industrial activities [22]. When a teleop-
eration system is fully simulated or set up in an experimental environment, it is difficult
to deploy algorithms or train system operators. In such cases, HIL simulation is used to
deploy the target process in Unity 3D to make sure that the environment feels realistic to
the operator [13,23].

In this paper, a control method for a cable-driven hyper-redundant (CDHR) robot
used in a teleoperation system is proposed using the HIL method. To guarantee the
safety and stability of the telerobotic system, the algorithms are implemented in an HIL
simulation, in combination with the physical models, using MATLAB Simulink 2019a
software. The method comprises the Jacobian method, position mapping, and the haptic
algorithm. Because the inverse kinematics of the redundant robot cannot be calculated
using the common method, the Jacobian method is used to calculate it. In addition, the
size and structure of both robots in the teleoperation system are different, and, therefore,
position mapping is used to unify their workspaces for controlling the teleoperation system.
However, the singularity region is located outside the remote site, resulting in loss of
control over the CDHR robot when workspace mapping is extended. Therefore, the haptic
algorithm is applied to generate a virtual force that acts on the palm of the CDHR robot
to prevent the robot from moving outside the permitted workspace, which guarantees
system stability and safety. The process is implemented in the HIL simulation system
because the factors of safety and stability must be ensured before its application to the full
experimental model.

The remainder of this paper is organized as follows: A description of the HIL simula-
tion system is presented in Section 2. The proposed method is discussed in Section 3. The
simulation and experiments are described in Sections 4 and 5, respectively. Finally, a few
conclusions are presented in Section 6.

2. Description of HIL Simulation System
2.1. HIL Simulation System

An overview of the HIL simulation system, including the hardware and software
systems, is presented in Figure 1. The haptic device is called the Novint Falcon (Novint
Technologies, Albuquerque, NM, USA) device or the delta robot, and it is used to generate
the desired trajectory when the operator operates the system. To facilitate communication
between the haptic device and the virtual robot, a program authored in C/C++ in the Visual
Studio 2019 software development environment is used. In addition, the robot model is
simulated in the MATLAB/Simulink 2022a software environment after receiving data from
the haptic device.
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Figure 1. Overview of HIL simulation system.

The process flow of the entire system is depicted in Figure 2. The operator interacts
with the haptic device at the end-effector. Simultaneously, the sensor measures the position
of each joint and interpolates it to the position of the haptic device. Then, the position is
calculated using the mapping method to utilize the workspace between the Novint Falcon
and the cable robot. Moreover, this point can be checked to eliminate singularity before
sending it to the robot. If singularity exists, the haptic mode is implemented to generate a
force based on the error in robot position in Visual Studio. Then, the inverse kinematics of
the cable robot is resolved using the Jacobian method to determine the angle of each joint;
these determined angle values are used in the Simscape model.
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Figure 2. Block diagram of HIL simulation.

2.2. Mechanism Design of CDHR robot

The 3D model of the CDHR robot comprises an actuation system and a cable-driven
manipulator, as depicted in Figure 3. The cable-driven manipulator contains four sections
that are serially connected to adjacent sections through universal joints, as shown in
Figure 4a. To clearly illustrate the structure of the cable-driven manipulator, the detailed
structures of each of the sections are shown in Figure 4b. Each section consists of a link,
two disks, an intestinal lumen, two arms, and two rotating joints whose rotation axes are
perpendicular to each other. One disk and two arms connect a universal joint to the link.
Every universal joint includes two pulley joints and an intestinal lumen to create a form for
laying electric wires in them. To achieve universal joint motion, cables are used to drive the
two rotation joints.

2.3. Kinematics of Simulator
2.3.1. Slave Device

The forward kinematics is solved using the standard Denavit–Hartenberg (DH)
method [24–26]. The coordinate system of the CDHR robot is illustrated in Figure 5.
The DH parameters are listed in Table 1. Here, θi is the joint angle of the slave robot, and
L1, L2, L3, and L4 are the lengths of each of the links.
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Figure 3. General structure of CDHR robot, which consists of an actuation system and a cable-driven
manipulator.
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Figure 4. Model of CDHR robot: (a) cable-driven manipulator and (b) details of universal
joint connection.
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Figure 5. Model of slave robot: (a) orientation view and (b) coordinate system of slave robot.

Table 1. DH parameters of slave robot.

i ai−1 (mm) αi−1 (Degrees) di (mm) θi (Degrees) Joint Limit (Degrees)

1 L1 90 0 θ1 −30 to 30

2 0 −90 0 θ2 −30 to 30

3 L2 90 0 θ3 −45 to 45

4 0 −90 0 θ4 −45 to 45

5 L3 90 0 θ5 −45 to 45

6 0 −90 0 θ6 −45 to 45

7 L4 0 0 0 0

The position of the slave robot’s end-effector can be calculated based on the forward
kinematics using the parameters listed in Table 1, which highlight the relationship between
the coordinate systems of the base and end-effector of this robot. The results are as follows:
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Px = L1 − L3(c4(s1s3 − c1c2c3) + c1s2s4) + L4(s6(s4(s1s3 − c1c2c3)− c1c4s2)− c6(c5(c4(s1s3 − c1c2c3) + c1s2s4)
+ s5(c3s1 + c1c2s3))) + L2c1c2

(1)

Py = L4(c6(c5(c2s4 + c3c4s2) − s2s3s5) + s6(c2c4 − c3s2s4)) + L3(c2s4 + c3c4s2) + L2s2 (2)

Pz = L3(c4(c1s3 + c2c3s1) − s1s2s4) − Ll(s6(s4(c1s3 + c2c3s1) + c4s1s2) − c6(c5(c4(c1s3 + c2c3s1)
− s1s2s4) + s5(c1c3 − c2s1s3))) + L2c2s1

(3)

where Px, Py, and Pz denote the position of the slave robot; ci is the cosine of the ith joint
angle; and si is the sine of the ith joint angle.

As the flexibility of the cable robot increases, the number of degrees of freedom of
the series manipulator increases. Therefore, computing its kinematics, especially inverse
kinematics, becomes increasingly challenging. In this study, the Jacobian method is used
to solve this problem. The Jacobian matrix shows the relationship between the angular
velocity of the joint and linear velocity of the end-effector.

.
x=J(θ)

.
θ (4)

when
.
x ∈ ℜ3×1 is the vector of linear velocity, J(θ) ∈ ℜ3×6 is the Jacobian matrix, and

.
θ ∈ ℜ6×1 is the vector of angular velocity.

The pseudoinverse-method-based formula is expressed as follows:

∆θ=αJT
(

JJT
)−1

e (5)

where ∆θ ∈ ℜ6×1 denotes the displacement of the joint angles, α ∈ ℜ6×6 is a constant, and
e ∈ ℜ3×1 is the vector error between the desired position and position of the slave robot.

The angle of each joint is calculated as follows:

θt=θt−1+αJT
(

JJT
)−1

e (6)

when θt,θt−1 ∈ ℜ6×1 are vectors of the joint angle at times t and t − 1, respectively.

2.3.2. Master Device

This haptic device comprises a base, an end-effector, and three legs. The original
coordinate system of this device is centered at its base, as depicted in Figure 6a. To
clarify the kinematics of Novint Falcon, the kinematics of one of its legs are illustrated in
Figure 6b,c.

In Figure 6b,c O is the center of the XYZ coordinate system of the base, and P is the
position of the end-effector of the haptic device. Moreover, UiViWi denote the relationship
between the kinematics of ith leg and the original coordinate system of the device. θi is the
angle of each joint of the ith leg (where i = 1, 2, 3).

The inverse kinematics mathematics are computed to determine the angle of each joint
given the position of the end-effector. θ3i can be obtained as follows [27]:

θ3i = ±a cos
(

Pvi + f
b

)
(7)
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The angle θ1i can be computed as follows:

θ1i = 2 tan−1

(
B ±

√
B2 + A2 − C2

A + C

)
(8)

where A = 2(Pui + c)a, B = 2Pwa, and C = −(Pui + c)2 − a2 − P2
wi − (e+ b sinθ3i +d)2 [27].

After calculating θ3i and θ1i, the θ2i angle can be defined as follows:

θ2i = 2 tan−1
(

Pwi − a sin θ1i

Pui + c − a cos θ1i

)
(9)

The position of the end-effector can be obtained from the forward kinematics when
the angle of each joint is known. However, because of the fact that the robot has a parallel
structure, standard methods cannot be used to calculate these joint angles. Therefore, the
equation of intersection of three spheres is used to determine the position of the haptic
device [28].

3. Methodology
3.1. Position Mapping Method

The main blocks of the teleoperation system are a local site and a remote site, as
depicted in Figure 7. The haptic device and cable robot represent the local and remote
sites, respectively, and the shapes and sizes of their workspaces are different. Therefore,
we use the position mapping method to determine the positions of the cable robot and
haptic device.

As depicted in Figure 7, the coordinate system and workspace of the haptic device are
different from those of the cable robot. To control the remote site, the position of the haptic
device is calculated using the position mapping method to determine the position of the
cable robot, as follows [29]:

Probot=KPhaptic+Pw (10)

where Probot ∈ ℜ3×1 is the position vector of the cable robot with respect to the X′Y′Z′ axes,
Phaptic is the position vector of the haptic device with respect to the XYZ axes, K ∈ ℜ3×3 is
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the constant matrix relative to the dimension workspaces after mapping from the haptic
device to the cable robot, and Pw ∈ ℜ3×1 denotes the vector offset.
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Figure 7. Mapping between Novint Falcon and CDHR robot.

The parameters K and Pw are selected such that the cable robot performs and operates
safely within the entire workspace. The desired workspace of the haptic device is selected
such that it is enclosed within the entire workspace. By adjusting K and Pw, the workspace
of the cable robot can be determined after the proper value is detected.

3.2. Haptic Algorithm

In Figure 8, system operation in the teleoperation and haptic modes is depicted. When
the operator holds and controls the end-effector of the haptic device, a setpoint is generated
and sent to the cable robot using the position mapping method. However, singularity
appears in the outer region of the desired workspace, meaning that control over the robot
can be lost. In this case, the system recalculates the setpoint and transitions from the
teleoperation mode to the haptic mode. The force is linearly created based on the error of
the position of the cable robot and the position at the border workspace in Figure 8a. In this
stage, the cable robot is not functional until the end-effector of the haptic device returns to
the desired workspace, as illustrated in Figure 8b.
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Figure 8. Position of the haptic device in the (a) singularity area and (b) desired workspace.

The haptic method helps the operator to get a better feel for the robot when controlling
it to perform various tasks, and it prevents the robot from entering the singularity area.
Force feedback influences the palm of the operator when the robot enters the singularity
area to alert the operator about the limits of the safe operating area. The symbolic model
of the haptic algorithm consisting of a damper, spring, and virtual object is depicted in
Figure 9. The force of the haptic device appears once the symbolic model interacts with the
virtual object. During this process, the spring serves as an elastic element and generates
force against the direction of motion from the virtual handle. Moreover, the damper system,
in combination with the spring, helps control robot stability and reduce robot velocity
when the magnitude of the force increases abruptly [30,31].
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The formula for computing the elastic force is as follows:

F=Ks∆X + Cv (11)

where F =
[
f1 f2 f3

]T is the force vector; Ks ∈ ℜ3×3 is the spring factor; and ∆X ∈ ℜ3×1

is the linear displacement of the spring. In this work, ∆X also denotes position displacement;
the constant C ∈ ℜ3×3 is the damping coefficient; and v ∈ ℜ3×1 is the speed vector of
the spring.

4. Simulations

In this section, the effectiveness of the proposed method is analyzed using the two
solutions obtained through HIL simulation. The telerobotic system is modeled in MATLAB
Simulink2022a and combined with the haptic device, as illustrated in Figure 1. Firstly, the
inverse kinematics are verified using the Jacobian method, and then, the position mapping
method is implemented in the HIL simulation system. Secondly, the haptic algorithm is
applied to the teleoperation system, and its effectiveness is indicated upon appearance of
the singularity point. During simulation, data related to the system are collected to evaluate
the proposed method.

4.1. Verification Mapping Method

To control the telerobotic system, the Jacobian method must ensure stability of the
inverse kinematics when the CDHR robot receives the setpoint from the haptic device.
In the case study, two points, A and B, are considered. The home of the CDHR robot is
point A, and its coordinates are [1027.4; −5.3, 5.3] mm. The desired position is point B. The
results of verification of the Jacobian method are presented in Table 2.

Table 2. Results obtained using Jacobian method.

No. B
(mm)

Error Px
(10−5 mm)

Error Py
(10−5 mm)

Error Pz
(10−5 mm)

1 [900; 0; 0] 0.9130 0.5629 −0.7353

2 [900; 10; −10] 0.9136 0.5788 −0.7519

3 [900; −10; 10] 0.9133 0.5474 −0.7189

4 [900; 20; 10] 0.9170 0.6014 −0.7176

5 [900; 10; 40] 0.9191 0.5911 −0.6683

The results presented in Table 2 indicate the effectiveness of the Jacobian method.
Through five setpoints B, the position error of the CDHR robot is rather small, and its
amplitude is within the interval

[
−10−5; 10−5]mm. Therefore, the proposed method for

determining the inverse kinematics of the redundant robot is highly precise.
After application of the Jacobian method, the following case study of the telerobotic

system was implemented. Position mapping was applied to the system with the parameters



Appl. Sci. 2024, 14, 2207 9 of 15

K = diag
([

2 4 4
])

and Pw = diag
([

700 0 0
])

. The results of the simulation process
are presented in Figure 10.
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After receiving the desired planning from the haptic device, the CDHR robot executes
the inverse kinematic method to obtain the joint variables, which are also used as inputs to
the Simscape model. The position of the CDHR robot’s end-effector, as determined using
the Simscape model, is shown in Figure 10. The solid blue line denotes the setpoint, which
is received from the haptic device after position mapping, and the red line denotes the
position of the CDHR robot in the Simscape model. The CDHR robot tracks the reference of
the desired planned path. The errors performance of the robot is shown in Figure 10b, and
the amplitude of this error is within the interval [−0.01; 0.01] mm. Therefore, the position
mapping method is highly accurate when applied to the teleoperation system.

4.2. Teleoperation Simulation

In this case study, the specifications of the position mapping method are selected based
on trial and error to expand the workspace of the CDHR robot in the telerobotic system.
Two parameter sets are selected, as summarized in Table 3. The workspaces corresponding
to parameter sets 1 and 2 are presented in Figure 11a,b, respectively. The blue areas denote
the workspace, and the red area is the singularity area. According to these figures, the
workspace based on parameter set 2 is larger than that based on parameter set 1. Therefore,
parameter set 2 is selected for the next step.

Table 3. Parameter sets 1 and 2 used for mapping.

The Parameter Set 1 Value The Parameter Set 2 Value

K diag
([

2 4 4
])

K diag
([

3 6 6
])

Pw diag
([

700 0 0
])

Pw diag
([

650 0 0
])
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Although the workspace is improved considerably, the singularity area appears. In
this area, control over the robot may be lost, which is dangerous for the objects impacted by
the robot. Therefore, haptics are used to solve this problem. The parameters of the haptic
algorithm are depicted in Figure 12.
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Figure 12. Parameters of the haptic algorithm: Ks and C.

First, the position of the haptic device is initialized with the value [80; 0; 0] mm. The
operator pulls the end-effector of the haptic device to a random position along the Z-axis
and releases it. The position error based on the initialized position and the end-effector can
be determined, and then, forces are generated based on this error that act on the end-effector
to control the haptic device’s return to the initialization position. Data pertaining to the
force and position of the haptic device are collected through an Application Programming
Interface (API) for communicating with the hardware device. Based on an observation
of the response in Figure 12, we identified that the solid red line represents the proper
value. This is because the respond does not have an overshoot, and the response time is
better than that obtained in another case study. Therefore, the proper parameters of the
haptic device are “Ks = 0.33 and C = 9”. A comparison between the process simulations
performed using the non-haptic and haptic algorithms verified the effectiveness of the
algorithms. The simulation results are depicted in Figure 13.
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Figure 13. CDHR robot in singularity region (a) without haptic algorithm and (b) with application of
the haptic algorithm.

In Figure 13, the solid black line represents the setpoint in the local site, that is, the
coordinates obtained after using the mapping method, and the red line denotes the position
response of the CDHR robot measured at the end-effector of the robot. During verification,
the position of the CDHR robot oscillates in Figure 13a in the singularity area outside the
safe area. In this area, the CDHR robots operates by following unknown planning, which is
dangerous for humans and impacts the entire system. Moreover, the safety factor cannot be
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ensured. Therefore, the haptic algorithm is applied to the system to prevent the occurrence
of this phenomenon. The CDHR robot remains stable and does not follow the setpoint,
despite the appearance of a singularity point in Figure 13b. Additionally, the responses
along the X-axis and the generated force are depicted in Figure 14.
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Figure 14. Response of the slave system: (a) position along X axis in simulation and (b) force
generated using the haptic device.

Figure 14a depicts the position response at the end-effector of the CDHR robot. The
solid black line denotes a reference value, such as the desired coordinates of the robot,
and the solid red line denotes the position information of the robot, as measured using
the Simscape model. Figure 14b presents data pertaining to the force generated using the
haptic device when the simulation process encounters the singularity phenomenon. When
the operator pulls the haptic device along the X-axis into the singularity area and releases it,
a force is generated based on the error between the setpoint at the local site and the position
of the CDHR robot. The value of this force increases rapidly along the X-axis. This force
combines with the forces along the Y- and Z-axes to ensure stability of the robot during
performance and prevent the generation of large forces that cause the robot to oscillate, as
shown in Figure 14b. The effectiveness is shown in the blue circle of Figure 14a; it means
that the CDHR robot returns to their position after they are out of the permission space,
although singularity appears.

5. Experiments

After ensuring the stability of the proposed method, the effectiveness of teleoperation
control of the CDHR robot was tested experimentally to evaluate the performance of the
system. The experiment involved a local site and remote site, as shown in Figure 15. The
local site included the haptic device, a laptop, and a Zigbee module. The laptop was used
to communicate with the haptic device and send data to the CDHR robot through the
Zigbee protocol. The remote site consisted of a cable robot, an electrical cabinet, and an
embedded computer. The Jetson Nano computer (NVIDIA, Santa Clara, CA, USA) was
used to implement the algorithm of the CDHR robot. Then, the position signal after using
the position method was sent to the electrical cabinet, which housed the distributed control
system Control Area Network (CAN) and six-driver AC Servo. The CDHR robot was
assembled using AC motors to control its motion through cables.
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Figure 15. Experimental testbench.

The details of the teleportation system are depicted in Figure 15. First, the operator
holds and moves the Novint Falcon to generate the desired trajectory planning. These
signals are converted into the reference position of the CDHR robot using the mapping
method and sent to the remote site through the Zigbee communication channel. Second,
the Jetson Nano solves the inverse kinematics using the Jacobian method to obtain the
joint angles. These data are transmitted to the distributed control system, which consists
of an STM32F407 and a controller board to operate the robot. This module uses the CAN
bus protocol; this protocol is based on the application involving the car vehicle and can
reduce the calculated volume and improve the performance of the system. Finally, the
encoder sends joint angle feedback to the microcomputer, which is then presented on a
graphic user interface (GUI). To demonstrate the effectiveness of the teleoperation system,
the experiment is performed by holding the haptic device in the singularity area. The
results are depicted in Figure 16.
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Figure 16. Results of experiments: (a) planning of Novint Falcon using haptic algorithm, and
(b) response signal of CDHR robot along X-axis.

To evaluate the effectiveness of the proposed method in the experiments, the haptic
device was pulled into the singularity area multiple times, which is indicated by the blue
circle in Figure 16a. The setpoint is highlighted in the black color, and setpoint data were
collected through the API for communicating with the haptic device. The solid red line
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denotes the position of the end-effector of the CDHR robot, which was calculated from
the encoder signals of the AC motor and the forward kinematics of the robot. In the area
covered by the blue circle in Figure 16a, the robot seems to be immobile when its position
does not follow the setpoint, and the overshooting phenomenon is avoided. The system
switches to the haptic mode to generate a force that is applied to the palm of the operator
for returning the device to the safe area. According to the results of the simulations and
experiments, the proposed methods are not only effective but also resolve the challenges
resulting from the inverse kinematics problem, the difference between the two workspaces,
and singularity of the teleoperation system.

Estimates of the forces generated when the operator attempts to pull the master device
to stop it moving outside the workspace are presented in Figure 17. Because the operator
pulls the haptic device along the X-axis, the magnitude of force along this axis is greater than
the sum of the forces along the Y- and Z-axes, which ensures device stability. According to
Figure 17, the estimated force along the X axis is 4 N, and those along the Y- and Z-axes
are 1 N. At this point, the slave robot is immobile until the master device is inside the
safety area. The results show the effectiveness of the proposed method for teleoperation.
The workspace was improved using the haptic algorithm, and the control method was
successfully applied to the experimental model after verifying the HIL simulation system.
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6. Conclusions

In this study, a control method for a CDHR robot in a teleoperation system was pro-
posed using the HIL simulation technique. Because the teleoperation system, consisting of
a haptic device, called a delta robot, and a CDHR robot, was a large system, an HIL simula-
tion system was developed to evaluate the safety of the teleoperation control algorithm and
system before implementing it at the experimental scale. The CDHR had many degrees of
freedom, and, therefore, its inverse kinematics were complex. For this reason, the Jacobian
method was used to solve the inverse kinematics. Additionally, in the teleoperation system,
the workspaces of the haptic device and CDHR robot were different in terms of size and
coordinate systems. Therefore, the position mapping method was applied to utilize these
workspaces. The parameters of this mapping method were selected using trial and error to
increase the size of the CDHR robot’s workspace. The other challenges in teleoperation
systems are the singularity area resulting from differences between workspaces. Therefore,
a haptic algorithm was integrated into the proposed system to provide feedback to the op-
erator for preventing the CDHR from moving into the singularity area. A few simulations
were conducted using the proposed HIL simulation scheme in the MATLAB Simscape
environment to evaluate the teleoperation control method developed herein. The results
indicated that the challenges related to the inverse kinematics, workspace differences, and
singularity of the workspace were solved. Furthermore, the size of the workspace was
increased considerably while maintaining the system stability and safety.
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