
  

 

Abstract— Task-oriented training with haptic rendering can 

boost robot-aided motor learning to tasks with similar dynamics. 

Although multi-DOF robots better match the rendering of real 

task scenarios, single-DOF haptic robots show great potential for 

home use with enhanced task rendering performance. This study 

presents our attempts to optimize and develop a single-DOF 

cable-driven robot with appropriate workspace and force 

rendering capacity. The core technologies consist of two aspects: 

1) a multi-objective optimization method was adopted to obtain 

optimal configuration of the haptic robot; and 2) a slider-crank-

mechanism-based portable cable-driven robot was developed. 

Performance evaluation experiments demonstrated that 1) the 

robot has a workspace larger than 𝟑𝟎𝟎 𝐦𝐦; 2) the robot can 

achieve 𝟒𝟎 𝐍 force output and 𝟒𝟎 𝐍 · 𝐦𝐦−𝟏  stiffness for hard 

contact; 3) the root mean square of the resistance during free 

motion is 𝟎. 𝟗𝟑 𝐍; 4) in the purely passive case (without motor 

compensation), the average resistance to back drive the motor is 

𝟐.𝟓 𝐍. These lead us to believe that the developed robot holds 

the promise to serve as a robotic rehabilitation training platform 

for home use on the neurological-impaired patients. 

I. INTRODUCTION 

Numerous studies indicated the efficacy of robot-assisted 

task-specific training in neuro-rehabilitation [1-3]. Robotic 

devices that enable in-home use allow patients to receive 

professional training assistance in their own homes, thereby 

extending the training time and accelerating the recovery 

process. As haptic robots can provide precise sensorimotor 

feedback [4, 5], home-based task-oriented training with haptic 

rendering holds the promise to boost robot‑aided motor and 

skill learning to tasks with similar dynamics [6]. 

According to the degrees of freedom (DOFs) of rendering 

tasks, haptic robots can be divided into single-DOF and multi-

DOF robots. Multi-DOF robots provide motion in two or 

more dimensions that match the operational scenario of the 

real task better than single-DOF types. Numerous multi-DOF 

robots have been developed [7-9], most of which, however, 

have complex mechanical design that makes them difficult to 

be accurately controlled. Additionally, they are not portable 

enough for home use and are too expensive for most people. 

In contrast, the single-DOF robot has advantages in 

portability and cost. Single-DOF robots, although the 

matching between the motion and the real task is not as good 

as that of the multi-DOF systems, are easier to achieve 

accurate control and high-fidelity task rendering. Further, a 

wide range of terminal linear motion can also realize the 

training of multiple muscle groups [10]. Therefore, it would 

be of great practical interest to develop portable, low-cost, and 

high-performance single-DOF (translational) haptic robots to 

perform task-oriented training [11]. However, the existing 

single-DOF robots generally use ballscrews, belts, pulleys, 

etc. [12-14]. This can lead to system friction and backlash and 

hence deteriorate haptic rendering performance.  

It is noted that cable transmission has benefits of no 

backlash, low friction, low cost, and high efficiency [15]. 

Nevertheless, since cable can only pull but not push, cable 

transmission cannot transfer rotary motion of a single motor 

into linear reciprocating motion directly [16]. Specific 

mechanism needs to be designed for bidirectional force 

output, leading to a relatively large robot size to meet 

workspace requirements. Hence, demands of portability and 

workspace should be balanced. On top of that, an appropriate 

haptic robot should also be capable of rendering tasks of free 

motion and hard contact that generally represents the 

kinematic and kinetic properties of real daily tasks. Free 

motion needs the robot to have low inertia, while hard contact 

requires high force and stiffness output [17, 18]. This poses a 

major challenge to implement both free motion and hard 

contact from the view of robotic design and optimization. In 

general, multi-objective optimization is essential to guarantee 

both kinematic and kinetic performance of the robot. 

This paper developed a haptic robot with optimized 

kinematic and kinetic configuration, consisting of robot 

optimization and design, robot development, and haptic 

rendering control. The contributions can be summarized as 1) 

the optimal robot configuration delivering suitable 

workspace, portability, and force rendering capacity was 

obtained via a multi-objective optimization; 2) a slider-crank-

mechanism-based portable cable-driven robot was developed 

enabling free motion and hard contact; 3) extensive 

experiments were conducted to validate the performance of 

the developed robot. 

II. ROBOT OPTIMIZATION 

To develop the robot system with an optimal configuration, 

the optimization process was designed as shown in Fig. 1. The 
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detailed description is in the remainder of this section. 

A. Design Requirements and Analysis 

 Transmission system. Cable-driven mechanism should be 

adopted for a low gear ratio (denoted as 𝛾). Determination 

of 𝛾 can refer to the research of multi-DOF robots, such as 

CASIA-ARM (20: 1 ) [19], Delta-R (14: 1 ) [20], and 

Delthaptic (16: 1) [21]. This study chose a smaller 𝛾 value 

of 12: 1.  

 Force rendering capacity. Haptic rendering of hard contact 

requires the device to have sufficient stiffness and force 

output capacity. The work of [22] suggested that 

approximately 40 N of resistance would be substantial for 

patients with neurological injury. Therefore, the value of 

force output capacity was set as 𝑓 = 40 N [3, 23]. 

 Workspace. A required minimal range of motion (ROM) 

exists in the joints of the upper limb for completing ADLs 

[24]. Referring to the work in [25], ROM of some general 

ADL tasks can be defined as 40 % of arm length for the 

upper-limb training purpose. Therefore, 300 mm  was 

adopted as the workspace [26, 27]. 

 Portable design. To make the robot portable, the minimal 

robot size needs to be defined. For the developed robot, its 

maximal size appears in the length direction. Referring to 

the works in [22] and [28], the maximum length of the 

robot was set as 700 mm.  

B. Geometric Descriptions 

Considering the successful application of five-linkage 

mechanism in haptic robots [29], a slider-crank-mechanism-

based single-DOF robot was designed as shown in Fig. 2 (a). 

This mechanism consists of a motor, a cable wheel, an active 

joint, a passive joint, two links, and a rail. The motor drives 

the wheel via the cable transmission (Fig. 2 (b)), and link 1 is 

actuated. Then link 2 transmits the motion to the handle. 

Fig. 2 (c) illustrates the kinematic model, where the active 

joint is denoted as 𝐴 and the passive joint as 𝐵, and 𝐶 is the 

output endpoint. A plane-coordinate 𝑂-𝑥𝑦 is located at the 

point of 𝑂 . Let 𝑋 = (𝑥, 𝑦)T  be the coordinate of point 𝐶 . 

According to the geometric relationship, we get 

{
𝑥 = 𝑙1cos𝜃1 + 𝑙2 cos(𝜃1 + 𝜃2) + 𝑙3
𝑦 = 𝑙1sin𝜃1 + 𝑙2 sin(𝜃1 + 𝜃2)

  (1) 

where  |𝐴𝐵|=𝑙1, |𝐵𝐶|=𝑙2, |𝑂𝐴| = 𝑙3, 𝜃1 and 𝜃2 are angles of 

the active joint and passive joint, respectively, 𝜃2  is 

determined by 𝜃1. 

By solving (1), the solutions of inverse kinematics can then 

be obtained. To obtain the Jacobian matrix, differentiating (1) 

with respect to time, which yields 

𝑋̇ = 𝐽𝜃̇  (2) 

where 𝐽 is the Jacobian matrix, 𝑋̇ is the linear velocity vector, 

and 𝜃̇ is the angular velocity vector. 

The robot workspace can be determined by (1). Due to 

mechanical limit, the input angle satisfies 𝜃1 ∈
[𝜃1𝑚𝑖𝑛, 𝜃1𝑚𝑎𝑥]. Then the range of motion of the endpoint can 

be obtained by 

𝑦𝑚𝑖𝑛 < 𝑦 < 𝑦𝑚𝑎𝑥 (3) 

where 𝑦𝑚𝑖𝑛 and 𝑦𝑚𝑎𝑥 are the coordinates of endpoint 𝐶 when 

the input angle 𝜃1 is set as 𝜃1𝑚𝑖𝑛 and 𝜃1𝑚𝑎𝑥, respectively. 

C. Optimization Problem Formulation 

Based on the kinematic analysis, 𝑌 = [𝑙1, 𝑙2, 𝑙3, 𝜃1𝑚𝑖𝑛] was 

selected as the vector of design variables. Range of 𝜃1 was 

constrained by the mechanical limit (𝜃1𝑚𝑎𝑥 − 𝜃1𝑚𝑖𝑛 = 135°). 
To get a minimal robot size and meet the workspace 

requirements, the range of design variables was set as 

ℵ =  

{
 

 
𝜃1𝑚𝑖𝑛 ∈ [𝛼1, 𝛼2]

𝑙1 ∈ [𝑙1𝑚𝑖𝑛 , 𝑙1𝑚𝑎𝑥]

𝑙2 ∈ [𝑙2𝑚𝑖𝑛 , 𝑙2𝑚𝑎𝑥]

𝑙3 ∈ [𝑙3𝑚𝑖𝑛 , 𝑙3𝑚𝑎𝑥]

 (4) 

where 𝛼1 = −65° , 𝛼2 = −50° , 𝑙1𝑚𝑖𝑛 = 𝑙2𝑚𝑖𝑛 = 100mm , 

𝑙1𝑚𝑎𝑥 = 𝑙2𝑚𝑎𝑥 = 300mm, 𝑙3𝑚𝑖𝑛 = 0, 𝑙3𝑚𝑎𝑥 = 100mm. 

Considering the kinematic relationships, several 

constraints were defined to meet the design requirements. 

 For this non-Cartesian mechanism, different motor torques 

are needed to generate same output force. The calculated 

torques of all points (denoted as 𝜏𝑘, 𝑘 = 1,2,… , 𝑛) should 

be within the motor capacity, i.e., 𝜏𝑘 < 𝜏𝑚𝑎𝑥 .  

 Given a specified 𝑌, the workspace can be determined by 

𝑦𝑚𝑎𝑥 − 𝑦𝑚𝑖𝑛 , which should be larger than the defined 

workspace 𝐿𝑤. Meanwhile, for portability, the total length 

of the equipment 𝐿𝑟  should be less than the maximum 

allowable length 𝐿𝑚𝑎𝑥. 

 Link collisions between link 2 and wheel shaft might occur 

due to physical size of the link. Assuming that the distance 

is 𝑑𝑚𝑖𝑛  when the link is tangent to the shaft, the distance 

𝑑𝑙𝑠 between the link and shaft should be larger than 𝑑𝑚𝑖𝑛 . 

 Two kinds of singular configurations exist including 

inverse and direct kinematic singularities. Determinant of 

the Jacobian matrix was constrained by ‖𝐽‖ ≠ 0 or ∞. 

A large workspace generally produces a large robot size 

that is incompatible with the portable design. Hence a 

compact size was selected as the optimization goal. 𝐿 was 

defined as one of the performance evaluation indices. 

𝐿 = 𝑙1 + 𝑙3  (5) 

 

Fig. 1.  Scheme of the optimization process. 
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The global conditioning index (denoted as 𝜅𝑤) was defined 

by (6) to evaluate the accuracy index [30]. 

𝜅𝑤 =
1

𝑛
∑ 1/𝜅𝑖 

𝑛

𝑖=1
,0 ≤ 𝜅𝑤 ≤ 1 (6) 

where 𝑛  is the total number of discrete points in the 

workspace, and 𝜅𝑖 is the condition number of the 𝑖th point. 

For the crank-slider mechanism, the force applied to the 

handle includes 𝑥-axis and 𝑦-axis components (denoted as 𝐹𝑥 

and 𝐹𝑦 respectively). A lightweight robot needs a small value 

of 𝐹𝑥 . In addition, 𝐹𝑥  tends to increase the frictional force. 

Therefore, a minimized 𝐹𝑥  is needed. Let 𝐹𝑥𝑚𝑎𝑥  denote the 

maximum allowable 𝐹𝑥 , so 𝐹𝑥 < 𝐹𝑥𝑚𝑎𝑥  was defined. As 

shown in Fig. 2 (c), the transmission angle 𝛼 can be calculated 

by arctan (𝐹𝑦/𝐹𝑥), where 𝛼 is negatively correlated with 𝐹𝑥. 

To this end, the global transmission angle 𝛼𝑤, defined by (7), 

was selected as another optimization objective. 

𝛼𝑤 =
1

𝑛
∑ 1/𝛼𝑖 

𝑛

𝑖=1
,0 < 𝛼𝑤 < 90° (7) 

where 𝑛 is the total number of discrete points, and 𝛼𝑖 is the 

transmission angle of the 𝑖th point. 

From the above analysis, the design can be considered as a 

multi-objective optimization problem to obtain a minimum 𝐿, 

a maximum 𝜅𝑤 , and a maximum 𝛼𝑤 . Mathematically, 

formulation of the optimization problem can be stated as: 

Finding the vector 𝑌 that 

min 𝑓(𝑌) =  min{
𝑓1 = 𝐿
𝑓2 = −𝜅𝑤
𝑓3 = −𝛼𝑤

 (8) 

subject to 

{
𝑌 ∈ ℵ, 𝜏𝑘 < 𝜏𝑚𝑎𝑥 , 𝐹𝑥 < 𝐹𝑥𝑚𝑎𝑥 , ‖𝐽1‖ ≠ 0 or ∞
𝑑𝑙𝑠 > 𝑑𝑚𝑖𝑛 , 𝑦𝑚𝑎𝑥 − 𝑦𝑚𝑖𝑛 > 𝐿𝑤 , 𝐿𝑟 < 𝐿𝑚𝑎𝑥

 (9) 

The range of the variables is set as 𝜏𝑚𝑎𝑥 = 15 N · m , 

𝐹𝑥𝑚𝑎𝑥 = 100 N , 𝐿𝑤 = 300 mm , 𝐿𝑚𝑎𝑥 = 700 mm , 𝑑𝑚𝑖𝑛 =
40 mm. 

D. Optimization Results 

For this nonlinear constraint optimization problem, the 

genetic algorithm (GA) was adopted. A GA-based multi-

objective optimization toolbox (a variant of NSGA-II [31]) in 

MATLAB R2020b (MathWorks, Natick, MA, US) was used 

to optimize the three objectives (𝐿, 𝜅𝑤 , and 𝛼𝑤 ), where the 

population size is 200, number of iteration is 200, crossover 

probability is 0.5, and the mutation function is the Adaptive 

Feasible (mutationadaptfeasible). Then Pareto front solutions 

were obtained shown in Fig. 3. Finally, the intermediate 

solution 𝐴 (0.18,−0.24, −53.4)  was defined as the 

configuration of the haptic robot since it can make a good 

tradeoff among the three objectives. The corresponding 

vector of design variables is 𝑌=[183, 234, 0,−50]. 

III. ROBOT DEVELOPMENT 

A. Prototype 

Prototype of the haptic robot is shown in Fig. 4 (a). The 

robot is actuated by one AC servo motor (rated torque: 

1.27 N · m, Panasonic, MSMF042L1U2M, Japan) with the 

driver (Panasonic, MBDLN25BE, Japan). A linear guide rail, 

fixed on the base, is connected to the handle. In human-robot 

interaction tasks, the participant can grasp and move the 

handle forward and backward. The total length of the robot is 

650 mm which meets the design requirements. 

  

Fig. 2.  (a) Mechanical structure of the single-DOF haptic robot. (b) Cable transmission mechanism with a low reduction ratio (12:1). (c) Kinematic model 

of the haptic robot. 

 

Fig. 3.  Pareto front solutions for the multi-objective optimization 

problem. 
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Fig. 4 (b) presents the electronic implementation of the 

system. An absolute encoder with CAN protocol (resolution: 

15 bits, OidE, China) connected with the driven wheel is used 

to obtain the kinematic parameters of the active joint. The 

robot is sensorized with a six-axis force sensor (Sunrise 

Instruments, M3703B2, China). Moreover, two limit switches 

with digital output are included in the robot to limit the 

rotation angle of the driven wheel. To perform a high-quality 

single-DOF motion, the motor driver is connected to the 

master real-time NI over EtherCAT. The control is realized 

with LabVIEW 2020 using the LabVIEW FPGA Module to 

read the signal of digital input, analog input, and CAN input. 

B. Robot Control 

The closed-loop impedance control is utilized to obtain a 

high-quality haptic rendering [20, 32, 33] due to its 

advantages of smaller impedance error caused by the 

dynamics of the haptic device. Fig. 5 (a) presents the control 

block with closed-loop impedance control, where the 

proportional-integral (PI) control with a feedforward term is 

used to track the desired force. The desired force 𝑓𝑑𝑒𝑠  is 

generated based on the task model that is generally defined as 

functions of the end position (𝑓𝑦) and end velocity (𝑓𝑣). In this 

work, 𝑓𝑑𝑒𝑠 was defined by a virtual wall model. 

𝑓𝑑𝑒𝑠 = 𝑘𝑛(𝑦 − 𝑦𝑑) + 𝑏𝑛𝑣  (10) 

where  𝑘𝑛 is the virtual stiffness, 𝑏𝑛 is the virtual damping, 𝑦 

and 𝑦𝑑  are the position of the handle and virtual wall, 

respectively, 𝑣 is the velocity of the handle. 

IV. EXPERIMENTS 

This section aims to verify the robot performance in terms 

of workspace, force feedback capacity, and task rendering 

capacity. Detailed experimental procedures are also presented 

in the accompanying video. The study was approved by the 

Southern University of Science and Technology, Human 

Participants Ethics Committee (20190004) and consents were 

obtained from the participant. 

A. Workspace and Force Feedback Capacity 

Test of workspace: The human subject (male, age 33 years, 

height 1.78 m , weight 70.5 kg) was required to grasp the 

 

Fig. 4.  (a) Prototype of the single-DOF haptic robot. (b)  Electronic implementation of the system. 

 

Fig. 5.  (a) Diagram of the control block with closed-loop impedance control. (b) Virtual environment for the rendering of free motion and hard contact. 
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handle as shown in Fig. 4 (a) in a seated position. Then the 

human subject moved the handle along the linear guide rail 

with the position data recorded. 

Force feedback capacity: For this non-Cartesian haptic 

robot, its mechanical properties are not uniform within the 

workspace, and thus different force feedback capacity could 

arise at different test points. To this end, we designed a fixed 

mechanism as shown in Fig. 4 (a). It can fix the endpoint at 

different positions. Considering the distribution of mounting 

holes on the guide rail, eight points with 𝑦-coordinates of 

118 mm, 158 mm, 198 mm, 238 mm, 278 mm, 318 mm, 

358 mm, and 398 mm were selected. The step signal from a 

baseline force of 0 N  to a target force of 40 N  was 

commanded to the robot at each position. The force response 

data were recorded through the six-axis force sensor. 

B. Task Rendering Capacity 

Free motion and hard contact were two representative 

interaction tasks. Test of the task rendering capacity of the 

haptic robot was verified by rendering these two tasks. In the 

following tests, the participant was required to grasp the 

handle and interact with the virtual task through the developed 

robot as shown in Fig. 4 (a). A virtual interface, as illustrated 

in Fig. 5 (b), was built using Unity 3D (Unity Technologies, 

San Francisco, CA, US) game engine. The top and bottom 

borders were set as virtual walls. Position of the wall can be 

reset by changing the border value. 

Free motion rendering capacity: The interactive force is 

virtually zero in this test. Thus, corresponding desired force 

𝑓𝑑𝑒𝑠 was set as zero, i.e., setting the variables in (10) as 𝑘𝑛 =
0, 𝑏𝑛 = 0. We adopted various control parameters in different 

motion directions to reduce the impact of the links’ gravity. 

Let the human participant move the handle along a linear 

reciprocating trajectory. Then the velocity and the resistance 

force can be measured by sensors.  

Hard contact rendering capacity: High stiffness 

performance is necessary for hard contact rendering. We 

verified the hard contact rendering capacity by testing the 

stiffness output performance of the robot. The virtual wall 

model defined in (10) was used to test the stiffness 

performance of the system. Variable 𝑘𝑛 = 40 N · mm
−1 was 

defined as the stiffness of the virtual wall. Since an 

appropriate damping coefficient can improve the stiffness 

property effectively [34], we set the variable 𝑏𝑛  in (10) as 

0.06 N · mm−1 · s . The stiffness performance of the eight 

different positions was tested to verify whether the robot can 

achieve high stiffness output throughout the workspace. 

During the test, the human participant was required to move 

the handle to the position of the virtual wall first, and then 

gradually increased the force applied to the wall. When the 

force reached above 20 N, the human participant can relax the 

handle. Force and displacement data were recorded. 

V. RESULTS AND DISCUSSION  

Fig. 6 (a) shows the movement trajectory of the endpoint 

when the operator moves the handle in the workspace. The 

minimum value of 𝑦 −coordinates is 70 mm (𝑦𝑚𝑖𝑛) and the 

maximum is 405 mm (𝑦𝑚𝑎𝑥). The range of motion is larger 

than the expected workspace (300 mm) . The force step 

response curves of the eight different positions in the 

workspace are shown in Fig. 6 (b). The results show that the 

robot can output the force of 40 N at each position with a fast 

response that the step rise time is 16.6 ± 3.5 ms (mean±SD). 

Therefore, the optimized haptic robot meets the design 

requirements in terms of workspace and force output 

performance.  

 

Fig. 6.  (a) Moving trajectory of the handle in the workspace. (b) The force step response of the haptic robot at eight different positions. 

 

Fig. 7.  Free motion test results of (a) end velocity and (b) resistant force. 
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Results of the free motion test are displayed in Fig. 7. As 

shown in Fig. 7 (a), the human participant moved the handle 

with the velocity amplitude of 250 mm · s−1  and the 

frequency of 1.5 Hz. It can be obtained from Fig. 7 (b) that 

the perceived resistance is very little, and the root mean 

square (RMS) of the resistant force is only 0.93 N . It 

demonstrates that the developed haptic robot can perform free 

motion tasks. 

Figs. 8 (a)~(h) show the sample force-displacement curves 

at eight different positions of the virtual wall. The measured 

stiffness 𝑘̂𝑛 is estimated by the slope of the fitting line. It is 

noted that several fitting lines do not have zero intersects, 

which may be caused by the links’ gravity, but this has a 

negligible impact on the test results. It can be obtained that 

the robot can render the stiffness of 40 N · mm−1 at all test 

positions. The curve at 𝑦 = 398 mm is not as linear as the 

other positions which may be due to the high transmission 

angle near the edge of the workspace. Previous research 

suggested that stiffness higher than 24.2 N · mm−1  is 

required to convey hard contact [35]. Thus, the developed 

robot in this work has the ability to render hard contact. 

Compared with other transmissions (e.g., gearbox, 

ballscrew, and belt), the developed cable-driven robot also 

has some defects. The linkage design is not easily compatible. 

The friction force produced by the force perpendicular to the 

rail affects the back-drivability of the robot. We overcome the 

above shortcomings through low gear ratio design and 

optimization process. The device is only 650 mm in length 

enabling the robot with portability, which makes it 

comparable to other devices. To test the back-drivability, the 

handle was moved by the operator with a velocity of 

100 mm · s−1 , where the device was actuated only by the 

human participant (without motor compensation). As shown 

in Fig. 9, the mean resistant force was only 2.5 N . It 

demonstrates that the robot can be easily back-driven even 

when the motor is disabled in an accident situation, ensuring 

interaction safety. 

VI. CONCLUSION 

This paper presented our efforts to optimize and develop a 

single-DOF cable-driven haptic robot with an appropriate 

tradeoff for workspace and portability, as well as for low gear 

ratio and force rendering capacity. Using a multi-objective 

optimization method, we confirmed the design requirements 

outlined in the introduction. First, we optimized for a compact 

size that meets the constraint of a given workspace, allowing 

for appropriate workspace and portability. Second, we 

optimized for low inertia, high back-drivability, and high 

force output while meeting the constraints of a low gear ratio 

of 12: 1  and an output force of 40 N . Based on the 

optimization results, we developed a slider-crank-

mechanism-based cable-driven haptic robot capable of free 

motion and hard contact. Performance evaluations confirmed 

that the robot meets design requirements for workspace and 

force rendering capacity. Future work will focus on exploring 

the robot’s ability to perform more realistic tasks and 

investigate its clinical efficacy. 

 

Fig. 8.  Stiffness test results at eight different positions in the workspace. The given virtual wall model is 𝑘𝑛 = 40 N · mm−1, 𝑏𝑛 = 0.06 N · mm−1 · s. 

 

Fig. 9.  The resistant force of the back-drivability test when the motor is 

disabled. 
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