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 Abstract –For post-stroke patient, the interaction force between 

the impaired limb and the rehabilitation robotic system is an 

important issue for patient safety in clinical treatment. The 

compliance control scheme can be achieved by the rehabilitation 

robotics with variable stiffness actuator (VSA) for the safe 

physical human robot interaction. The output stiffness would be 

adjusted independently via variable stiffness actuator during the 

rehabilitation training processing. In addition, when the stiffness 

changing, the different impedance characteristic can be realized 

according to the environmental applied force. The compliance 

control of VSA can be utilized into the rehabilitation application 

scenario for improving the training safety. In this paper, a 

performance-based stiffness control strategy for maximum the 

rehabilitation effect and increasing the patient participant was 

proposed utilizing the compliance characteristic of VSA. The 

elbow joint output stiffness would be regulated according the 

patient’s training performance which will be determined using the 

real-time position tracking error. It is noted that the training 

performance should be different to adapt the patient individual-

specific. Therefore, an acceptable position tracking error range 

should be set in advance for the suitable training plan. The 

experimental results show that the proposed method can adjust 

the elbow joint stiffness for patients according to the real-time 

training performance.  

 
Index Terms – Stiffness Control, Upper limb elbow joint, 

Performance-based control strategy, Interaction Force, and physical 

human robot interaction 

 

I.  INTRODUCTION 

  Within the aging society processing, the disable people and 

stroke patients would be rapidly increasing in recent years all 

over the world [1]. Due to the stroke patients and disable people 

lack the motor ability and hard to perform the activities of daily 

living (ADLs). However, the medical resources cannot meet 

such huge requirement of therapist. Therefore, the robot-

assistant system which can assist the patients in daily life and 

the rehabilitation training has been proposed to offset the huge 

gap of the medical resources [2]. Compared to the conventional 

therapy, the rehabilitation robotics can provide the repeatable, 

intensive predefine therapy to different disability level patients 

[3]. The rehabilitation robotics are also convinced to adapt the 

many individual-specific condition by applying different 

control strategies, which can recurrent the professional 

recovery training without the therapist. 

In the recent years, there are many different kinds of assistant 

strategy for improving the rehabilitation efficient and speed [4]. 

it can be mainly divided into two kinds, the biomedical signals-

based assistance strategy [5] using EEG, EMG [6] or ECG of 

the patients and the physical measurement signals-based 

control strategy  utilizing like the contact force [7], motion 

position angles [8], or motion postures of patients [9]. The 

biomedical signal-based strategy may increase the difficulty of 

the high-precision measurement as the dislocation of the 

biomedical sensors and the patient’s skin during the motion 

perform period. Therefore, the regular physical signals-based 

strategy was widely used in the rehabilitation robotics 

researches. In addition, the key parts of the rehabilitation 

training are the training safety and the training comfortability 

[10]. The interaction force between the robot and the patient 

usually be selected as the key factor to evaluate the system 

comfortability and safety [11]. The force control technology has 

been wildly introduced in the reference [12]-[13]. Especially for 

the robotics-assistant rehabilitation system, the safe physical 

human robot interaction (pHRI) is necessary to be considered 

during the mechanical design and the system control scheme 

design. To achieve the safe pHRI, the compliance control 

strategy is commonly implemented into the rehabilitation 

systems. The compliance control can be realized by two 

different methods, the programming compliance, and the 

passive compliance. The programming compliance means that 

using the force control of joint driven motors of the robots to 

softly interact with the environment, which is opposite to the 

rigid position control. However, the programming compliance 

required the precision information of the interaction 

environment. In the rehabilitation application scenario, the 

weakness of the different patient condition is hard to evaluate 

and predicted in advance. Therefore, the passive compliance 

method is a suitable method to solve the above problems. The 

passive compliance does not mean it cannot be programmed or 

controlled. The passive compliance refers to the robot have the 

compliance mechanism, such as the variable-stiffness actuators 

[14]-[15]. In addition, the rehabilitation training should be 



designed according to the patient’s motor state and patient 

individual-specific. 

In our pervious study, the end-effector type [16] and portable 

exoskeleton type devices [17] with the variable-stiffness 

actuator have been proposed for the compliance control. In 

addition, we also proposed some control methods to achieving 

the friendly pHRI and efficient assistant training [18]-[23]. For 

the compliance assistant with VSA, the position tracking 

evaluation experiments were carried out to validate the 

deviation angle in the different stiffness [24]. However, the 

interaction force has not been validated for safe pHRI. In this 

study, not only the interaction force, but the performance-based 

stiffness control for increasing the safety and training efficient 

was proposed. The performance-based stiffness control 

framework was implemented into a powered variable-stiffness 

exoskeleton device which has the ability of independently 

adjust the joint output stiffness by VSA. Furthermore, the 

acceptable error range was also taken into the control scheme 

for activating the robot assistant, which can motivate the 

patient’s participation rather than passive training. The 

appropriate assistant force can be given to the patients only if 

the training performance is over the error range. This kind of 

assisted-as-needed (ANN) is beneficial for rehabilitation 

training as it can maximum the patient active efforts [25]. 

This paper has been divided into four parts. The section I 

gives a brief overview of the control strategy with the 

compliance actuators. Section II begins by laying out the details 

of system modelling and the performance-based stiffness 

control method. Section III sets up the experiment, analyses the 

results gathered and evaluates the effect of the proposed control 

framework. Section IV draws together the key results and gives 

our conclusion. 

II.  METHODS 

A. Hardware Platform 

In this study, the interaction force between the patient and the 

robot would be evaluated by the powered variable-stiffness 

exoskeleton device (PVSED). The prototype design of the 

PVSED was detailed introduced in the previous research [26]. 

The PVSED is different from the normal exoskeleton device 

because the variable-stiffness actuator of PVSED was middle 

part between the transmission mechanism and the output link 

which can allow the compliance mechanical properties. The 

physical prototype of the PVSED is shown as the Fig. 1. As the 

Fig. 1 shows, the PVSED can be easily carried on the patients’ 

back with the shoulder straps and belts which is portable and 

convince for the home-based rehabilitation scenarios. In order 

to reducing the weight burden of patients, the light-weight 

aluminum alloys were selected as the main exoskeleton frames 

materials and the Acrylonitrile Butadiene Styrene (ABS) was 

selected for the shoulder connection part materials. The total 

weight of the PVSED is 3.1kg and the weight load can be 

distributed to the shoulder and torsos via the two symmetry 

shoulder straps and a torso belt to improve comfortability and 

wearability of the device. In order to adapt individual-specific, 

the adaptive mechanism for different body size was considered 

 
Fig.1. Overall structure design of the PVSED.  

  
Fig.2. Adaptable structure of the PVSED 

which can adjust the length of arm and the wide of shoulder as 

Fig. 2 shows. Additionally, considering the position of the 

centre of the glenohumeral joint is changed during the upper 

limb movements, the three passive shoulder degree of freedoms 

(DoFs) were designed to reduce the misalignment of the 

exoskeletal and the human joint axes and allow the nature range 

of motion of wears. The 3 passive shoulder DoFs includes the 

shoulder adduction/abduction, shoulder flexion/extension and 

internal/external rotation, respectively. Therefore, the high 

wear-comfortability and high adaptability to individual-specific 

of the PVSED can be achieved for facilitating the rehabilitation 

effect. 

The transmission mechanism of the PVSED has two parts 

including the elbow motion transmission part and the variable-

stiffness transmission part. The elbow motion transmission part 

is a light-weight cable-driven mechanism which can assist the 

wears via a compact DC motor (Maxon RE-30 Graphite 

Brushes Motor) placed on the back frames. One advantage of 

the cable-driven mechanism is the high back-drivability. The 

stiffness adjustment mechanism on the forearm which is also 

called the variable-stiffness actuator (VSA) is independent to 

the elbow motion transmission mechanism. The VSA is 

consisted of a small-size DC motor (Maxon RE-13 Graphite 

Brushes Motor), a screw ball transmission with the pivot, and a 

pair of antagonistic springs as the Fig. 3. The pivot can be 

moved by the DC motor through the screw ball transmission to  



 
Fig.3. CAD Model of the integrated VSA 

regulate the lever ratio of the output link and the antagonistic 

springs for variable stiffness. 

B. Working Principle of Variable-stiffness Actuator 

In this part, the working principle would be introduced in 

detail for the dynamic model. The conceptual model of the VSA 

is shown as the Fig. 4. The ends of the antagonistic springers 

were fixed to the main frames and the other ends were fixed to 

the output link by the steel cables. The pivot was implemented 

into the ball screw and powered by the DC motor. The 

transmission ratio of the exerted load and the spring force can 

be adjusted according to the pivot position changes resulting the 

stiffness variable characteristic.  

𝐾 =
𝜏

𝜃
 (1) 

Where the K is represented the stiffness, the  𝜏 is the applied 

torque and the 𝜃 is the angular change to the initial position. 

The applied torque can be calculated by the applied force 𝐹 

and the level 𝑙, so the formula 1 can be written as: 

𝐾 =
𝐹 ∙ 𝑙

𝜃
 

(2) 

As the Fig. 4, the equilibrium of moment can be written as 

follows: 

𝐹𝑠𝑝𝑟𝑖𝑛𝑔 ∙ 𝐿1 = 𝐹 ∙ 𝐿2 (3) 

Where the 𝐿1 is the lever of the spring force, and the 𝐿2 is the 

lever of the applied force. According to the Hooke’s Law:  

𝐹𝑠𝑝𝑟𝑖𝑛𝑔 = 𝑘 ∙ 𝑥𝑑  (4) 

Where the 𝑥𝑑  is the elongation of the spring. For the PVSED, 

the elasticity coefficient of spring is set as 19.6 N/mm. 

𝐾 =
𝐹𝑠𝑝𝑟𝑖𝑛𝑔 ∙ 𝑙

𝜃𝑑

∙
𝐿1

𝐿2
 

(5) 

The 𝐿1/𝐿2 represents the transmission ratio which is the 

position of the pivot. The relationship between the output 

stiffness and the pivot position can be described by a 2 

order polynomial fitting as follows: 

𝐾 = 0.1443 ∙ 𝑑2 + 2.287 ∙ 𝑑 + 16.95 

(0𝑚𝑚 ≤ 𝑑 ≤ 20𝑚𝑚) 

(6) 

Due to the motor 2 is controlled by a position controller, 

the pivot position can be easily calculated by the 

parameter of the ball screw and the rotation of the motor 

2. Therefore, the output force can be actively regulated by 

controlling the pivot position. 

 
Fig.4. Working princinple of the VSA 

C. Dynamics model of PVSED 

  The 1-DOF joint with independent-driven variable-stiffness 

actuator [27] can be modeled as the compliance joint with a 

elasticity parameter. Motivated by the [28], the whole system 

modeling (shown as Fig. 5) of the 1-DOF elbow joint 

exoskeleton with the VSA can be described as follows: 

𝐽𝑚𝜃�̈� + 𝐵𝑚𝜃�̇� + 𝐺(𝜃𝑗) = 𝜏𝑗 + 𝜏𝑒𝑥𝑡 (7) 

𝐽1𝜃1̈ + 𝐵1𝜃1̇ + 𝜏𝑗 = 𝜏1 + 𝜏𝑒𝑥𝑡,1 (8) 

𝐽2𝜃1̈ + 𝐵2𝜃1̇ + 𝜏𝑠 = 𝜏2 + 𝜏𝑒𝑥𝑡,2 (9) 

𝜏𝑗 = 𝐾(𝜃2) ∙ (𝜃𝑗 − 𝜃1) (10) 

where the 𝐽𝑚 is the moment of inertia of the output link 

of the joint. The 𝐽1 and 𝐽2 are the moment of inertia of 

the motor rotor, 𝑀1  and 𝑀2 , respectively. The 𝐵𝑚  is 

the damping coefficient of the output link, and the 𝐵1 

and 𝐵2 are the damping coefficient of the motor rotor, 

𝑀1 and 𝑀2. The 𝜏𝑗  represent the output torque of the 

joint. The 𝜏𝑒𝑥𝑡 is the applied force on the output link. As 

the affect of output torque and the applied force, the 

resistance torque on the motor 1 and the motor 2 can be 

approximate as the 𝜏𝑗, 𝜏𝑒𝑥𝑡,1, 𝜏𝑠, and 𝜏𝑒𝑥𝑡,2.  

As the rehabilitation application scenario, the elbow joint 

motion can be performed in a relatively low velocity, which 

means the angular velocity and the angular acceleration 

velocity can be approximate as zero. Therefore, the whole 

system modelling can be simplified as 

𝐺(𝜃𝑗) = 𝜏𝑗 + 𝜏𝑒𝑥𝑡 (11) 

The gravity of the output link can be written as 

𝐺(𝜃𝑗) = 𝑚 ∙ 𝑔 ∙ 𝑙 ∙ sin (𝜃𝑗) (12) 

Substituting the formula 12 into formula 11, the 

simplification modelling of the 1-DOF elbow joint with VSA is 

given: 

𝑚 ∙ 𝑔 ∙ 𝑙 ∙ sin(𝜃𝑗) = 𝐾(𝜃2) ∙ (𝜃𝑗 − 𝜃1) + 𝜏𝑒𝑥𝑡 (13) 

From the furmula 13, the function of the desried stiffness can 

be calculated when the system was applied a interaction force 

which leads to the deviation angle between the main frame and 

the output link. 



 

Fig.5. Dynamic modeling of the PVSED 

D. Performance-based Stiffness Control strategy 

In the rehabilitation training processing, the huge motion 

tracking error would lead the low efficient, which reduced the 

long training term and would have the potential of motor injury 

during training processing. In order to improve the efficient of 

rehabilitation training and let patient to sense the limb motor 

error, the performance-based stiffness control strategy has been 

proposed in this study through the VSA-based real-time 

stiffness adjustment. The performance evaluation method is 

mainly considered as the position accuracy which can be 

described as the 𝜃𝑗 − 𝜃1. Due to the safety considering and the 

maximise the patient participant, an acceptable position error 

range should be considered. Only if the position error over the 

set error range bound, the performance-based stiffness control 

strategy would be activated for training effect improvement. In 

the PVSED, two inertial measurement unit (MPU-6050) are 

implemented on the output link and main frame respectively to 

record the 𝜃𝑗   and 𝜃1 . In addition, the patient safety and 

comfortability are the other key point of rehabilitation training. 

For improving the patient safety, a thin film piezoelectric sensor 

(FSR-402) is integrated into the forearm holder against to the 

patient’s injured forearm for real-time force monitoring.  

The performance-based stiffness control is based on the 

simplification modelling of the PVSED. The position deviation 

and the applied force would be collected in real-time feedback 

signals to calculate the desired stiffness. There is inner stiffness 

control loop with a PID controller to calculate desired pivot 

position and the desired angle of motor 2 for achieving the real-

time stiffness regulation. In the out loop, according to the 

stiffness changes, the deviation angle between the output link 

and the main frame could be reduced to improve the 

rehabilitation effect. In the out loop, a PID controller is 

implemented for the quick position control. 

III.  EXPERIMENTS AND RESULTS 

A. Interaction Force Evaluation Experiments 

As the compliance character of the VSA, the position tracking 

error between the patient limb which also referring to the output 

link and the main frame of PVSED will bring the 

Fig.7. Interaction force evaluation results in Low-stiffness condition 

 

Fig.8. Interaction force evaluation results in Middle-stiffness condition 



 

Fig.9. Interaction force evaluation results in High-stiffness condition 

interaction force to the patients. This compliance interaction 

should be evaluated for the comfortable physical human robot 

interaction and the safety of patients. To validate the interaction 

performance of the PVSED, the interaction force evaluation 

experiment would be carried out at first. In the PVSED, two 

inertial measurement unit (MPU-6050) are implemented on the 

output link and main frame respectively to record the 𝜃𝑗   and 

𝜃1. And a thin film interaction force sensor was placed on the 

forearm holder for the comfortable wearability. The experiment 

protocol is set that the identical force would be applied to the 

forearm holder sensor part in the different stiffness statement. 

The position tracking results, which is the deviation of the 

output link and the main frame, and the interaction force results 

would be collected in the real-time by the compact control unit 

(Arduino Mega 2560). The interaction force evaluation 

experiments were carried out at the pivot position 0mm, 10mm, 

and 20mm, respectively referring to the low stiffness condition, 

middle stiffness condition and high stiffness condition. 

The interaction force evaluation experimental results were 

shown as the Fig. 7. In the low-stiffness condition as the Fig. 7, 

the max value of deviation angles are 9.6 degrees according to 

the interaction force at 40N. In the middle-stiffness as the Fig. 

8, the max value of the deviation angles are 1.5 degrees at the 

same interaction force 40N. In the high-stiffness as the Fig. 9, 

the max value of the deviation angles are 0.8 degrees at the 

 
Fig.10. Interaction force evaluation results in Low-stiffness condition 

same interaction force 40N. From the above experimental 

results, we can know that the variable stiffness condition would 

perform the different impedance characteristics. The high-

stiffness condition will have the lowest deviation range which 

means that the high interaction force can be delivered to the 

patients for high precision tracking training. The low-stiffness 

condition can allow patients to perform their own motion with 

high acceptance. The different stiffness conditions have the 

special application scenario according to the patient’s injury 

situation during the rehabilitation processing. It is noted that the 

initial position in the high-stiffness condition was not back to 

the zero position. The reason of this problem is that the cable-

driven transmission has high back-drivable and the cable 

tension is not tight enough. 

B. Performance-based Stiffness Control Experimental Results 
To felicitate the rehabilitation training effect, the 

performance-based training was proposed for achieving the high 
precision tracking effect. When the patients can not finish the 
predefine tracking, the assistant force would be applied to the 
patient’s arm through the exoskeleton device. As the mentioned 
before, the assistant force will be achieved by the VSA by setting 
an acceptable error range. In this study, the performance-based 
stiffness control was proposed. In order to evaluate the 
performance of the performance-based stiffness control, a 
preliminary evaluation experiment was carried out within the 
interaction force evaluation experimental frameworks. The 
performance-based stiffness control experimental results were 



shown as the Fig. 10. The stiffness can be adjusted when the 
deviation angle exceeds the set range. The max stiffness was 
controlled at the 80 Nm/rad according to the deviation angle. 
When the interaction force reducing to the zero, the deviation 
angle would be offset by the resistant force of VSA. The 
stiffness would be controlled to the initial position at the real-
time. Same to the interaction force evaluation experiment, the 
preload and tension of the cable-driven transmission may lead to 
the initial position error during the rehabilitation training 
processing.  

IV.  CONCLUSIONS 

In this paper, we proposed a performance-based control 

strategy which is applied on a powered variable-stiffness 

exoskeleton device for safe home-based rehabilitation training. 

Firstly, the interaction force evaluation of the VSA is validated 

in different stiffness condition. The experimental results show 

that with the increase of joint stiffness, the lower deviation 

angle would reduce at the same interaction force level. Further, 

a preliminary performance-based stiffness adjustment 

experiment was performed to evaluate the assistant force 

strategy. The results show that the output stiffness could be 

regulated when the deviation angle over the deviation angle 

range for correcting the tracking errors. By the aid of the 

proposed performance-based stiffness control method, the 

powered variable-stiffness exoskeleton device has the potential 

to help the patients complete homebased self-rehabilitation 

training in different intension. 
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