
Journal of Advanced Control, Automation and Robotics (JACAR), 4 (1): 149-155, April 5, 2018 

e-ISSN: 2432-5562, p-ISSN: 2186-9154 

Applied Science and Computer Science Publications 

Corresponding Author: Huashan Feng. School of Mechanical Engineering, Northwestern Polytechnical University, 127 

West Youyi Road, Xi’an, China, Tel: +86-029-8849-4271, Fax: +86-029-8849-4271, E-mail: 

fenghuashan@nwpu.edu.cn 

149 

 
 

Design and Experiments of Distributed Compliant Actuator 

for Industrial Robots 
 

Huashan Feng, Yaping Xu, Dewang Mao  

 
 

Abstract:  In order to reduce the torsional moment of the motor in Axis-2, the drive compensation 

devices can be used for the joint of industrial robots. The static balance compensation range of 

conventional balance cylinders is limited. Since of lacking in autonomy, continuity, and dynamics, 

balance cylinders cannot be used for compensation when load is various. The dynamic cylinder based 

on series elastic actuator (SEA) devices is designed to realize the automatic response of industrial 

robots when load is various, to obtain continuous dynamic compensation of the inertia moment and to 

achieve the optimum balance. Because SEA devices have features of dynamic adjustment and energy 

amplification, they can be used to realize balance compensation and reduce effectively the power 

requirement for the joint drive motor or even replace a motor of Axis-2. Thus, a new kind of flexible 

balance-drive device is constructed. In this paper, theoretical and experimental analyses of the dynamic 

model are conducted. The experimental results prove that the devices combine the effects of balancing 

cylinders and motors of Axis-2, as well as increasing load capacity and flexibility. 
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I. INTRODUCTION 

 

n industrial robot is a complex system coupled 

with multiple degrees of freedom. The output 

torsional moment of each joint axis differs with 

the change of end load and motion speed, as well as 

with the variation in arm posture and angular velocity. 

This difference is most severe in respect of the output 

torsional moment of the Axis-2 joint of the lower arm. 

So thus, industrial robots need to employ high capacity 

actuators to enhance various performance 

characteristics. However, in practice, the actuators and 

the speed reducers often lead to heavy and bulky 

manipulators.  

Hence, the industrial community usually utilizes 

balancing mechanisms to compensate the Axis-2 joint 

torsional moment caused by loading [1] and dynamic 

positional effects. There are several types of balancing 

cylinders, including the counterweight type [2–5], the 

spring type [6–7], the vapor-pressure type, the 

hydraulic-pressure type [8–10] and so on. However, 

gravity compensation is conducted based on the static 

balancing principle, i.e., by changing the output 

torsional moment via optimizing spring stiffness, so as 

to compensate as much as possible the gravity torsional 

moment of the Axis-2. However, the balancing 

mechanisms cannot completely balance gravity in the 

working range, due to the nonlinear spring stretching 

caused by joint rotation during movement and, hence, 

compensation capacity is not optimal across the 

movement range. Furthermore, the balancing 

mechanisms only can provide compensation for specific 

gravity loads, while the torsional moment compensation 

range cannot be adjusted. 

Focusing on the above shortcomings, many related 

research studies have been carried out in recent years. 

As for the balancing mechanism for variable-load robot 

arms with 4 degrees of freedom, Briot and Arakelian 

developed a new kind of energy-free gravity 

compensation adjustment system [11]. When the load 

mass is changed, rearrangement of the balancing device 

was achieved by operating a brake device and passively 

adjusting the compression amount of the springs. 

Naoyuki Takesue et al., designed a variable gravity 

compensation mechanism by using two sets of linear 

springs and one balancing position adjustment 

mechanism [12]. This balancing mechanism needed 

artificial adjustment to balance the change of load mass. 

Shieh et al., adopted the Scotch Yoke Mechanism and 

designed a new spring balancing device. In this case, 

the balancing mechanism was embedded in the robot 

arm and could keep a constant system potential energy 

A 
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during the whole motion [13]. ABB developed a spring 

balancing cylinder consisting of three co-axially 

installed springs to meet the requirements of load 

variation [14]. In addition, they designed a hydro-

pneumatic balancing cylinder [15]. The hydro-

pneumatic concept for the balancing cylinder consisting 

of a hydraulic cylinder with a fluid on one side of the 

piston. The fluid was connected to a compressed gas 

accumulator, which meant that the pressure inside the 

cylinder changed with alternating piston positions. 

Nevertheless, the mechanisms mentioned above still 

cannot automatically and continuously compensate for 

the variation of gravity moment and inertia moment. 

Moreover, when industrial robots perform certain 

tasks, such as drill-riveting and grinding, they need to 

interact with the environment and generate continuous 

contact force and trajectory control [16]. Hence, the 

Axis-2 balancing cylinder is required to not only to 

compensate dynamically for the gravity moment 

variation of the robot arm and end load but also must 

have the ability to adjust the joint stiffness during 

changing contact force output [17]. Therefore, it is 

necessary to conduct moment balance analysis from the 

aspect of dynamics and then develop balancing 

cylinders that can realize real-time adjustment of the 

compensation moment [18, 19]. 

A series elastic actuator is designed to cascade 

flexible elements between the drive and load, thereby to 

form closed loop control [20]. It perceives output force 

via elastic components. Concurrently, the drive source 

also can change the output force and displacement 

characteristics by adjusting its own effective length. 

Hence, by constructing new distributed compliant 

actuator (DCA) based on the SEA principle, the 

balancing response ability to the Axis-2 moment of the 

robot can be monitored and adjusted continuously. As a 

DCA, the SEA can further take the place of an Axis-2 

driving motor and play the role of distributed actuators 

[21]. This balance-drive mechanism not only does not 

need to increase the number of actuators in industrial 

robots but also can reduce the energy demand of the 

motor of Axis-2. Although a lot of scholars have 

applied SEA in exoskeletons, flexible joints and foot 

walking robots, there are still few reports concerning 

the application of the SEA principle in the distributed 

compliant actuators of industrial robots. In this study, 

the balancing moment required during the robot motion 

process was analyzed from the dynamics aspect and the 

adjustment principle of the new distributed compliant 

actuator mechanism was explored, based on the SEA 

principle, so as to overcome the shortcomings of 

traditional balancing cylinders when coping with load 

variations. 

 

II.   MODELING 

 

A. Modeling of force driving device 

There are two fundamental SEA structures. These 

are referred to as Force Sensing Series Elastic Actuator 

(FSEA) and Reaction Force Sensing Series Elastic 

Actuator (RFSEA) [20]. In this study, RFSEA was used 

as a force driving mechanism for its low impact 

tolerance. The device consisted of a spiral spring, ball 

screw, gear motor, synchronous belt driving mechanism, 

and so on. The related structure type is shown in Figure 

1. One end of the spiral spring was connected to the 

fixed bearing, while the other end connected to the ball 

screw. The spring stiffness k0 is fixed, with an initial 

length of X0. ∆S is the spring deformation amount at 

any time. L0 and ∆L were the screw initial length and 

the screw adjustment amount at any time, respectively.
 

BCR  was the distance between the fixed end and output 

end of the device at any time, i.e., the total distance in 

Fig. 1. In addition: 

 

= + + +BC 0 0R X S L L                                            （1）  
 

Screw

Motor Timing belt

0X + S 0L L

BCR
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outF

 
Fig. 1 Schematic of force driving model 

 

In this device, two variables are introduced: the 

spring deformation amount, ∆S, and the screw 

adjustment amount, ∆L. According to the working 

principle of an RFSEA, the spring deformation amount 

∆S can be measured in real time. The screw adjustment 

amount ∆L can be obtained from the drive connection 

between the motor and the synchronous belt driving 

ball screw: 

 

2

h
m

NP
L 


  

 
                                                     （2） 

 

where m  is the motor angular displacement 

increment; hP  is the ball screw pitch; and N is the speed 

reduction ratio of the synchronous belt driving 

mechanism. 
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By ignoring the influences of factors including the 

spring and the intrinsic mass and damping of the 

RFSEA, the output force of device Fout, spring output 

force FSpring, and RFSEA motor output force Fmotor has a 

relationship of Fout= FSpring= Fmotor, i.e., 

 
2

 = m
out 0

h

N
F k S

p

 
 

 
                                          （3） 

 

where η is the transmission efficiency; and τm is the 

torsional moment provided by the RFSEA motor. 

Eq. (3) indicates that the output force of device can 

be measured by the spring deformation amount and can 

be adjusted by the RFSEA motor.  

 

B. Modeling of DCA device 

Taking the Axis-2 joint of an industrial robot as an 

example, the equivalent model of DCA device is shown 

in Fig. 2. O1 is the hinge joint between the force driving 

device and robot support; O2 is the hinge joint between 

the extension bar of the force driving device and the 

robot lower arm; O3 is the Axis-2 gyration center of the 

lower arm. The positions of the O1 axis and O3 axis are 

fixed, while O2 rotates around the O3 axis along with 

the lower arm. R0 is the length of force driving device 

when the robot is in its initial position. In the initial 

position, the three axes, O1, O2, and O3 are in the same 

line. R1 is the distance between the lower arm gyration 

axis O3 and O2; RBC stands for the actual length of the 

balancing cylinder during rotation of the lower arm. θ2 

is the actual rotation angle of the lower arm, with the 

anticlockwise direction as the positive value. α1 is the 

angle between the lower arm and the O2O3 connecting 

rod. α is the angle between the O1O3 ligature and the 

vertical direction. Fout refers to the force being applied 

on the force driving device. L stands for the force arm 

of Fout with respect to the lower arm gyration axis O3, 

and k0 stands for the stiffness coefficient of the 

equivalent spring. 

 

Obviously, RBC can also be expressed as 

 

2 cos( )BC 2R C D B                                     （4） 

 

where 0 1 1

2 2

1 1

A= R + R ,B = 270 - a - a,

C = A + R ,D = AR

  

According to Eq. (1), (2) and (4), the motor 

angular displacement increment of the force driving 

device is the function of the expected angle 

displacement of the lower arm 
2̂  and the spring 

deformation amount ∆S: 

 

ˆ2 ( 2 cos( ) ) /m 2 hD BC A NPS      
      （5） 

 

where + +0 0 0 1X L R R
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Fig. 2 The equivalent model of industrial robot with 

DCA device 

 

Based on the Lagrange modeling method, the 

dynamic model of an industrial robot can be obtained 

as: 

 

( ) ( ) ( ) ( )T

S SM V G J F    θ θ θ,θ θ θ                   （6） 

 

where τ is the joint moment of the robot, i.e., τ=[τ1 τ2 τ3 

τ4 τ5 τ6]T; M(θ) is the inertia moment vector; ( )V θ,θ  is 

the centripetal force vector and Coriolis force vector. FS 

is the external force vector applying on the robot end, 

JS(θ) is the Jacobian matrix; G(θ)
 
is the gravity vector; 

θ θ θ， ，
 
are the angular acceleration, angular velocity 

and angle vectors of each joint, respectively. 

The mass and inertia tensor of the lower arm are 

defined as M2 and I2, respectively. The lower arm mass 

center position along the bar direction is R2 and the 

lower arm bar length is L2. To simplify the analysis, the 

equivalent mass and equivalent inertia tensor of bars, 

end executors and operation load on the forearm can be 

expressed as Me and Ie, respectively. The components 
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of equivalent external force applying on the robot end 

in the x- and y- directions are Fsx and Fsy, respectively. 

Thus, any dynamic change of the bars, end executors 

and loads that cascade on the forearm can be equalized 

to the change caused by Me, Ie, Fsx and Fsy. The 

equivalent moment τ2 at the Axis-2 of robot lower arm 

can be expressed as: 

 

2 2 2

2 2 2 2

(

sin cos

2

2 2 e e 2 2 e 2

sx sy

I + I +M L ) (M R M L )gcos

F L F L

  

 

  

 
 
   （7）

  

        
According to the moment balance principle of the 

Axis-2, there is: 

 

=2 outF L                                                             （8） 
 

where 
2sin( ) / BCL D B R   

According to Eq. (3), (7) and (8), the relationship 

between the spring deformation amount and the output 

torsional moment of the lower arm Axis-2 is as follows: 

 

2

0

S
Lk


 

 
                                                          （9） 

 
Eq. (9) indicates that the nonlinear variation of 

Axis-2 torsional moment and force arm, caused by 

factors including equivalent mass, equivalent inertia, 

joint position and dynamic change, external contact 

force, and so on, which will be perceived via the spring 

deformation amount S . When under position control 

mode, the expected value of the lower arm Axis-2 joint 

angle corresponds to a determined 
2̂ . Eq. (5) indicates 

that when nonlinear moment causes spring deformation, 

the motor compensates of the force driving device for 

the displacement deviation by changing the angular 

displacement increment to the drive screw extension 

length. Thus, the value of 2  is kept constant. 

Furthermore, the relationship between the motor 

torsional moment τm and the output torsional moment of 

the lower arm Axis-2 is as follows: 

 

2 = m

h

2 LN

P


 

 
                                               （10） 

 

Under force control mode, the motor of the force 

driving device changes the output moment of the lower 

arm Axis-2 by adjusting the output torsional moment. 

According to the dynamic model of motor, the hybrid 

control of force and position can be realized by 

dynamically controlling the output torque and angular 

displacement increment of the DCA motor. The details 

of controller design will be discussed in another paper. 

 

III. PERFORMANCE TEST 

 

A. Experiment equipment 

According to the DCA equivalent model displayed 

in Fig. 2, a prototype device was designed and is shown 

in Fig. 3. This device contained two parts: the 

movement mechanism and the driving control. The 

movement mechanism can be divided into three parts: 

1) The drive compensation device, consisting of a 

MOTEC α AC servo motor and coder, synchronous belt 

drive mechanism, ball screw pair and supporting 

mechanism; 

2) The force sensing device, consisting of the 

spiral spring, the linear guideway, and the differential 

transformer displacement sensor (LVDT) and its 

support arrangements; 

3) The load detection device, which consists of the 

lever motion, the joint rotation incremental encoder, the 

counterweight block, and the tension sensor and its 

support arrangement. 

The AC servo motor drives the ball screw via the 

synchronous belt and promotes the lever motion to 

swing while bearing load. The structural parameters of 

the prototype device are listed in Table 1. 

 

Motor&encoder

Belt

Ball screw

Displacement
sensor

Spring

Leverage

Incremental
encoder

Load

Fig. 3 Schematic of DCA prototype device 

 

The drive control part of the device consists of an 

industrial control computer, a GOOGOLTECH 4-axis 

motion control card, an analog acquisition and signal 

processing module, a MOTEC motor servo driver and 

signal acquisition and control algorithm based on 

MATLAB. The industrial control computer collects the 

spring deformation amount ∆S in real time via the 

LVDT sensor and detects the swing angle of the lever 

motion via the rotational incremental encoder in the 

lever joint. The industrial control computer sends the 

displacement or torsional moment control signal of the 
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ball screw to the MOTEC motor servo driver via the 

motion control card, while reading the actual 

displacement through the motor encoder. PID closed-

loop servo control is applied in the whole system. 

 

Tab. 1 Structural parameters of the prototype device 

Structural parameters Parameter values   

N 1~16 

Ph 4 mm 

R0 270 mm 

R1 40 mm 

L2 310 mm 

  86.5° 

1  90° 

M2 1.71 kg 

I2 0.014 kgm2 

 

 

B. Position Control Test 

The traditional topology form of joint actuator and 

the new topology form of DCA were used in the 

prototype device, respectively. The connection between 

the screw and lever motion was cut in the topology 

form of traditional joint actuator and an AC servo 

motor with the same speed reduction ratio was used to 

drive the link mechanism directly, as shown in Fig. 4 

(a). 

In this test, the load detection device swings 

follow the expected sinusoidal signal in order to 

simulate the working condition of industrial robot Axis-

2 joint. The expected joint track of the load test device 

was set as a sinusoidal signal with an amplitude of ±15° 

and an angular velocity of 2 rad/s. During swinging, 

acceleration and deceleration occur, which lead to 

variation in the inertial force, Coriolis force and 

centripetal force, and thereby a dynamic change in the 

required driving moment. The spring deformation 

amount is therefore dynamically changed. The drive 

control part achieves closed-loop servo control via the 

motor according to the Eq. (5) by measuring the spring 

deformation amount. 

The test results imply that the motor position 

output of the traditional topology form could follow the 

expected track signal. However, the output torsional 

moment was small. After the adding a 1.25 kg 

counterweight block on the lever end, the motor 

exhibited shaking due to insufficient driving force. 

Under this condition, adjusting the driving effect 

changed little. During the whole test procedure, the 

maximum value of motor current was 2.39 A. 

 

Drived by another motor

The screw is disconnected with lever  
(a) The traditional topology form of joint actuator (with 

a counterweight mass of 1.25 kg) 

 

Drived by this motor

The screw is connected with lever  
(b) The topology form of DCA (with a counterweight 

mass of 17.5 kg) 

Fig. 4 Position control device 

 

A counterweight block with a mass of 17.5 kg was 

equipped in the DCA device, as displayed in Fig. 4 (b). 

The maximum counterweight block mass under the 

normal swinging state of the load bearing device 

reaches 35 kg. The extreme value of spring deformation 

amount and the load capacity of screw decided the load 

mass of lever. The joint angular displacement measured 

by the rotation incremental encoder, the compensation 

rotational angular displacement provided by the motor 

encoder, and the spring deformation measured by 

LVDT, all change with time and the related values 

within 50~80 s are shown in Figure 5. The test results 

indicate that the measured joint angle followed well the 

expected track under PID control. A relatively small 

phase lag is evident between curves, which mainly was 

attributable to the nonlinear control system. The spring 

deformation exhibited a periodic fluctuation that was 

similar to a square waveform, which implies that the 

combined nonlinear features of the gravity moment 

variation were caused by the lever swing and the 

change in the inertia moment introduced during the 

acceleration and deceleration processes. The fluctuation 

of wave peaks and valleys were caused by spring 

chattering during deceleration braking. The 

compensation angular displacements provided by the 

motor are cosine curves with equal angular velocity, the 
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amplitudes of which were obtained by converting the 

encoder pulse count into a rotation angular 

displacement. The asymmetry of the amplitude was 

caused by asymmetric compression of the spring, 

resulting from the dynamically changing moment that 

was generated by the inertial force and gravity force 

during upward and downward symmetrical swinging of 

the counterweight blocks. Due to the high impedance 

feature of this device, the high-frequency parts caused 

by spring chattering during compensation can be 

filtered and does not occur in the output. During the 

whole test procedure, the motor output not only met the 

position control requirement but also automatically 

compensated the nonlinear change of gravity moment 

and inertia moment. Thus, continuous and smooth joint 

angle output curves are formed. The maximum value of 

motor current was 0.3 A. 

 

 

Fig. 5 Results of the position following test 

  

C. Force control test 

A force sensor is installed on the end of the motion 

lever to detect the continuous moment output capacity. 

The related test setup is shown in Fig. 5. During testing, 

a sinusoidal expected force with a base value of 65 N, 

amplitude of ±20 N and angular velocity of 0.5 rad/s 

was provided. Conversion results for the compensation 

angular displacement of motor, measured value of force 

sensor, and measured spring deformation amount, are 

shown in Fig. 6. Fig. 6 (a) shows the comparison of 

linear displacement values converted from the motor 

compensation angular displacement and the spring 

deformation amount, measured by the LVDT. Fig. 6 (b) 

shows a comparison between the actual spring 

compression force with the spring compression force, 

converted from the measured values of the lever-end 

force sensor. The test result implies that this device can 

provide continuous and adjustable moment output. The 

output from the force sensor indicates that this device 

could provide smooth, continuously-linearly increasing 

and periodic moment output. 

 

 
Fig. 5 Test device for joint continuous torsional 

moment output 

 
Fig. 6 Test results for joint continuous torsional 

moment output 

 

Based on the above test results, due to the 

existence of the flexible smoothing mechanism and 

dynamic compensation motor, the position control of 

this device is compensated via force or moment when 

the surrounding environment interacts with the lever 

end. Once the interaction disturbance disappears, the 

position control step can ensure that the lever motion 

will remain in the expected position, i.e., having no 

influence on surrounding environment. 

 

IV. CONCLUSIONS 

 

To reduce the torsional moment output of the 

Axis-2 joint motor, a new DCA device was designed, 

based on the SEA principle. Through testing using 

equivalent models, it was demonstrated that the device 

has following features: 
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1) It is not affected by the nonlinear features of 

joints and can compensate automatically for the 

continuously changing gravity moment caused by 

different joint positions. Even if the load mass 

experiences discontinuous change, this device still can 

achieve automatic compensation. 

2) It can compensate simultaneously for the 

dynamic moments caused by the inertial force, Coriolis 

force and centripetal force of joints in other axes. 

3) It can improve joint stiffness and provide 

flexible control of the end contact force. 

4) Under driving from the same motor, this device 

can provide greater load-bearing capacity. 

The device does not necessarily need to add extra 

drivers and controllers in industrial robots, while it can 

effectively reduce the power requirement of joint 

driving motors or increase load carrying capacity, as 

well as improve path-following characteristics. It can 

even take the place of the Axis-2 actuator, thereby 

constructing a balance-drive flexible device with 

adjustable joint stiffness. In future work, it is envisaged 

that attention will be paid to matching of the structural 

parameters, control methods, response frequency and 

the energy efficiency of this novel balance-drive device. 
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