
 

 
 

 

 

Abstract— Precision robotic assembly requires compliant 
motion to avoid jamming or wedging. To achieve compliant 
motion, impedance control and a passive compliance device, 
such as a RCC (remote center compliance) device, have been 
used in robotic assembly. However, impedance control cannot 
provide low impedance for the high-frequency range, and load 
capacity and allowable misalignment of the RCC device are 
limited. To cope with these problems, we propose to use a 
variable stiffness actuator in robotic assembly. The 3-DOF 
manipulator including two HVSAs was developed, and the 
experiments on robotic assembly were carried out. Two HVSAs 
provide low impedance to compensate for the lateral and 
angular errors between the assembly parts. To show the 
advantages of the HVSA-actuated manipulator over the 
force-controlled manipulator, we conducted comparison 
experiments on robotic assembly with the 6-DOF robot 
manipulator which was controlled by an impedance controller. 
A series of experiments show that the HVSA-actuated 
manipulator is more beneficial to execute the tasks requiring 
both fast motion for high efficiency and low impedance for 
operational safety. 

I. INTRODUCTION 

ommercially available industrial robots generally have 
the repeatability of 0.05~0.1 mm and the positioning 

accuracy larger than 0.1 mm without calibration [1]. The 
positioning error more than 1 mm at the end-effector occurs 
for an articulated robot manipulator while handling a heavy 
object due to relatively low stiffness (less than 1 N/m). In 
contrary, the clearance between precision elements, such as a 
bearing, a shaft and a gear etc., is less than 100 m. When the 
clearance is small, jamming or wedging can easily occur due 
to lateral and angular errors. After the assembly parts are 
jammed, the surface may be scratched by excessive contact 
force [2]. To deal with this problem, impedance control [3, 4] 
and passive compliance devices, such as a RCC (remote 
center compliance) device [5], have been used in robotic 
assembly. 

The implementation of impedance control for a robot 
manipulator enables low impedance for the low-frequency 
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range, but it is ineffective for the high-frequency range [6]. In 
other words, the contact motion at high speeds is difficult to 
achieve when active force control is being implemented. 
From a practical point of view, however, the speed of the 
motion or the execution time can in no way be negligible 
because it is highly related to the cost of the production. On 
the other hand, a RCC device is beneficial to robotic assembly 
for small lateral and angular errors. However, load capacity 
and allowable misalignment are limited [5], and chamfering 
is required to guide a peg into a hole during assembly. 

To cope with these problems, a variable stiffness actuator 
(VSA), which can simultaneously control the position and 
stiffness, is used for flexible robotic assembly. A spring 
installed at the VSA provides low impedance for the 
high-frequency range, and the output torque can be indirectly 
controlled by adjusting the deformation of a spring. Therefore, 
the VSA has all the advantages of active force control and a 
passive compliance device. In this research, the hybrid type 
variable stiffness actuator (HVSA) developed in our previous 
work [8] is used. The HVSA adopts an adjustable moment 
arm mechanism to have a wide range of stiffness. Similar to 
other variable stiffness actuators, the HVSA can control the 
position and stiffness at the same time, and the external torque 
exerted on the output shaft can be estimated [8-14]. 
Furthermore, the HVSA can maintain a constant joint 
stiffness irrespective of the elastic motion of the output shaft. 
This feature is advantageous to control of the contact force 
during contact motion. 

In this paper, the 3-DOF robot manipulator including two 
HVSAs is proposed, and the experiments on robotic assembly 
are carried out. Two HVSAs provide low impedance for the 
high-frequency range during robotic assembly so as to 
compensate for the lateral and angular errors between the 
assembly parts. To show the advantage of the HVSA-actuated 
manipulator over the force controlled-robot, comparison 
experiments on robotic assembly are conducted with the 
6-DOF robot manipulator which is controlled by the 
impedance controller. A series of experiments show that the 
HVSA-actuated manipulator can improve the efficiency of 
robotic assembly by reducing the assembly time while 
providing low impedance for operational safety. 

The remainder of this paper is organized as follows: the 
concepts of jamming and wedging are explained in Section II, 
and the HVSA and its features are briefly presented in Section 
III. The experimental results on robotic assembly based on 
the HVSA-actuated manipulator and the force controlled 
manipulator are shown in Section IV and V, respectively. 
Finally, Section VI gives our conclusion. 
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II. ROBOTIC ASSEMBLY 

Actual parts have three dimensional shapes, but they can be 
simplified into two dimensional models when a part has a 
symmetric shape, as shown in Fig. 1. l0 and a0 are the initial 
lateral and angular errors between a peg and a hole, 
respectively. The level of difficulty of the assembly depends 
on these errors. 

 

 
Fig. 1 Two dimensional model of a peg in a hole. 

 
Jamming easily occurs when the insertion force and 

friction force are misaligned as shown in Fig. 2(a). In this case, 
the peg can be disassembled by removing the insertion force. 
On the other hand, if the insertion force is excessively applied 
with a large misalignment between the peg and the hole, 
elastic or plastic deformations may occur as shown in Fig. 
2(b). In this case, the residual force still remains and thus the 
peg cannot be disassembled even though the insertion force is 
removed. This phenomenon is called the wedging, and it is 
the worst condition during assembly. To avoid jamming and 
wedging, the magnitude and direction of the insertion force 
should be controlled, or the position and orientation errors 
should be compensated to avoid excessive contact force. 

 

  
Fig. 2 Jamming and wedging: (a) jamming, and (b) wedging. 

III. HYBRID VARIABLE STIFFNESS ACTUATOR  

The hybrid variable stiffness actuator, developed in our 
previous work, adopted an adjustable moment arm 
mechanism to provide simultaneous control of position and 
stiffness. The conceptual model of the adjustable moment 
arm mechanism is shown in Fig. 3. This mechanism consists 
of a position frame, an output frame including an output shaft 
and a lever, and two spring blocks. Both the position and the 
output frames can rotate around their origin O, and the spring 
block can move inward or outward along the position frame 
while supporting the output frame. The rotation angle of the 
position frame p and the length of the adjustable moment 

arm rsb are the control parameters associated with the position 
control and the stiffness control, respectively. 
 

  
Fig. 3 Concept of variable stiffness actuator based on adjustable moment arm 
mechanism: (a) initial state, (b) position control, (c) increase in stiffness, and 
(d) decrease in stiffness. 

 
It is assumed that the initial length of the spring block and 

the joint stiffness are rsb1 and kj1, respectively, and the external 
torque does not exist (Fig. 3(a)). As shown in Fig. 3(b), the 
output frame rotates by o as the position frame rotates by p, 
while maintaining the joint stiffness of kj1. On the other hand, 
the output frame slightly rotates by 2 when the external 
torque e is exerted on the output frame (Fig. 3(c)), and 2 
increases to 3 as the spring block moves inward (Fig. 3(d)). 
In other words, the joint stiffness defined by the torque over 
the rotation angle decreases as the spring block moves inward, 
and vice versa. Consequently, the simultaneous control of 
position and stiffness can be achieved by controlling p and 
rsb.  

Figure 4 shows the HVSA based on the adjustable moment 
arm mechanism, and the details associated with the 
mechanical structure and its control can be found in Ref. [8]. 
The total size of the HVSA including two motors is 100 mm 
(diameter) x 258 mm (length), and the weight of the unit is 
about 2.36 kg. The maximum continuous torque is 8.5 Nm, 
the maximum velocity is 450°/s, and the maximum elastic 
range is ±30°. The range of stiffness variation is 0.07 ~ 2.2 
Nm/°, and the response time for stiffness change is 140 ms.  

 

  
Fig. 4. Hybrid variable stiffness actuator. 
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IV. EXPERIMENTS ON ROBOTIC ASSEMBLY 

A. 3-DOF HVSA-Actuated Manipulator  

To conduct robotic assembly, the 3-DOF planar 
manipulator including two HVSAs was constructed, as 
shown in Fig. 5(a). Two HVSAs were respectively installed at 
joint 2 and joint 3, and an AC servo motor was connected to 
joint 1 with a harmonic drive. Figure 5(b) shows the 
kinematic model of the HVSA-actuated manipulator. The 
parameter li is the length of link i, and i is the joint angle of 
joint i. From forward kinematics, the position and orientation 
of the end-effector in Cartesian space can be calculated by 
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where Px and Py are the position of the end-effector in the x 
and y directions, respectively, and e is the orientation of the 
end-effector. The length of each link is 8.5 cm, 15 cm, and 22 
cm, respectively. 
 

  
Fig. 5 3-DOF planar manipulator including two HVSAs: (a) constructed 
manipulator, and (b) kinematic model. 

 
  From the partial derivative of (1), the Jacobian matrix is 

obtained by 
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where s1 = sin(1), s12 = sin(1+2), s123 = sin(1+2+3), c1 = 
cos(1), c12 = cos(1+2), and c123 = cos(1+2+3). 

The relationship between the joint torque vector  of a 
manipulator and the end-effector force vector F can be 
represented by the following Jacobian relation: 

 

FJ T                                                                                (3) 

 
The differential displacement x of the end-effector is 

related to the differential displacement  of the joint by  
 

 Jx                                                                          (4) 
 

Substituting (4) together with  = Kj∙ and F = Kx∙x into 
(3) yields the relation between the joint stiffness matrix Kj and 
the Cartesian stiffness matrix Kx as follows: 

 

JKJK x
T

j                                                                     (5) 

 
From (5), the Cartesian stiffness required for the task can be 
obtained by adjusting the joint stiffness. 

A series of experiments on robotic assembly were carried 
out using the HVSA-actuated manipulator. The size of the 
square peg was 50 x 50 x 30 mm, and there was 0.1 mm 
clearance between the square peg and the square hole. Joint 1 
was assumed to be a rigid joint, whereas the stiffness of join 2 
and joint 3 were set to 1 Nm/° and 0.5 Nm/°, respectively, to 
provide compliance. The joint angles for the initial position 
were set to 0°, 45°, and 45° for joint 1, 2 and 3, respectively. It 
was also assumed that the lateral and angular errors were less 
than 1 cm and 3°, respectively.  

Figure 6 shows the sequences of robotic assembly. First, 
the square peg approached the square hole (①). After contact 
occurred (②), the lateral and angular errors were passively 
compensated (③) until the assembly was completed (④). Fig. 
7 and 8 show the contact force measured by the force/torque 
sensor in the insertion direction when the assembly speeds 
were 30 mm/s and 80 mm/s, respectively. The square peg was 
well inserted into the square hole at both assembly speeds. It 
took 1.6 s to complete the assembly with the maximum 
contact force of about -18 N when the assembly speed was 30 
mm/s, whereas it took 0.5 s with the maximum contact force 
of -55 N when the assembly speed was 80 mm/s. The 
efficiency of robotic assembly was improved by increasing 
the assembly speed while maintaining low contact force. 
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Fig. 6 Sequences of robotic assembly using HVSA-actuated manipulator. 
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Fig. 7 Experimental results on robotic assembly using HVSA-actuated 
manipulator (assembly speed: 30 mm/s). 

 

 
Fig. 8 Experimental result on robotic assembly using HVSA-actuated 
manipulator (assembly speed: 80 mm/s). 

 

B. 6-DOF Manipulator based on Impedance Control 

For comparison experiments, the 6-DOF robot manipulator, 
which was developed at Korea University, was used, as 
shown in Fig. 9. Each joint consisting of an AC servo motor 
and a harmonic drive, which can provide high joint stiffness. 
The 6-axis force/torque sensor was attached to the wrist to 
measure the contact force. Impedance control based on a 
velocity controller was implemented to enable the motion in 
response to the external force. All motors installed at each 
joint are controlled at a sampling rate of 1 kHz. 
 
 

 
 
Fig. 9 6-DOF manipulator. 

 
The robotic assembly using a 6-DOF manipulator based on 

impedance control was conducted, as shown in Fig. 10. 
Stiffness and damping in Cartesian space were set as follows: 
 
- Translational stiffness: kx=ky=500 N/m, kz=700 N/m  
- Rotational stiffness: krx=kry=0.5 Nm/o, krz=0.15 Nm/o 
- Translational damping: bx=by= 250 N·s/m, bz=350 N·s/m 
- Rotational damping: brx=bry=0.5 Nm·s/o, brz=0.075 Nm·s/o 

 
These values were empirically determined to provide 

stable contact motion. During assembly, the robot actively 
responded to reduce the contact force caused by the 
misalignment error. Figures 11 and 12 show the contact 
forces measured by the force/torque sensor when the 
assembly speeds were 15 mm/s and 30 mm/s, respectively. It 
took 7 s to complete the assembly with the maximum contact 
force of about 38 N when the assembly speed was 15 mm/s, 
whereas it took 4 s with the maximum contact force of 90 N 
when the assembly speed was 30 mm/s. 

 

① ②

④③
 

 
Fig. 10 Sequences of robotic assembly using 6-DOF manipulator. 
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Fig. 11 Experimental results on robotic assembly using 6-DOF manipulator 
based on impedance control (assembly speed: 15 mm/s) 
 

 
 
Fig. 12 Experimental results on robotic assembly using 6-DOF manipulator 
based on impedance control (assembly speed: 30 mm/s). 
 

As shown in the experimental results, the contact force 
increased with the assembly speed. Compared to the 
experimental results using the HVSA-actuated manipulator, 
the higher contact force was generated even though the 
assembly motion was slow. Reduction in the contact force in 
the high speed motion requires low impedance for the 
high-frequency range. However, the manipulator based on 
active force control has bandwidth limitations in impedance 
regulation [6, 7], so the fast motion with operational safety is 
limited.  

V. 5 CONCLUSIONS 

The robotic assembly based on the variable stiffness 
actuator (VSA), which can simultaneously control position 
and stiffness, was proposed to provide flexible robotic 
assembly. The 3-DOF manipulator including two HVSAs 
was constructed, and a series of experiments on robotic 
assembly were conducted. To verify the performance of 
robotic assembly based on the HVSA-actuated manipulator, 
the force-controlled robot manipulator was compared. From 
the comparison experiments, the following conclusions are 
drawn: 

 
(1) The rigid robot manipulator based on active force 

control such as impedance control has bandwidth limitation 
in impedance regulation. Therefore, the task speed is limited 
to ensure operational safety when the robot executes the tasks 
requiring contact motion. 

(2) The spring installed at the HVSA can provide low 
impedance for the high-frequency range. Therefore, the 
HVSA-actuated manipulator can reduce the execution time 
by increasing the speed of the motion while maintaining 
operational safety. 
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