
  

 

Abstract— For tasks requiring robot-environment interaction, 
compliant motion is important to ensure stable contact and 
operational safety. The compliant actuators such as a series 
elastic actuator and a variable stiffness actuator (VSA) are 
expected to be one of the promising solutions to provide a 
compliant motion. In this paper, we propose a gripper actuated 
by the hybrid variable stiffness actuator developed in our 
previous work to show how the VSA can improve the ability of 
grasping. The gripper, which is equipped with two symmetric 
4-bar linkages, can conduct the position and stiffness control 
simultaneously, and the grasping force can be calculated by the 
estimated torque of the HVSA. The HVSA-actuated gripper is 
able to grasp fragile objects with compliant motion and the 
relatively heavy object with stiff motion. Furthermore, the 
features of the variable stiffness provide operational safety by 
adjusting the stiffness according to the task. In this study, the 
relationships between the joint torque and the grasping force, 
and between the joint stiffness and the Cartesian stiffness are 
analyzed to control the grasping force. From a series of 
experiments, it is shown that the gripper can grasp fragile 
objects such as an egg and a wine glass, as well as relatively 
heavy object without any soft cover and force/torque sensor. 
 

I. INTRODUCTION 

N INTERACTIONS between a robot and the 
environment, compliant motion is very important to ensure 

both stable contact and operational safety. Compliant motion 
can be obtained from the active force control of a 
conventional robot composed of rigid joints and a 
force/torque sensor [1], or by using a compliant actuator such 
as a series elastic actuator (SEA) [2-4] or a variable stiffness 
actuator (VSA) [5-9]. Many studies have been conducted on 
active force control, and the remarkable progress has been 
made in industrial robots. For a service robot, however, the 
active force control scheme has some limitations due to the 
cost of a force/torque sensor, a complex control algorithm, the 
speed of communication, and so on. Compliant actuators are 
expected to be one of the promising solutions to these 
problems. 

A compliant actuator can be divided into a position frame, 
an output frame, and a compliant mechanism. The position 
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frame associated with the desired position of the actuator is 
connected to a motor, whereas the output frame related to the 
actual position of the actuator is attached to the output shaft. 
These two frames are rigidly connected in the conventional 
actuator, but they are connected through a compliant 
mechanism in the compliant actuator. Depending on whether 
the joint stiffness of a compliant mechanism is constant or 
adjustable, it is called a SEA or a VSA, respectively. These 
compliant actuators can provide stable interaction control 
because the contact force is indirectly controlled by the 
passive compliant elements such as a spring. Moreover, the 
torque exerted on the output shaft can be estimated by 
measuring the deflection of the compliant mechanism.  

When a gripper or a robot hand handles various objects, 
contact motion is very important to successful operation. 
Most robot hands control contact force using tactile sensor or 
force/torque sensors [10-12]. Many difficult tasks such as 
grasping fragile objects or irregular-shaped objects can be 
conducted well with the aid of these sensors, which are still 
expensive to implement from a practical point of view. On the 
other hand, several finger designs were proposed including 
the DLR hand-arm system based on antagonistic actuation 
inspired by the human motion [13], and a biomimetic 
artificial fingers actuated by the double spring-biased shape 
memory alloy actuation mechanism [14]. However, the 
ability of grasping, which is the main function of a gripper or 
a hand, was not proved.  

To demonstrate how the VSA can improve the ability of 
grasping, the gripper actuated by the hybrid variable stiffness 
actuator (HVSA) is proposed in this paper. The HVSA was 
developed in our previous work [9], which uses an adjustable 
moment arm mechanism to have a wide range of stiffness. 
Similar to other VSAs, the HVSA can control the position and 
the stiffness simultaneously, and the external torque exerted 
on the output shaft can be estimated. 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. The proposed gripper actuated by the HVSA has all 
the advantages listed above.  

Compared to the previously developed robot hands, the 
HVSA-actuated gripper can manipulate fragile objects 
without an additional tactile sensor or force/torque sensor. 
The HVSA-actuated gripper can estimate the contact force 
exerted on the finger and control the grasp force by using the 
estimated torque from the HVSA. The passive compliant 
element installed at the HVSA guarantees stable contact 
motion between the two fingers and an object during the 
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execution of a task. Furthermore, the resolution of force 
estimation can be adjusted by controlling the stiffness of the 
HVSA according to the requirements of a task. These features 
of the HVSA-actuated gripper are advantageous to 
applications to service robots. 

In this study, the relationship between the joint stiffness of 
the HVSA and the Cartesian stiffness of the gripper was 
investigated to control the stiffness of the gripper.  The 
experiments on grasping fragile objects and relatively heavy 
objects were also conducted for difference stiffness. The 
remainder of this paper is organized as follows: the SEA and 
VSA are compared in Section II in more detail. The HVSA 
and its features are briefly explained in Section III. The 
gripper actuated by the HVSA and the experimental results on 
grasping are presented in Section IV and V, respectively. 
Finally, Section VI gives our conclusions.  

II. COMPARISON BETWEEN THE SEA AND THE VSA 

The link of a conventional robot is rigidly connected to a 
motor so as to provide high stiffness for improved position 
accuracy. However, this rigidity of the robot is 
disadvantageous to the interaction between the robot and the 
environment since stable contact motion requires compliance. 
Therefore, some researchers proposed the compliant joint 
mechanisms based on a spring element inserted between a 
link and a motor as shown in Fig. 1. This compliant joint is 
characterized by the three position parameters associated with 
the position frame (p), the output frame (o) and the elastic 
deflection (). 

 

 
 
Fig. 1. Conceptual diagram of compliant joint.  
 

Depending on whether the joint stiffness kj of a compliant 
joint is constant or adjustable, it is called a series elastic 
actuator (SEA) or a variable stiffness actuator (VSA), 
respectively. When a robot consisting of compliant joints 
interacts with an object, springs deform due to contact force. 
This contact force can be estimated by the product of the 
spring stiffness kj and the spring deflection . The contact 
force can also be controlled by the force feedback based on 
this estimated force information [8]. Furthermore, the 
compliance keeps the system from being damaged from the 
contact with the environment, and can improve the energy 
efficiency of the system by storing and releasing elastic 
energy during dynamic motion.  

However, the SEA has limitations with respect to the 
resolution of force estimation and the bandwidth of force 
control because its characteristics depend heavily on the 
stiffness of the spring which is constant (and not adjustable) 

[4]. In addition, improper springs can cause dangerous 
situations when an unknown disturbance is imposed to the 
system. Compared to the SEA, the VSA has all the 
advantages of the SEA, and overcomes the limitations of the 
SEA by adjusting the stiffness of the spring according to the 
situation. 

III. HYBRID VARIABLE STIFFNESS ACTUATOR 

The hybrid variable stiffness actuator, developed in our 
previous work, adopted an adjustable moment arm 
mechanism to control the position and stiffness 
simultaneously. The conceptual model representing the half 
of the adjustable moment arm mechanism is shown in Fig. 2. 
This mechanism consists of a position frame, an output frame, 
and a spring block. 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 r are the control parameters associated with the position 
control and the stiffness control, respectively. 
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Fig. 2 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 r1 and kj1, respectively, and the external 
torque does not exist (Fig. 2(a)). As shown in Fig. 2(b), the 
output frame rotates by o as the position frame rotates by p, 
while maintaining the joint stiffness of kj1 (i.e., no change in 
r1). On the other hand, the output frame slightly rotates by 2 
when the external torque e is exerted on the output frame 
(Fig. 2(c)), and 2 increases to 3 as the spring block moves 
inward (Fig. 2(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 obtained 
by independently controlling p and r.  

Figure 3 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. [9]. 
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From a practical point of view, a system based on position 
control is more useful than a system based on torque control, 
even though a position controller usually has a rather limited 
bandwidth. Therefore, the HVSA adopted a position 
controller as a main controller. 

 

 
 
Fig. 3. Hybrid variable stiffness actuator. 
 

The total size including the 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. We note that the 
specifications are the nominal values for normal operation, 
but the HVSA can operate over the specifications for short- 
term operation. 
 
- Torque estimation 

The HVSA can estimate the joint torque by measuring the 
position difference between the position frame p and the 
output frame o, which can be measured by the encoders. 
Both the position and the output frames are identical without 
the external torque. However, when the external torque is 
applied to the output shaft, p and o are no longer the same. 
In this case, the joint torque can be estimated by  
 

)(ˆ opjk    (1) 
 
where ̂  is the estimated torque. The resolution of the 
estimated torque is determined by multiplying the joint 
stiffness kj by the resolution of the encoder. The external 
encoder with the resolution of 0.009 °/pulse is installed at the 
output shaft of the HVSA. Therefore, the resolution of torque 
estimation is 6.3 x 10-4 ~ 0.02 Nm/° when friction and 
backlash are neglected. 

Figure 4 shows the experimental setup for torque 
estimation. To investigate the accuracy of torque estimation, 
an arbitrary output torque, which was measured by the 
force/torque sensor installed at the output shaft, was applied 
to the HVSA. As shown in Fig. 5, the estimated torque shows 
a good agreement with the measured torque for different joint 

stiffness. Some errors shown in Fig. 5 were caused by the 
friction and backlash in the HVSA. This estimated torque can 
be used as a feedback signal for contact force control.  

 

 
 
Fig. 4 Experimental setup for torque estimation. 

 

 
 
Fig. 5 Experimental results on torque estimation: (a) kj = 0.5 Nm/°, (b) kj = 1 
Nm/°, (c) kj = 1.5 Nm/°, and (d) kj = 2 Nm/°. 
 

IV. GRIPPER ACTUATED BY THE HVSA 

A gripper or a hand capable of grasping or handling an 
object is important to service robot arms. In particular, it is 
essential to control contact force or compliant motion when 
the robot hand handles breakable objects such as a glass, 
which is a good example to demonstrate the HVSA-actuated 
gripper’s capability. In this study, a 1 DOF gripper actuated 
by the HVSA was developed to verify this idea, as shown in 
Fig. 6.  

 

 
Fig. 6 1-DOF gripper actuated by HVSA. 
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Two symmetric 4-bar linkages were used and two fingers 
(link 3 and 3') operate synchronously since link 2 and 2' are 
connected through a gear train. Link 2 is also connected to the 
output shaft of the HVSA via a timing pulley and timing belt. 
The length of link 2 is 55 mm and the operation angle l is 45 
~ 104°. The maximum distance between the two fingers is 
104 mm. It takes 100 ms from the fully open to fully closed 
position at the maximum speed.  

Object grasping requires the relationships between the 
output torque and the grasping force and between the joint 
stiffness of the HVSA and the Cartesian stiffness of the 
gripper. For an analysis, the kinematic model of the gripper 
can be represented as shown in Fig. 7.  

 

 
 

Fig. 7 Kinematic model of gripper.  

 
lA is the distance from the origin to point A, lg is the distance 

from the surface of the gripper to the joint, l2 is the length of 
link 2, and l is the rotation angle of link 2. From the 
kinematic constraints, the horizontal position dg of the finger 
can be given by 
 

glAg llld  cos2 . (2) 

 
The relationship between the difference in the horizontal 

position dg and the difference in the rotation angle l can 
be represented by 
 

llg ld   sin2 . (3) 

 
To generate the grasping force Fg, the HVSA have to exert 

the joint torque  to link 2. From the moment balance 
equation at point A, the grasping force can be obtained by 
 

l
g la

F



sin2

  (4) 

 
where a is the distance to the point where the force exerted on. 
On the other hand, the Cartesian stiffness kx has to be 
controlled to manipulate a fragile object. To obtain the 
relationship between kj and kx, the grasping force can be 
represented by 
 

gx
ll

gj
g dk
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dk
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 (5) 

 
because  = kj·. Finally, the Cartesian stiffness of the 
gripper can be obtained by 
 

)sin(sin 22 ll

j
x lal

k
k

 
  (6) 

 
Equation (6) indicates kx is inversely proportional to sinl 

and l2. Assuming l2 is 55 mm, l is 45°, kj is 0.07 ~ 2.2 Nm/° 
and the external force is applied at the end of the finger (a = 
80 mm). Then the stiffness variation of the gripper in 
Cartesian space is 0.87 ~ 27.3 N/mm. 

 

V. OBJECT GRASPING 

A. Object Grasping 

The motion of grasping an object can be divided into three 
stages: approach, contact detection, and grasp, as shown in 
Fig. 8. First, the two fingers approach an object without 
knowing the exact position of the object. The stiffness is set to 
low to avoid a high contact force when the two fingers contact 
with the object. While the finger is in contact with the object, 
the contact force is calculated from Eq. (4) using the 
estimated torque of the HVSA. If the contact force is larger 
than the pre-specified value, the gripper is commanded to 
stop. Then, the two fingers grasp the object while maintaining 
the constant grasping force. Compliance and sensitive force 
control are required to ensure the operational safety when the 
gripper handles a fragile object, whereas high stiffness is 
needed to provide stable contact when the gripper grasps a 
heavy object. 

 

 
 
Fig. 8 Object grasping. 

 
A sufficient friction force, which is proportional to the 

grasping force, in the direction opposite to the gravitational 
force is required for successful grasping. While grasping a 
fragile object, determination of the proper grasping force is 
very difficult because the object can be broken by an 
excessive grasping force or slipped by an insufficient friction 
force. If the robot has multiple fingers with multiple tactile 
sensors, the success of grasping would be decided by 
measuring the relative motion between the fingers and the 
object, but this is out of scope of this study. 

For this reason, the desired grasping force was measured 
before the experiments on grasping were carried out. The 
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fracture forces were also measured experimentally for fragile 
objects and these forces were used as the reference values to 
limit the maximum contact force. For example, an egg was 
broken for the applied force of 270 ~ 370 N, and a wine glass 
was broken for the force greater than about 200 N. The mass, 
grasping force, and fracture force associated with an egg, a 
wine glass, a weight, and a steel gear are presented in Table 1. 
All values were measured in static and hard contact 
conditions.  
 
Table 1 Properties of objects used in experiments. 

 Mass Grasping force Fracture force 
Egg 60 ~ 70 g 5 N 270 ~ 370 N 

Wine glass 128 g 10 N 180 ~ 220 N 
Weight 1 kg 60 N - 

Steel gear 0.75 kg 30 N - 

 

B. Experiments on Grasping 

To investigate the ability of grasping, a series of 
experiments were carried out. If a rubber or a sponge was 
attached to the fingers, grasping would be easier because of 
their high friction coefficient and softness. However, the 
duralumin fingers were used without any covers, which led to 
direct contact with an object. In this case, controlling the 
grasping force is critical for the success of grasping since the 
friction coefficient of duralumin is lower than that of a rubber, 
and the impact force is directly transmitted to the object when 
contact occurs. 

Figure 9 shows the demonstration of grasping an egg and a 
wine glass using compliant motion. The gripper follows the 
grasping strategy explained in Sec. V.A. The joint stiffness of 
the HVSA was set to 0.3 Nm/° and the pre-specified force for 
contact detection was set to 5 N. The estimated force from Eq. 
(4) was used for the grasping process. Both the desired and 
the actual positions of the gripper and the estimated grasping 
force were recorded as shown in Fig. 10. The grasping forces 
for the egg and wine glass were estimated to be 14 N and 24 N, 
respectively, when the gripper safely grasped these objects. It 
was shown that the HVSA-actuated gripper can grasp fragile 
objects without any soft cover and force/torque sensor. 

On the other hand, some grasping forces were observed at 
the stage of approach even though the gripper did not contact 
the object. This estimation error was caused by friction and 
backlash existing in the power transmission, and was less 
than 5 N during the slow motion. For this reason, the 
pre-specified force for contact detection was set to 5 N.   
 

 
 
Fig. 9 Grasping fragile objects with compliant motion: (a) egg, and (b) wine 
glass. 

 
 
Fig. 10 Experimental results on grasping fragile objects: (a) egg  and (b) wine 
glass (A: approach, B: contact detection, C: grasp).  

 
Next experiments were performed on grasping a weight of 

1 kg and a steel gear that were relatively heavy and rigid, as 
shown in Fig. 11. The joint stiffness of the HVSA was set to 
2.2 Nm/° to provide a sufficient grasping force. The other 
conditions were the same with grasping the egg and the wine 
glass, and the gripper followed the sequence of approach, 
contact detection, and grasp as shown in Fig. 12. The grasping 
forces for the weight and the steel gear were estimated to be 
60 N and 50 N when the gripper successfully performed 
grasping. When the two fingers applied a high grasping force 
to the object, the measured position of the gripper observed a 
decrease by about 4 mm even though the actual position of the 
gripper was maintained. This measurement error occurred 
due to gear backlash and elastic deformation of the timing 
belt connecting the HVSA and the driving link (link 2). 

 

 
 
Fig. 11 Grasping relatively heavy object: (a) weight of 1kg, and (2) steel gear. 

 

 
 
Fig. 12 Experimental results on grasping heavy objects: (a) weight of 1kg and 
(b) steel gear (A: approach, B: contact detection, C: grasp).  
  

To investigate the importance of stiffness adjustment, we 
carried out the experiments on grasping a weight with 
different stiffnesses. As shown in Fig. 13, the gripper can 
apply the grasping force to an object by setting desired 
position slightly inside the object. A small penetration depth 
dp is  sufficient to generate the desired grasping force  for high 
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stiffness (Fig. 13(a)), while it is necessary to move further 
into  the object by  dp' for low stiffness (Fig. 13(b)). Assume 
that the gripper fails to hold an object due to an external 
disturbance and thus the object is not located between the 
fingers. At this time, the two fingers are slightly closer each 
other at high stiffness, whereas they collides with each other 
to track the desired position at low stiffness. The speed of this 
motion is too fast for the motor controller to compensate by 
moving link positions. 

 

 
 
Fig. 13 Grasping heavy object with different stiffness: (a) high stiffness and 
(b) low stiffness. 

 
Figure 14 shows the response of one finger of the gripper 

when the weight of 1kg was instantaneously removed. As 
previously mentioned, the gripper slightly approached each 
other at a high stiffness of 50 N/mm, as shown in Fig. 14(a). 
However, the fingers collided with each other (dp = 0) at a 
speed of 1.2 m/s at a low stiffness of 2.5 N/mm (Fig. 14(b)) 
since the desired position was located inside the object by 42 
mm. From this experimental result, it is concluded that the 
improper stiffness of the system may lead to a dangerous 
situation, and the stiffness has to be adjusted according to the 
task. 

 

 
 
Fig. 14 Response of gripper after missing object: (a) high stiffness, and (b) 
low stiffness. 

 

VI. CONCLUSION 

 
A variable stiffness gripper actuated by the hybrid variable 

stiffness actuator (HVSA) was proposed and tested to show 
how the VSA can improve the ability of grasping. Grasping 
both fragile objects with compliant motion and relatively 
heavy objects with stiff motion were conducted. The 
following conclusions are drawn from these experiments: 
 

(1) The stiffness variation range of the gripper is 0.87 ~ 27.3 
N/mm when the position of driving link (link 2) is 45°. 
 
(2) The HVSA-actuated gripper can grasp both fragile objects 
such as an egg and a wine glass and heavy objects up to 1 kg 
without any soft cover and force/torque sensor. 
 
(3) The HVSA-actuated gripper can provide the operational 
safety even when the gripper fails to grip an object due to 
external disturbances. 
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