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Abstract: The stiffness requirements of robot wrists vary with
processes during automatic assembling-clamping of robots. The
precision of robots moving workpieces to operating positions in
the process of rigid localization is achieved if robot wrists equip
with a large stiffness. The pose errors of workpieces in the process
of compliant assembling-clamping can easily be compensated if
robot wrists with a low stiffness is utilized. The present compliant
wrist can not meet the stiffness requirements of different
processes. A robot wrist with a large stiffness variation is
proposed and its mechanisms of rigid localization and compliant
assembling-clamping are studied. The pose models of wrists
caused by deformations are established. The influences of wrist
stiffness on the deformation of itself are researched. The
mechanism of modulating wrist stiffness during compliant
assembling-clamping is revealed. A structure of 3-DOF (degrees
of freedom) robot wrist with a stiffness variation is proposed. The
wrist stiffness is changed by modulating the pretension. The
influences of pretensions and geometrical parameters on the
variable-stiffness characteristics and the stiffness distribution of a
wrist are researched. Finally, the experiments are carried out to
verify the feasibility of the wrists finishing assembling-clamping
operations by modulating the stiffness.
Keywords: Variable stiffness; robot wrist; compliant robot;
assembling-clamping; rigid localization

1 Introduction

The contact between end effector of traditional rigid robot
and the environment is rigid. Compliance control methods
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are used to compensate the pose errors of robots in the
assembly and clamping process [1, 2]. The compliance
control methods are usually divided into active compliance
method and passive compliance method [3]. The active
compliance control method is to detect the contacting
forces between the ends of robots and the environments by
a force sensor and then adjust the pose to compensate the
pose errors according to the feedback signals[4, 5].
Therefore, the positioning accuracy and force accuracy of
robots for active compliance control method are required to
be high.
Passive compliance method is that robot equips

compliant wrists such that the end effector of robot is kept
in compliant touch with environment, and the pose errors of
robot can be compensated the in a passive form. Based on
the scheme, a remote center compliance (RCC) compliant
wrist was developed by D.E. Whitney [6]. The RCC
compliant wrist uses the force and torque generated by
workpieces to correct the pose deviation between assembly
part and assembly body, and assist the robot to complete
the assembly operation. However, the stiffness of the RCC
wrist cannot be modulated according to different stiffness
requirements in the processes of rigid localization and
flexible assembly [7]. One of the effective ways to change
the stiffness of a robot is equiping robots with mediums
with a large deformation capacity such as air fluid. The way
is often used to grasp light and fragile objects. Ilievski [8]
developed a new type of soft robot gripper, the stiffness of
the gripper can be modulated by changing air pressure
injected into the gripper. Maria presented a soft pneumatic
robot arm, the end effector position can be decoupled from
the stiffness of the robot arm, i.e., its stiffness can be varied
independently from the position of its end effector [9].
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However, the stiffness modulated by changing air pressure
is small, so the output force exerted by the grippers on
objects is small. The operation is easy to fail due to its less
stiffness when the gripper grabbs heavy objects or
encounters large resistances [10-12]. Another way to
change the stiffness of a robot is to apply variable-stiffness
mechanisms. German Aerospace Center presented a
manipulator in which floating spring joint (FSJ) is used as
variable-stiffness mechanisms to realize the overall variable
stiffness [13]. However, the maximum rotational angle of
the FSJ is ± 15° [14], so the working space of the robot
is limited. In addition, the four joints of the manipulator are
flexible, and the inertia force transferred from each section
of the manipulator to its end effector is large, then the end
effector of the manipulator is difficult to control.
The compliant wrist can automatically compensate pose

error of the assembling-clamping. However, the compliant
wrist cannot change stiffness in a large range, so it is
difficult to complete the whole assembling-clamping
process. The stiffness of variable-stiffness joint can be
changed by modulating pretensions [15-18], this paper aims
to use variable-stiffness joint to construct a robot wrist with
a large stiffness variation. The stiffness of robot wrist can
be modulated in a large range to meet the different stiffness
requirements of the assembling-clamping. In addition, the
variable-stiffness wrist is installed at the end of the
manipulator, and each joint of the manipulator is a rigid
joint, so as to avoid the inertia force transferred from each
section of the manipulator to its wrist.

2 Mechanisms of rigid localization and
compliant assembling-clamping of
variable-stiffness wrist

As seen in Fig. 1, a variable-stiffness wrist is installed
between the end of a manipulator and an actuator. In the
processes of moving and locating a workpiece to the target
position, the variable-stiffness wrist is modulated to the
maximum stiffness to realize the rigid localization of a
robot, so as to reduce the deformation of the wrist caused
by the gravity of an actuator and a workpiece. After the
workpiece is located to the target position, the robot wrist is
modulated to the minimum stiffness and become a
compliant wrist in the compliant assembling-clamping
process. Then the compliant wrist can automatically
modulate the relative position between a workpiece and an
assembly or a fixture, so as to compensate the pose error of
the assembling-clamping.

Figure 1 Manipulator with a variable-stiffness wrist

The schematic diagram of a compliant wrist assembling
and clamping is shown in Fig. 2. The rolling joint, pitching
joint and yawing joint of the wrist rotate around X axis, Y
axis and Z axis respectively to realize the rolls, pitches and
yaws of workpiece. The wrist is comprised of 3 joints
connected in series, so the wrist has 3 degrees of freedom
in space to realize the rotation around X axis, Y axis and Z
axis. Then the poses adjusting requirements of the wrist
assembling and clamping a workpiece in three-dimensional
space can be meted.

Figure 2 Schematic diagram of a compliant wrist assemblin
g and clamping

3 Variable-stiffness characteristics of a robot
wrist

The structure of a 3-DOF variable-stiffness wrist during
rotation is shown in Fig. 3. In order to satisfy poses
adjusting requirements of the wrist in three-dimensional
space, the rolling joint, pitching joint and yawing joint can
rotate around X axis, Y axis and Z axis respectively. The
corresponding schematic diagram of a variable-stiffness
wrist at the initial position is shown in Fig. 4. The lever arm
OiAi of every variable-stiffness joint rotates around the
rotating center Oi. The driving cables are connected to
springs and pass through all the variable-stiffness joint. The
driving cables are limited by two limiting pins at Bi point of
each variable-stiffness joint. By stretching springs to
modulate pretensions f0 of the springs, the torsional
stiffness rotating around X axis, Y axis and Z axis of the
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wrist joint can be changed in a large range.

Figure 3 Structure of wrist during rotation

Figure 4 Schematic diagram of wrist at the initial position

As shown in Fig. 5, the wrist joint rotating around X axis,
Y axis and Z axis respectively are three variable-stiffness
joints connected in series. The driving cable is connected to
a spring and pass through three variable-stiffness joint. The
stiffness of the three variable-stiffness joints can be
changed in a large range by modulating pretensions f0 of
the springs.

Figure 5 Schematic diagram of wrist joint

The torsional stiffness of a variable-stiffness joint is as
follows [29]
K=f0(rairbi)/(rbi-rai) (1)
where rai is the length of the lever arm OiAi, rbi is the

distance between the rotating center Oi and the limiting
point Bi, f0 is the pretension of a spring.
It is derived from Eq.(1) that the stiffness of the joint

increases with the increases of the pretension f0 of the
springs C linearly.
For three variable-stiffness joins, the pretension f0 of

spring are same. Therefore，their stiffness radio satisfies

3ab3

b33a

2ab2

b22a

1ab1

b11a
321 ::::

rr
rr

rr
rr

rr
rr

KKK


 (2)

It is found from Eq.(2) that the stiffness distribution of
serial variable-stiffness joint are modulated by changing the
geometric parameters rai and rbi of each joint, and the
stiffness distribution of the wrist can be kept constant in the
process of modulating stiffness, so the stiffness
requirements of rigid localization and compliant
assembling-clamping can be met.

4 Kinematics of the variable-stiffness wrist

The motion diagram of a variable-stiffness wrist is shown
in Fig. 6. The stiffness of the rolling joint is Kz. The
stiffness of the pitching joint is Ky. The stiffness of the
yawing joint is Kx. The spatial force F = [Fx, Fy, Fz]T is
exerted on the wrist end. The frame transformation of a
wrist is shown in Fig. 7. The rolling joint rotate angle, the
pitching joint rotate angle and the yawing joint rotate angle
are α , β and γ respectively. According to the
position and the pose of wrist derived from the precision
requirements of rigid localization, the rotational angles of
the rolling joint, the pitching joint and the yawing joint can
be obtained by the kinematics analysis of a wrist. In
addition, the stiffness of the rolling joint, the pitching joint
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and the yawing join can be obtained by the dynamics
analysis of wrist.

Figure 6 Motion diagram of variable-stiffness wrist

Figure 7 Frame transformation of variable-stiffness wrist

As shown in Fig. 7, starting from the inertial frame
X0Y0Z0, the reference frames for each joint are defined
according to the Denavit-Hartenberg (D-H) convention.
Then the transformation matrix 0

4T from the end frame
X4Y4Z4 to the inertial frame X0Y0Z0 is obtained by the frame
transformation.
The transformation matrix 0

4T is expressed as [20, 21]
2
4

1
2

0
1

0
4 AAAT  (3)

where, 0
1A is the transformation matrix from frame

X1Y1Z1 to frame X0Y0Z0 of rolling joint,
)α,(,0,0)( 110
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1 Za RotTransA  ; )α,( 11ZRot is rotating

transformation matrix ; ,0,0)( 0aTrans is translating
transformation matrix ; Similarly, 1
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transformation matrix from frame X2Y2Z2 to X1Y1Z1 of
pitching joint
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The translating transformation matrix is expressed as
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According to the precision requirements of rigid
localization, the coordinates of the wrist end can be
obtained from Eq. (3), and the rotational angle α of the
rolling joint, the rotational angle β of the pitching joint
and the rotational angle γ of the yawing joint can be
obtained from Eq. (3).
The coordinate of the wrist end can be derived fro

m Eq.(3) as follows
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The torque of each joint caused by the stiffness is
the product of the stiffness and the rotational angle, i.
e.
τ=[τx , τy , τz]T=[Kxα , Kyβ , Kz γ]T （7）

In addition, the torque of each joint caused by the s
patial force F = [Fx, Fy, Fz]T exerted on the wrist end
can be also written as follows

τ＝[τx , τy , τz]T=JqT[Fx, Fy, Fz]T （8）

where JqT is the Jacobi matrix of the wrist joints,it
is the derivative of the x, y and z coordinates of the
wrist end with respect to the α , β and γ rotational a
ngle of the wrist joints.

Jacobi matrix of the wrist joints is expressed as
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The torque of each joint caused by the stiffness is
balanced by the torque of each joint caused by the spatial
force F = [Fx, Fy, Fz]T exerted on the wrist end, i.e., the
Eq.(7) is equal with Eq.(8). Then the stiffness Ky of the
pitching joint, the stiffness Kx of the yawing joint and the
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stiffness Kz of the rolling joint can be obtained. Using the
stiffness of the rolling joint, the pitching joint and the
yawing joint, the length rai of the lever arm and the
distance rbi between the rotating center and the limiting
pin of the wrist joints can be derived from Eq. (1).

5 Experiment tests on robot wrist stiffness

As shown in Fig. 8, a variable-stiffness wrist is presented.
The variable-stiffness wrist is installed at the end of a
manipulator, and the gripper is installed at the end of the
wrist so as to grasp the workpieces. The variable-stiffness
joints of the wrist are connected in series with each other.
In addition, another group of symmetrical variable-stiffness
joint are added to increase the wrist stiffness and balance
the forces on both sides of joint. Two driving cables pass
through the limiting pins of two groups of symmetrical
variable-stiffness joints, they are respectively connected
with two springs. The forces of two groups of symmetrical
variable-stiffness joints balance each other. The other ends
of two springs are connected with a motor. The pretensions
are exerted on the variable-stiffness joints when the motor
drives and stretches the springs. The lengths of springs can
be modulated by changing the rotating angle of the motor,
then the stiffness of the wrist can be modulated in a large
range by changing the springs pretensions.

Figure 8 Structure of a variable-stiffness wrist

The experimental setups of assembling-clamping with a
variable-stiffness wrist are shown in Fig. 9 and Fig. 10
respectively. A part and a workpiece are located at an
assembly and a fixture by the actuator respectively at the
end of the wrist in the process of rigid localization. The
wrist is nearly rigid by modulating the stiffness of the wrist
to a maximum value. The pose errors between a part and a
hole can be compensated automatically in the following
process of compliant assembling-clamping. The stiffness of
the wrist is nearly to be flexible by modulating the stiffness
of the wrist to be a small one according to different

workpieces. The pose error between a workpiece and a
chuck is compensated by the flexible wrist passively when
the workpiece is clamped by a fixture. Then it can be
verified that the rigid location and the compliant
assembling-clamping can be realized by modulating the
stiffness of the wrist in a large range.

Figure 9 Experimental setups of assembling

Figure 10 Experimental setups of clamping

The proposed variable-stiffness wrist is shown in Fig. 11.
The yawing joint, pitching joint and rolling joint of the
wrist are connected in series. Two driving cables are
connected to two springs after passing through the limiting
pins of two group of symmetric variable-stiffness joint.
Another end of the springs are connected with a motor by
cables. The springs are stretched by the motor twisting
cables, then the pretensions are exerted on all the
variable-stiffness joint. The springs lengths can be
modulated by changing the rotating angle of the motor.
Then the stiffness of the wrist can be modulated in a large
range by changing the pretensions. Manipulator with the
variable-stiffness wrist is shown in Fig.12, the
variable-stiffness wrist is installed at the end of the
manipulator by a quick pneumatic couplings.
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Figure 11 Prototype of a variable-stiffness wrist

Figure 12 Manipulator with a variable-stiffness wrist

The yawing, pitching and rolling joint of the wrist are
connected in series and rotate around X axis, Y axis and Z
axis respectively. The variable-stiffness wrist has 2 groups
of symmetrical variable-stiffness joint. The experimental
setups of stiffness test of the yawing joint, pitching joint
and rolling joint are shown in Figs.13~15, respectively. The
variable-stiffness wrist is fixed on a plate, the driving
cables are connected to springs, and pass through all the
variable-stiffness joints. Another end of the spring is
connected to a force sensor on a plate. By stretching
springs to modulate pretensions of springs, the stiffness of
the yawing, pitching and rolling joint of wrist can be
changed. The ends of the yawing joint, pitching joint and
rolling joint rotate after being exerted a load torque. A
loading cable is connected to a force sensor to measure the
exerted load torque. The motion images of the yawing,
pitching and rolling joint are collected by a camera, the
angle of each joint is measured according to the collected
images. The experimental stiffness is obtained by the ratio
of the load torque to the measured angle.

Figure 13 Stiffness test of yawing joint

Figure 14 Stiffness test of pitching joint

Figure 15 Stiffness test of rolling joint

For the yawing joint, pitching joint and rolling joint of
wrist, the lengths of the lever arms ra = 20 mm, the
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distances between the rotating centers and the limiting
points rb = 28 mm. The stiffness variations of the rolling
joint, pitching joint and yawing joint with the pretension f0
are shown in Fig. 16. The theoretical stiffness of the rolling
joint, pitching joint and yawing joint can be obtained from
Eq.(1). In addition, the experimental stiffness is more than
theoretical stiffness due to the friction of the experiment
setup. The stiffness of the wrist increases with the increases
of the pretensions of springs linearly, and the stiffness
distributions of the yawing joint, pitching joint and rolling
joint are kept constant.

Figure 16 Wrist stiffness variations with the pretension

The assembling experiment of a variable-stiffness wrist
is shown in Fig. 17. A part is assembled into the hole of an
assembly by a wrist. The wrist stiffness is increased with
the increase of pretensions of springs by the motor
modulating the springs, then the deformation of the wrist
caused by the gravity of a part is reduced, and the accuracy
of locating a part to a hole is improved. The angle between
the axis of the part and the axis of the hole of the assembly
is 30° . In the process of compliant assembling, the wrist
stiffness is decreased with the decrease of pretensions of
springs by the motor modulating the springs, then the wrist
become compliant. The relative pose between a part and a
assembly body is modulated automatically and the pose
errors between a part and a assembly body can be
compensated, then the assembling process is finished.

(a) Rigid location

(b) Compliant assembling
Figure 17 Assembling experiment of a variable-stiffness wrist

The clamping experiment of a variable-stiffness wrist
assembling is shown in Fig. 18. A workpiece is clamped
into the hole of a fixture by a wrist. The wrist stiffness is
increased with the increase of pretensions of springs by
modulating the springs, then the deformation of the wrist
caused by the gravity of a workpiece is reduced, and the
accuracy of locating a workpiece to a fixture is improved.
In the process of compliant clamping, the angle between
the axis of workpiece and the axis of hole of the fixture is
30°. The wrist stiffness is decreased with the decrease of
pretensions of springs by modulating the springs, then the
wrist become compliant. The relative pose between the
workpiece and the fixture is modulated automatically and
the pose errors between the workpiece and the fixture can
be compensated, then the clamping process is finished.
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(a) Rigid location

(b) Compliant clamping
Figure 18 Clamping experiment of a variable-stiffness wrist

6 Conclusions

The 3-DOF robot wrist with variable-stiffness joints is
proposed to meet the stiffness requirements for different
processes and different workpieces. The stiffness of wrist is
modulated in a wide range by changing pretensions of
springs. The stiffness of the wrist increases with the
increase of pretension of springs linearly, and the stiffness
distributions of wrist are kept constant. The large stiffness
of robot wrists helps robots moving workpieces to
operating positions with high precision in the process of
rigid localizations, and the low stiffness of robot wrists is
utilized to compensate the pose errors of different
workpieces compliantly in the process of compliant
assembling-clamping. The position and the pose of the
variable-stiffness wrist are obtained by the kinematics
analysis, and the stiffness of variable-stiffness joints are
obtained by the dynamics analysis of wrist. The stiffness

variation of the wrist with pretensions are verified by
experiments, and the feasibility of the wrists finishing
assembling-clamping operations by modulating the
stiffness is verified by experiments.
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Figures

Figure 1

Manipulator with a variable-stiffness wrist

Figure 2

Schematic diagram of a compliant wrist assembling and clamping



Figure 3

Structure of wrist during rotation



Figure 4

Schematic diagram of wrist at the initial position



Figure 5

Schematic diagram of wrist joint

Figure 6

Motion diagram of variable-stiffness wrist



Figure 7

Frame transformation of variable-stiffness wrist

Figure 8

Structure of a variable-stiffness wrist



Figure 9

Experimental setups of assembling

Figure 10

Experimental setups of clamping



Figure 11

Prototype of a variable-stiffness wrist

Figure 12

Manipulator with a variable-stiffness wrist



Figure 13

Stiffness test of yawing joint



Figure 14

Stiffness test of pitching joint

Figure 15

Stiffness test of rolling joint



Figure 16

Wrist stiffness variations with the pretension



Figure 17

Assembling experiment of a variable-stiffness wrist



Figure 18

Clamping experiment of a variable-stiffness wrist
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