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A Compliance Control Strategy for Robot Manipulators Under
Unknown Environment
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In this paper, a compliance control strategy for robot manipulators that employs a self
adjusting stiffiness function is proposed. Based on the contact force, each entry of the diagonal
stiffness matrix corresponding to a task coordinate in the operational space is adaptively
adjusted during contact along the corresponding axis. The proposed method can be used for
both the unconstrained and constrained motions without any switching mechanism which often
causes undesirable instability and/or vibrational motion of the end-effector. The experimental
results involving a two-link direct drive manipulator interacting with an unknown environment
demonstrates the effectiveness of the proposed method.
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1. Introduction

When a robot manipulator is applied to work
environments such as performing service tasks
and industrial operations, manipulation tasks
often require a series of contact operations. A
contact motion is typically obtained by phase
transition from an unconstrained mode to a con
strained mode. However, during the transition
period, the system often experiences unstable
behaviour such as bouncing back and forth due to
a switching of the control mode from the uncon
strained mode to the constrained mode, or vice
versa. In fact, a conventional position servo for an
industrial robot is designed to be infinitely stiff
which is appropriate when the manipulator is
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applied to follow a given trajectory in the free
space, and hence it will reject all force distur
bances acting on the system. However, once a
contact is made between the end-effector and the
environment, high stiffness of the end-effector or
the environment may cause the manipulator to
fail to maintain the contact. Small variations in
relative positions due to either inaccurate position
information or errors in position servo can pro
duce excessive contact forces. To remedy this
problem, a force servo instead of a position servo
may be used. An ideal force servo exhibits zero
stiffness and is able to maintain the desired force.
However, the force servo cannot be useful for
trajectory following due to sensitive positional
variations even for small external force distuban
ces. One way to alleviate this problem is to use a
compliant motion controller : Some axes of the
task coordinate are selected to be force controlled,
and the others to be position-controlled.

In order to handle the interaction of a robot
manipulator with the environment, many research
works have been reported in the field of the
compliant motion control of robot manip1.!lators
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(Kim, 1999; Kang, 1998 ; Schutter, et aI., 1988 ;
Vukobratovic, 1994). The well known hybrid
position/force control approach (Raibert, et al.,
1981 ; Yoshikawa, 1987) is based on an orth
ogonal decomposition of the task space. In the
scheme, however, since the selection matrix
should be determined a priori to denote either the
position controlled or force controlled axis, it can
not be used for tasks that interact with an un
known environment. A stiffness adaptation
scheme(Oh, et aI., 1995) based on the position
error has been proposed. However, since the exact
trajectory tracking is assumed with high stiffiness
gains in the unconstrained space, a recovery
mechanism which resets the stiffness adaptation
procedure caused by any unexpected position
error in the unconstrained space should be taken
into consideration. Also, a parallel control
scheme (Chiaverini, et aI., 1998) with stiffness
adaptation has been proposed. The method is
useful for regulating the contact force in the
constrained space. But, since it also does not have
a recovery procedure in the stiffness adaptation
algorithm, the trajectory tracking performance
can not be guaranteed when the task space is
changed from the constrained space to the uncon
strained space after the constrained task is com
pleted.

In order to handle a contact control problem in
an unknown environment, a novel type of compli
ant contact control method is proposed in this
paper. Specifically, the stiffness of the end-ef
fector of a robot manipulator is automatically
adjusted based on the contact force with its envi
ronment without any switching between the con
strained and unconstrained spaces, and hence the
method has a stiffness adaptatioin capability for a
successful motion control of the robot manipula
tor in both the constrained and unconstrained
spaces. The proposed compliance control algor
ithm can be effectively applied to cooperative
motion control, soft touching and grasping by
robot hand.

2. Compliance Control Method with
Adaptive Stiffness Function

2.1 Adaptive stiffness function
When an n degrees-of-freedom robot manipu

lator makes contacts with the environment, the
robot or the environment will deform and a
reaction force at the end-effector will be transmit
ted into each joint. If f denotes the reaction force
vector at the end-effector in the operational coor
dinate, then the dynamic equation takes the fol
lowing form (Lewis, et al., 1993),

r=M(q)ii+H(q, rj) rj+g(q) +F(q)f
(I)

where q, rj, and ii are n X I vectors of joint
positions, velocities, and accelerations, respective
ly. t is the n X I vector of joint torques supplied
by the actuator. M(q) is the n»; n symmetric
positive definite inertia matrix and H (q, rj) is
the n X n structural matrix of centripetal and
Coriolis forces. g(q) is the nX I gravity vector
and ](q) is the n»: n Jacobian matrix relating
joint velocities to task space velocities.

In robotic applications, the position servo gains
should be stiff enough to be able to follow the
desired trajectory in the unconstrained space.
Also, generation of undesirably large contact
forces should be avoided by adjusting the stiffness
gains of the end-effector in the constrained space.
To accomplish these objectives, we propose a
compliance control method that uses self-adjust
ing stiffness function based on the contact force.

In this paper, the control input for a compliant
contact control of a robot manipulator is given by

in the joint space, where q« is n X I vector of
desired joint positions. K q (f) is the position
feedback gain matrix and K«(f) is the velocity
feedback gain matrix in the joint space. From the
basic stiffness formulation in Salisbury's work
(Salisbury, 1980), the joint stiffness matrix K; (f)
is given by

Kq(f) =FKc(f)] (3)

where K; (f) denotes a desired n X n stiffness
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matrix in the operational space.
By using Eq. (3), we can rewrite Eq. (2) as

follows

r=F(q) (Ke(f) (Xd- x) - Kv(f) i) +g(q)
(4)

where x, x , and x« are the n X I position, veloc
ity, and desired position vectors in the opera
tional space, respectively. K; (f) denotes n X n
damping matrix in the operational space.

In Salisbury's work (Salisbury, 1980), the stiff
ness in the operational space is controlled by
controlling the joint stiffness corresponding to
that in the operational space by using the stiffness
mapping described by Eq. (3), where it is
assumed that the desired operational stiffness
characteristic is exactly known. This assumptioin
is quite restraining and also may not be available
in the real work environment. In the hybrid
position/force control method (Raibert, et aI.,
1981 ; Yoshikawa, 1987), a position control or
force control method is independently developed,
and then the position control or force control is
selected by using a priori determined selection
matrix accoriding to the position controlled or
force controlled axis, where it is assumed that the
positioin controlled or force controlled axis is
exactly known. Those methods have some prob
lems as follows. First, since the work space of the
industrial robots employed in factories is well
structured, it is safe to assume that the work space
is previously known. But because we can not
exactly know the work space due to existing
uncertainty for service robots, it is not easy to
determine the desired stiffness gains in the opera
tional space and the selection matrix by consider
ing the external environment a priori. Second, the
hybrid position/force control method is theoreti
cally applicable. But since the switching mecha
nism often causes undesirable instability and/or
vibrational motion of the end-effector due to
sensor noise, time delay, or dynamic characteris
tics of the robotic system, the method may not be
easy to apply in practical situations. In practical
robotic applications, it is very important to
reduce the task time through fast trajectory fol
lowing in the unconstrained space, but a dextrous

motion control is important in the constrained
space. In general, high stiffness servo gains are
required for fast trajectory following in the un
constrained space, but low stiffness servo gains
are required for achieving a compliant contact in
the constrained space. Therefore, these two objec
tives should be simultaneously considered in real
systems.

In order to handle these problems, an adaptive
stiffness function is also proposed in this paper as
follows. For convenient representation, the
proposed adaptive stiffness function is described
in three-dimensional space.

From Eqs. (2) and (4),

Kq(f) =FKc(f)J, Kd(f) =FKv(f)] (5)

where

(

KaeXP(- sxlfxl) 0 0)
Kc(f) = 0 Koexp(-syjAj) 0

o 0 Kczexp(-szlfzl)
(6)

and

o
(7)

In Eq. (6), exp ( . ) denotes an exponential func

tion, and K w Key, and Kc.z represent x, y, and
z-directional operational stiffness gains, respec
tively. These stiffness gain parameters are chosen
to be positive constants such that the asymptotic
stability is ensured in the unconstrained space.
The slope parameters sx, s-. and Sz are selected to
be positive values and play the role of determin
ing the rate of decrease. Ix, fy, and Iz are the
directional contact forces sensed at the end-ef
fector. I • I means the absolute value. It is
assumed that the effect of the coupling stiffness
elements is negligible. In Eq. (7), aX,ay, and a,
are positive scalar scaling coefficients.

Several points can be discussed about the
proposed adaptive stiffness conrol method. First,
when a robot manipulator is working in the
unconstrained space, the contact force for each
direction of the end-effector is not generated and
hence fx= Iy= Iz=O and exp ( • ) = 1. Thus, ini
tially selected high stiffness gains Kex, Key. and
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K cz that satisfy the fast tracking performance in
the unconstrained space can be applied without
changing of the stiffness gains. In the constrained
space, the stiffness gains of the end-effector
decrease exponentially during the contact only
along the corresponding axes. Consequently, the
proposed method has the capability of self-adjust
ing the stiffness values appropriate for the given
tasks regardless of whether the operation takes
place in the constrained space or the uncon
strained space. Second, since the stiffness gains of
the end-effector are initially determined by con
sidering all directions of the task space, it can be
applicable to the industrial robot performing a
pre-defined task, and because the stiffness gains
can be adaptively controlled through an adaptive
exponential function, it can be applied to service
robots with no pre-defined work space. Third,
the proposed method does not consider whether
the task space is the unconstrained space or not,
but considers whether the contact force of the
end-effector exists or not. In other words, since
the proposed method has no switching mecha
nism, it can be effectively used for both the
unconstrained and constrained motion control
and also it can be applied to problems soft con
tact and grasping by robotic hands.

2.2 Stability analysis
Now, we perform the stability analysis for the

robot manipulator interating with an unknown
environment by using the proposed stiffness adap
tation strategy. The force exerted on the environ
ment is defined by

(8)

where K w is an n X n diagonal, posinve semi
definite, constant matrix that denotes the environ
mental stiffness, and x w is an n X I position vector
measured in the task space for denoting the static
location of the environment while x is the actual
position vector of the end-effector.

Note that if the manipulator is not constrained
in a particular task space direction, the corre
sponding diagonal element of the matrix K w is
assumed to be zero. Also, the surface friction is
assumed negligible.

When the end-effector stiffness is adaptively
changed by the proposed method in the con
strained space, the stiffness Kc(f) is replaced as
in Eq. (6). Using from Eqs. (4) to (7), the
closed-loop dynamics yield

M(q) q+H(q, q) q =F(q) (Kc(j) i
- Kv(f) i - Kw(x-xw)) (9)

where i is defined as positional tracking errors,

Xd- x, in the task space.
To analyze the stability of the system, we utilize

a Lyapunov-like function given by

V=+qTM(q) q ++iTKc(f) x

++(X-Xw) TKw(x-xw) (10)

Differentiating Eq. (10) with respect to time and
utilizing the Jacobian relation, i =J (q) q, we
obtain

V=+q TM (q) 4 + qTM (q) q

++iTKc(f) x- qTF(q)Kc(f) i

+ 4TjT(q)Kw(x-xw) (II)

Substituting Eq. (9) into Eq. (II) and utilizing
Jacobian relatioin yields

V= 4T(+M(q) - ui». q))4

- 4 TF(q)Kv(f)J(q) 4 ++xTKc(j) i

(12)

Applying the following skew-symmetric prop
erty (Lewis, et al., 1993) to Eq. (12),

I .
TM(q)-H(q, 4)=0

and also utilizing Eq. (7) and the Jacotian rela
tion, we have

where x=[xx Xy xzY, i=[ix i y izY in three
dimensional space.

After rearranging Eq. (13), and applying the
condition V<0, the following inequality equa
tions can be constructed :
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Fig. 1 The block diagram for compliant contact control
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Fig. 2 Compliant contact task of a two-link manip
ulator interacting with an unknown environ
ment

compliance control method is shown. As shown
in Fig. 1, the task planner initiates a surface
tracking manipulation task that aims to achieve
the following two subgoals simultaneously:

1) minimum variance path following and
2) regulation of a contact force of the axes of

the end-effector orthogonal to the position or
velocity controlled axes for path following.

The desired motion are not here specified as
fixed functions of time. Instead, they are specified
as functions of task-related motion quantities. In
addition, a virtual desired path to be followed is
intentionally given to be inside of the surface of

2ax.d+x'fcsxix>o (14)

2ayx;+ x;syiy>o ( 15)

and

2azx~+ x~sziz>o ( 16)

2axx'fc ( 17)O~sx< x'fc IIx I
2ayx; (18)O~Sy< x; IIy I

and y

2azx~ (19)O~sz< x~ liz I

In Eqs. (14), (15), and (16), the following suffi
cient conditions for stability can be obtained :

3.1 Implementation and experimental setup
In Fig. I, the block diagram for the proposed

3. Implementation and Experimental
Results

Therefore, for small velocities, and large force
variations, ax, ay, and a, are chosen to be suffi
ciently large in such a way that Sx» Sy, and sz

could have reasonable positive values. The slope
parameters ideally can be chosen as the maximum
value satisfying the sufficient conditions. But, if
the slope parameters are set to be near the bound
ary conditions for stable contact tasks, the system
can easily become unstable due to external distur
bances and therefore these parameters should be
carefully chosen with the stability conditions in
mind. On the other hand, if each slope is chosen
to be zero, the proposed method is the same as the
conventional active stiffness control method.
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Table 1 Physical parameters of the robot manipu
lator

106
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Mass of Link (Kg) 22 12

Mass of motor(Kg) 73 14

Rotor inertia (Kgfm") 1.07 0.031

4 6
lime (sec)
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Fig. 5 Actual position and force trajectories in the
case of the fixed stiffness gains

force/torque sensor, Model No. 67M25A-I40 of
JR3 Inc., is mounted at the end-effector for
measuring contact force/torque. The physical
parameters of the manipulator are given in Table
1.

The robot maniplulator is controlled by a
VME-bus based real-time control system shown
in Fig. 4. The main control loop is provided by
an in-house DSP-based servo controller. The
contact force signal of the end-effector is obtained
by a force/torque interface board after the noise
has been filtered, and then the force information

the object in which the contact forces are to be
regulated. For our experimental system, the task
is given as shown in Fig. 2. Specifically, the given
task is to follow a circular trajectory starting from
point A in the unconstrained space, to follow the
wall in the constrained space, to follow the well
in the constrained space, and to return to the
point A. The virtual trajectory in our case is a
portion of the circle as shown in Fig. 2.

For experimental verification of the proposed
stiffiness control algorithm, a two-link direct
drive manipulator developed in our laboratory is
used as shown in Fig. 3. The joints are directly
actuated by megatorque motors RS0608FNOOI
and RSI40lOFNOOI manufactured by Nippon
Seiko Ltd., with shaft resolvers providing motor
position measurements. Joint velocities are recon
structed through numerical differentiation of the
joint position measurements. A six-axis wrist

Fig. 3 Laboratory-developed two-link direct drive
manipulator and its control system

Fig. 4 The hardware configuration of the controller
for a two-link manipulator
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Fig. 6 Actual position and force trajectories when adaptive stiffness law is used (sx=Sy=O.005)
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Actual position and force trajectories when adaptive stiffiness law is used(sx=sy=O.OI5)

is transmitted to the DSP controller and the single
board computer MC68040 through the VME-bus.
The analog signals are sampled and digitized by
the AID converter, and the torque commands are
transferred to each actuator by the DI A con
verter. The current joint position of the robot
manipulator is measured from the resolver signal
processing units at every sampling time of 5 msec.
The control algorithms are coded in a C lan
guage. The control signal update and the data
feedback for each joint are executed at every
sampling time with the aid of the real-time O. S.
VxWorks (VxWorks Manual, 1992).

3.2 Experimental results
To test the effectiveness of the proposed stiff

ness control algorithm, a simple task is chosen as
shown in Fig. 2. In the experiments, we give a
diameter of circle as 0.15 rn and task time to be 10
sees, The stiffness gains Kcx and Key are initially
selected to be 4265.0, and the scaling parameters,

ax and ay, are set at 0.01.
The experimental results are shown in Figs. 5,

6, and 7. For both the constant stiffness gains of
Fig. 5 and the proposed force error based
adaptive stiffness functions of Figs. 6 and 7, the
system shows stable operations through all phases
of the task. In particular, similar path following
performances are obtained. However, the interac
tion forces during the constrained motion phase
of the task are shown to be quite different. In Fig.
5, one can observe that if the constant stiffiness
control is used, the interaction force increases
rapidly as the position error and hence the reac
tion force increases. However, Figs. 6 and 7 show
that the maximum reaction forces have decreased
by about 19% and 38%, respectively.

These two figures show that by applying the
proposed contol algorithm, the reaction force can
be significantly reduced. Moreover, the extent of
the reduction is influenced by the choice of the
slope parameters, as shown in Figs. 6 and 7- The
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slope parameters should be carefully chosen as it
causes the bouncing effect during the transition
stage from the unconstrained space to the con
strained space.

4. Concluding Remarks

A new compliant control strategy that employs
a self-controlled stiffness function was proposed
in this paper. The proposed scheme is very useful
for controlling various types of manipulator
motions such as path following, initial contact
with soft impact and force regulation during
contact and does not require any switching algor
ithm nor any knowledge of the environment in
the constrained and unconstrained spaces. The
proposed method was experimentally shown to
work satisfactorily for a compliance control task
by a laboratory-developed two-link manipulator.
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