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In this article, we propose a control scheme to deal with unexpected impacts. Impact
is inevitable when robot manipulators interact with the environment. Undesirable
impacts may induce large interaction forces harmful to robot manipulators and the
environment. Impacts may also excite oscillations, and even result in manipulator
instability. When unexpected impacts occur, a very limited amount of time is available
for control. Thus, a reflex mechanism, which emulates the functioning of human
reflexes, is included in the proposed scheme. Human reflex is a kind of human action
that requires no conscious effort; consequently, it responds to external stimuli without
much delay. Simulations are performed to verify the effectiveness of the proposed
scheme under a wide range of environmental variations and impact velocities.
© 1996 John Wiley & Sons, Inc.
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1. INTRODUCTION

In daily life, a person may make contact with the
environment quite often. Consequently, impact is
inevitable during the interaction between the limb
and the environment. In general, the human motor
control system handles the phenomenon of impact
quite well.! Therefore, to let robot manipulators exe-
cute tasks that are usually performed by humans,
e.g., part assembly or house cleaning, robot control-
lers must be able to deal with impacts. Impacts may
occur in an expected or unexpected manner. For
instance, Shan and Koran suggested that impacts
may be expected and accommodated via their pro-
posed motion control scheme when robot manipula-
tors move in a cluttered but known environment.>
On the other hand, when unexpected obstacles are
present, collisions between robot manipulators and
obstacles cannot be predicted in advance because no
information is available prior to unexpected impacts.
Consequently, a very limited amount of time is avail-
able for control during collision. In this article, we
will concentrate on unexpected impacts.

Undesirable impacts may induce large interac-
tion forces and deviate robot motions abruptly. Large
impact forces may cause damage to robot manipula-
tors and the environment, and cause robot manipu-
lators to bounce between contact and non-contact
states or even drive them into instability.® To allevi-
ate the effects of unexpected impacts on robot manip-
ulators and the environment, an impact control
scheme is proposed in this article that provides stable
and fast contact transition with tolerable impact
force. The proposed control scheme was inspired by
human reflex.! Reflex is a kind of human action that
requires no conscious effort, and yields rapid re-
sponses to external stimuli when elicited. A reflex
mechanism that emulates the functioning of human
reflexes is included in the proposed scheme. The
reflex mechanism basically consists of series of pre-
programmed motion commands, and its implemen-
tation was inspired by the concept of human motor
program. When an unexpected impact is detected
during the execution of a planned motion, the reflex
mechanism will be triggered and send out appro-
priate motion commands for impact control. After a
smooth contact transition, the control will be re-
turned to the original controller to continue the
planned motion.

The rest of this article is organized as follows.
In section 2, discussions about impact phenomenon
and previous impact control schemes are given. In

section 3, biological backgrounds of human reflexes
and motor program in the human motor control sys-
tem are discussed. The proposed scheme and system
implementation are described in sections 4 and 5,
respectively. In section 6, simulations are performed
to demonstrate the effectiveness of the proposed
scheme under a wide range of environmental varia-
tions and impact velocities. Finally, discussions and
conclusions are given in sections 7 and 8, respec-
tively.

2. IMPACT CONTROL

The unexpected impacts under investigation in this
article are limited to situations in which robot manip-
ulators collide with relatively immovable hard sur-
faces. Thus, the control aimed for is a smooth transi-
tion from free motion to constrained motion. In the
former, robot manipulators move freely and do not
interact with the environment. In the latter, the envi-
ronment becomes part of the controlled system.
Therefore, transition from free motion to constrained
motion entails dynamic discontinuity characteristics.
Thus, the controllers, originally designed for free
motion or constrained motion, may overreact, caus-
ing the robot manipulator to bounce. In some cases,
the robot manipulator might oscillate between con-
tact and non-contact states before a stable control
can be achieved. In the worst case, impact forces
might even become larger and larger each time the
robot manipulator contacts the environment, and
eventually drive the robot manipulator into instabil-
ity. In addition, impact forces outside tolerable
ranges may cause damage to the robot manipulator
and/or the environment. Thus, an ideal impact
control scheme should be able to govern robot ma-
nipulators through impact transitions quickly and
smoothly without allowing an excessively large im-
pact force. Before we discuss development of an ap-
propriate impact control scheme, the impact phe-
nomenon and previous impact control schemes are
reviewed below.

2.1. Impact Phenomenon

Impact occurs when two objects collide with nonzero
relative velocities. From a macro point of view, im-
pact is an impulse force adding on the colliding ob-
jects in a very short period of time. The impulse
force abruptly deviates the movement of the movable



colliding object(s). From a micro point of view, the
process of impact can be briefly described as follows.
At first, the two objects meet, then relative motion
between them continues as the areas in contact begin
to deform. The interaction force between them con-
tinues increasing rapidly during this period and
reaches a maximum value before the relative velocity
between them drops to zero. The two objects then
begin parting as the deformed surfaces begin re-
bounding. In the process, some energy is transferred
between the colliding objects and some energy is dis-
sipated.

When a robot manipulator collides with the envi-
ronment, the stiffness of the environment and the
manipulator’s velocity are the two main factors con-
tributing to impact. Figure 1 shows impact force
responses under different impact velocities and dif-
ferent environment stiffnesses when a robot manip-
ulator collides with an immovable surface. As ex-
pected, impact forces increase at higher impact
velocities and greater environment stiffness. In addi-
tion to influencing collision magnitude, greater stiff-
ness also shortens the impact transient time signifi-
cantly, as shown in Figure 1(b). Consequently,
control becomes much more difficult when the envi-
ronment is rigid and the impact velocity is high.
Reducing the approach velocity can reduce the effect
of impact on the robot manipulator. However, it then
requires a longer time to accomplish the task. On
the other hand, the environment stiffness cannot be
adjusted arbitrarily, and the freedom for the robot
manipulator to vary its compliance is limited. These
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factors become more crucial under strict time con-
straints in impact control.

2.2. Previous Impact Control Schemes

Various impact control schemes can be divided into
two main approaches: (1) preparing for impact in
advance, and (2) dealing with impact during contact
transience. In the first approach, Walker utilized
kinematic redundancy of robot manipulators to find
configurations that minimized the effects of impact
at similar approach velocities.* Because robot con-
figurations must be determined prior to impact, the
impact point and the relationship between the robot
manipulator and the environment must be known
in advance. Hence, this method is suitable for tasks
in environments with known structures. An and
Hollerback suggested using passive compliance and
damping.® A pliant material was added to the end-
effector to provide passive damping and to help ab-
sorb impact energy. The material also lessened sys-
tem stiffness effectively and made force control eas-
ier. However, system stiffness cannot be changed
without physical replacement of the pliant material
and the force that can be applied is limited by the
material used.

In the second approach, Khatib and Burdick em-
ployed maximal active damping to help the force
controller during the transition period.® The energy
of oscillation caused by impact is dissipated by the
increased damping during the transience. However,
when the environment is very rigid, the energy dissi-
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Figure 1. Impact force responses under (a) different impact velocities and (b) different

environment stiffnesses.
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pated by active damping during the shorter transient
period is also lessened, and consequently the
bounces induced by the impact may not be easy to
deal with. Qian and De Schutter also introduced
active linear and nonlinear damping to enable stable
high gain force control in case of stiff contact.”
Youcef-Toumi and Gutz used integral force control
with velocity feedback to control impact transience.®
The integral control acts as a low-pass filter to filter
out high-frequency vibrations during transience. It
can also eliminate the steady-state force following
error. However, integral force control is not suitable
for impacts with high-energy transfer or with an
elastic environment.

Volpe and Khosla proposed dividing control into
three phases: free motion, impact transience, and
force control.® Various control strategies were
adopted for each of the three phases. A negative
proportional force controller with feedforward was
used to govern impact transience. Mills and Lokhorst
proposed a discontinuous approach for impact con-
trol.” A generalized dynamic system was used to
design the control law and prove the stability of
the proposed scheme. Hyde and Cutkosky proposed
using input command preshaping to suppress oscil-
lations during contact transition, which is basically
a feedforward technique.!® Suzuki et al. proposed
a learning control scheme for impact control.”! A
learning controller was used to learn feedforward
commands that helped the force feedback controller
deal with impacts.

The review above indicates that most previous
impact control schemes are not appropriate for deal-
ing with unexpected impacts. They either require
information about the environment, are intended for
different purposes, or cannot deal with a wide range
of environmental variations. On the other hand, hu-
man limbs demonstrate superior performance inim-
pact control. Thus, emulation of human control strat-
egies may be beneficial to robotic impact control.
Human reflexes and human motor program stand
especially as excellent models for robot manipulators
to imitate: the former responds to external stimuli
without much delay, and the latter presents a concise
structure for implementing human reflex actions. Bi-
ological background material related to human re-
flexes and motor program in the human motor con-
trol system is discussed below.

3. HUMAN REFLEXES AND MOTOR PROGRAM

Figure 2 shows a simplified human motor control
block diagram. In Figure 2, we see that human move-

ment is governed by a hierarchical structure.'? Ac-
cording to the goal to be achieved, the action module
in the central nervous system (CNS) makes a move-
ment plan. Appropriate motion commands are then
generated by the motion command generator. The
motion commands are sent to the motion command
executor and the muscular system for execution. The
motion command executor and the muscular system
form a local control system.'® With this hierarchical
structure, the difficulty of performing complex
movements can be shared by the CNS at the higher
level and the local control system at the lower level.

Because feedback processing in the human mo-
tor control system is slow, long delays are experi-
enced in the transfer of sensory information to the
higher level of the hierarchy (indicated by the dashed
line in Fig. 2). For slow movement, long delays may
cause no serious problems when feedback control
is employed by the higher level of the hierarchy;
however, in dealing with fast movement, the effect
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of delays cannot be ignored when the higher level
of the hierarchy is governing the system in a closed-
loop manner. Some biological evidence implies that
fast human movement might be controlled in an
open-loop manner, and a corresponding motor pro-
gram concept has been proposed.!

In short, a motor program is an abstract repre-
sentation of action that produces movement in an
essentially open-loop manner. When activated, the
motor program generates motion commands and
sends them to the local control system, which modu-
lates motion commands via sensory feedback, to
move the limbs. To deal with a wide range of move-
ments, the motor program should be generalized,
simple to operate, and efficient in storage.''* By
applying the motor program concept for fast move-
ment, the feedback path in Figure 2 can then be
eliminated, because the movement is prepro-
grammed and controlled in an open-loop manner.

Similar to the control of fast movement, feedback
control by the higher-level CNS is not appropriate
for dealing with unexpected impacts. Instead, the
lower-level reflex is usually invoked to tackle these
impacts. Because reflex is a kind of unconscious hu-
man action in which only the lower level of the hier-
archy is involved, its response to external stimuli is
much faster than that of the CNS. Reflex can also
be viewed as a kind of motor program prepared for
some specific types of external stimuli in advance.
The major difference between the motor program in
the higher level of the hierarchy and that for reflex
is that the former is elicited by the CNS, while the
latter is triggered by unexpected external stimuli.
With the distribution of intelligence between the
higher-level CNS and the lower-level local control
system, the human motor control system can adapt
to more versatile movements and environmental
variations.

4. PROPOSED SCHEME

A reflex mechanism, emulating the human reflex
function, is included in the proposed scheme. The
reflex mechanism is implemented using the concept
of motor program. The proposed scheme is intended
to provide a smooth transition when unexpected im-
pacts occur. The ideal smooth transition adopted in
the proposed scheme is defined as follows:

* No oscillations occur during transition.
*® The transition period is short.
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* The peak impact force is held within a pre-
specified range.

In the initial stage of the study, to simplify the
complexity of the problem, three assumptions were
made in developing the proposed scheme:

* Contact between robot manipulators and the
environment is point contact.

* Environments that robot manipulators collide
with are immovable hard surfaces, which can
be deformed.

* No friction results from robot manipulators
when robot manipulators contact the envi-
ronment.

If point contact is assumed, there will be no torque
present when robot manipulators contact the envi-
ronment. Thus, only forces need be considered. Be-
cause no friction is present at the point of contact,
the interaction force measured by the force sensor
is perpendicular to the contact surface. With the im-
movable hard surface modeled as a stiff spring with
a small damping constant, as shown in Figure 3, the
relationship between the interaction force and the
surface deformation can be described as

F,= —B,Ax - K, Ax, 1)

where F; is the interaction force, B, and K, are the
damping constant and stiffness of the environment,
respectively, and Ax and Ax stand for the amount
and speed of deformation of the environment, re-
spectively. For a hard surface, the value of K, is
quite large and that of B, is usually very small. The
direction of F; points outward from the contact sur-
face, because the interaction force is perpendicular
to the surface.

ANNNNNNNN

= K,
AX,

Figure 3. Environment model.
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Figure 4. Functional block diagram of the proposed scheme.

4.1. System Description

Based on the ideal smooth transition and the as-
sumptions specified above, a two-level hierarchical
control scheme is proposed. Figure 4 shows the func-
tional block diagram of the proposed scheme. A mo-
tion command programmer (MCP) serves as the
higher level of the hierarchy, and a local controller,
consisting of a reflex mechanism (RM) and an imped-
ance controller, acts as the lower level. The MCP,
representing the CNS, generates appropriate motion
commands for planned motions. The motion com-
mands are then executed by the impedance control-
ler in the local controller under normal conditions."
When unexpected impacts occur, the RM, represent-
ing the human reflex, takes over control and gener-
ates appropriate impact control commands. Because
the environment under investigation contains only
immovable hard surfaces, the RM aims for a smooth
transition from free motion to constrained motion.
Thus, we choose an impedance controller to execute
the commands from the MCP under normal condi-
tions and the RM after unexpected impacts, because
impedance control is a unified method for dealing
with free and constrained motions.** Impedance con-
trol is also less sensitive to environmental uncertain-
ties under unexpected impacts, when compared
with other control schemes, like hybrid control.'
After a smooth contact transition, the control is re-

turned to the MCP from the RM. The MCP may
resume the movement, or perhaps reprogram it
when the effect of the impact has been serious.

As shown in Figure 4, the RM consists of three
major components: an impact detector, a command
selector, and an impact controller. The function of
the impact detector is to detect unexpected impact by
measuring contact forces. When a measured contact
force is below a threshold value, the command selec-
tor allows motion commands from the MCP to pass
directly to the impedance controller without involv-
ing the impact controller in the control of robot mo-
tion. When a measured contact force rises rapidly
and eventually exceeds the threshold due toan unex-
pected impact, an impact signal is generated and
sent to the command selector, the impact controller,
and the MCP. The impact controller then takes over
the control and generates appropriate impact control
commands for the transition.

Figure 5 shows a block diagram for impact con-
trol command generation in the impact controller. In
Figure 5, a number of basic impact control command
patterns are installed in the impact controller in ad-
vance. These basic impact command patterns have
been designed to deal with impacts that occur under
certain specific conditions. To generalize these basic
command patterns to accommodate a wider range
of environments, the command patterns have to be
scaled in both time and magnitude according to envi-
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Figure 5. Block diagram for impact control command generation.

ronmental variations. In addition, the magnitudes
of the command patterns are also scaled to corre-
spond to various impact velocities.

Referring to Figure 5, when an impact occurs,
the stiffness and damping of the environment are
identified using the environment model described
in Eq. (1). The least-square-error approach is em-
ployed for identification by using as many measure-
ment data as are available in the short period of
time allowed. Imprecision may be present in some
estimates due to the limited number of measure-
ments that can be made under such a strict time
constraint. According to the identified environmen-
tal parameters, one basic impact control command
pattern is selected and its corresponding time and
magnitude scales determined. After the scaling
above, the magnitude of the command pattern is
further scaled in inverse proportion to the impact
velocity. Finally, a bias term is added to the com-
mand pattern, which is set behind the contact surface
a small distance from the impact point. This bias
term is intended to produce a steady state force, so
that the robot manipulator can maintain contact with
the environment after the transition.

5. SYSTEM IMPLEMENTATION

The implementation of the proposed scheme in-
cludes three main modules: the impedance control-
ler, the impact control command pattern derivation
module, and the impact control command general-

ization module. The function of the impedance con-
troller is to execute the commands from the MCP
under normal conditions and the RM after unex-
pected impacts. Basic impact control command pat-
terns are derived for certain specific environments
and impact velocities. These basic command patterns
are then generalized to deal with a wide range of
environmental variations and impact velocities. Be-
cause environment estimation may not be very accu-
rate and the number of basic impact control com-
mand patterns for generalization should be small for
feasible implementation, basic command patterns
should be simple, robust, and easy to generalize.

5.1. Impedance Controller

Among those robot control schemes designed to deal
with the control of both position and force, > im-
pedance control is a unified approach for both free
and constrained motions. An impedance controller,
instead of directly controlling the position or the
force for a robot manipulator, regulates the dynamic
relationship between the robot manipulator and the
environment. The dynamic relationship, character-
ized by a target impedance, is usually formulated as
a second-order system, described in Eq. (2):

M;x+ B;x + Ky(x —x,)=F,, 2)
where M,, B,, and K, are the desired matrices for

inertia, damping, and stiffness, respectively, F, is
the external force vector, and x and x; are the actual
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position and the desired equilibrium-point vectors
for the robot manipulator, respectively. The nonlin-
ear control law for implementing the impedance con-
trol can be derived from the kinematic and dynamic
equations for the robot manipulator along with the
target impedance described in Eq. (2).%

To achieve effective control by using an imped-
ance controller, the target impedance must be prop-
erly chosen. Different target impedances are used
for the MCP and the RM, separately. For the MCP,
the target impedance will be determined according
to the given task. For the RM, it will be chosen to
fulfill the ideal smooth transition defined in section
4. How the inertia, damping, and stiffness of the
target impedance affect impacts are analyzed as fol-
lows. In general, high inertia tends to be not oscilla-
tory, but may impart significant impact force. Exten-
sive damping can suppress oscillations provoked by
impact, but may lead to a longer transition time.
Greater stiffness can increase the responding speed
of the robot manipulator, but may increase the im-
pact force and shorten the transient time upon im-
pact. Basically, an overdamped target impedance is
preferred to avoid oscillations during collision. An
ideal target impedance for the ideal smooth transi-
tion may be determined according to the environ-
ment in contact.

5.2. Impact Control Command Pattern Derivation

As mentioned previously, basic command patterns
should be simple, robust, and easy to generalize.
Thus, a limited number of basic command patterns
can be generalized to cover a wide range of environ-
mental variations and impact velocities. Because
there is no explicit form the ideal impact control
command pattern should conform to, basic impact
control command patterns will be derived via simula-
tion and evaluation. In other words, under specific
impact conditions, basic command patterns will be
obtained by finding command patterns that satisfy
the ideal smooth transition defined in section 4.

End effector
velocity

Desired steady
state force

A fuzzy system, shown in Figure 6, is used to
derive basic impact control command patterns, be-
cause the exact form of the command pattern is not
very crucial and because of the capacity of the fuzzy
system to formulate uncertain phenomena.'® As de-
scribed in section 2.1, impact is a dynamic process.
Thus, the derived command pattern will be in the
form of a continuous signal. In Figure 6, the inputs
to the fuzzy system are the velocity of the end-
effector and the force error between the desired
steady-state force and the measured interaction force
during impact; the output is the impact control com-
mand pattern. The derived impact control command
pattern in Figure 6 will be sent for execution to evalu-
ate its performance via the impact command genera-
tion process in Figure 5 and via the impact control
scheme in Figure 4.

In implementing the fuzzy system, triangular
membership function was chosen for the input and
output fuzzy sets, described in Eq. (3):

g:é ifC<x=R
W) = é:% ifL=x<C @)
0 otherwise

where R, C, and L specify the right, middle, and left
vertices of the triangle. The velocity and force error
inputs are divided into seven and six fuzzy sets,
listed in Tables I and II, respectively. Seven fuzzy
sets are used for the impact control command pattern
output, listed in Table III. And the rule table contains
42 inference rules, as listed in Table IV. Fuzzy rule
inference is performed by the min-max operation,
and the local mean of maximum (LMOM) method
is used for defuzzification.'® Thus, after the member-
ship degree of the ith output y; is obtained as u, via
the fuzzy rule inference upon the two inputs, the

Impact control

System command pattern

+
S, >
- Force error
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Table L. Velocity input. Table Hl. Impact control command pattern output.

NB NM NS z PS PM PB NB NM NS z Ps PM PB
R =015 -0.05 0.00 0.05 015 030 — R -030 -0.10 0.00 0.10 0.30 0.50 1.00
Cc -030 -015 -0.05 0.00 005 015 030 C -070 -0.35 -0.15 0.00 010 0.30 0.70
L — -0.30 -0.15 -0.05 0.00 005 015 L -1.00 -0.50 -030 -0.20 0.00 0.10 0.30

value of y; can then be computed by

L, +R L, +R
Vi Yi Yi Yi
yi=——t (cyi - ——) Py, s )

2
and the output of the fuzzy system is

2y IJ«y,-(yi)

. 5
El'l’yi(yi) ( )

yout =

Note that those values in Tables I-IV are derived
under environmental stiffness 10000 nt - m/rad. In
dealing with different stiffnesses, the impact control
command pattern output generated by using the
fuzzy system will need to be scaled by using the
gain factors listed in Table V.

The proposed scheme is implemented to deal
with unexpected impacts when the environment
stiffness ranges between 5000 and 80000 (nt - m/rad)
and the impact velocity between 0 and 1.5 (rad/s).
Two basic command patterns generated at the unit
impact velocity with no environment damping will
be generalized to cover the entire operating range.
The first command pattern is obtained under envi-
ronment stiffness 25000 nt - m/rad, and intended to
cover the stiffness range of [5000, 40000] (nt -
m/rad); the second pattern is under environment
stiffness 60000 nt - m/rad and cover a range of [40000,
80000] (nt -+ m/rad). These two basic impact control
command patterns are shown in Figure 7(a); their
corresponding force and position responses are
shown in Figures 7(b) and (c), respectively. In Figure

Table ll. Force error input.

NVB NB NM NS Z PS
R -30 -10 -5 0 5 —
C -50 -30 -15 -5 0 5
L — -70 -30 -10 -5 0

7(a), there are short null command periods at the
beginning for both patterns to accommodate the time
spent on environment identification. The magnitude
of the second pattern is larger than that of the first
one, because the second pattern is generated for
a more rigid environment. In addition, the second
pattern starts earlier and has a shorter command
duration compared with the first one.

5.3. Impact Control Command Generalization

The basic impact control command patterns derived
above will be generalized to accommodate a wide
range of environmental variations and impact veloci-
ties via scaling of magnitudes and times. In general-
ization, three factors must be taken into account: the
stiffness and damping of the environment and the
impact velocity. However, only environment stiff-
ness is considered in determining the scalings, be-
cause damping variation is usually small for hard
surfaces. Small damping variations affect the envi-
ronment identification little, because their effect on
the timing of the first impact response force peak,
which is crucial to environment identification, varies
little. In addition, damping dissipates impact energy,
thus making control easier. Hence, damping is ig-
nored in scaling for the sake of computational and
memory-utilization efficiency. Nevertheless, when
damping variation is large, its effect is of concern.

Table IV. Rule table.

Velocity
Force NB NM NS 4 PS PM PB
PS Z Z z NS NM NB NB
4 z 4 z 4 NM NB NB
NS z V4 z NS NS NM NB
NS z Z V4 V4 NS NM NM
NB V4 Z z Z Z NS NM
NVB z 4 Z Z zZ NS NS
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Table V. Gain factors for different stiffnesses.

Stiffness 5000 10000 15000 20000 25000 30000 35000 40000
Factor 0.85 1.00 1.17 1.30 1.45 1.55 1.65 1.75
Stiffness 45000 50000 55000 60000 65000 70000 75000 80000
Factor 1.85 1.95 2.08 2.15 2.24 2.3 2.37 2.42

The impact velocity factor is tackled by scaling the
magnitude of the command pattern in inverse pro-
portion to the impact velocity directly, as shown
in Figure 5. This is also done for computation and
memory reasons; yet, performance is acceptable un-
der this arrangement.

The fuzzy system in section 5.2 is again used to
find the scalings. For the environment stiffness in
the range of [5000, 80000] (nt - m/rad), starting from
a stiffness value of 5000 nt - m/rad and incrementing
by 5000 nt - m/rad, command patterns are derived
and used as references for determining the magni-

02+
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&5 5
(2] o

At
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Figure 7. (a) Two basic impact control command patterns, (b) corresponding force
responses, (c) corresponding position responses.
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tude and time scalings for the two basic command
patterns derived in section 5.2. It was found that
command patterns generated by the fuzzy system
under different sampled stiffnesses have similar
shapes; thus, it is suitable to interpolate the magni-
tude and time scalings corresponding to the basic
command patterns. A function described in Eq. (6)
is then used for interpolation:

S(K) = a[log(K)F* + a; log(K,) + aq, (6)

where a,, 4,, and 4, are the coefficients of the func-
tion, and K, is the environment stiffness. In Figure
8, the fitting curves overlaying the original discrete
data are depicted, and the corresponding coefficients
in the function are listed in Table VI. The least-
square-error approach is used for data fitting. Obvi-

Table VI. Coefficients for command pattern scaling.
Pattern Scaling a a ay
Pattern 1  Time 0.0945 —2.4092  15.7058
Magnitude  0.0521  —0.5669 1.3925
Pattern 2 Time 0.788 -2.2187  15.8800
Magnitude  0.2232  —4.4375  21.8095

ously, other curve-fitting functions other than that
in Eq. (6) can also be used.

6. SIMULATION

To verify the proposed scheme, simulations based
on using a single-joint robot manipulator, shown in
Figure 9(a), were conducted for impact control using
(i) the impedance controller alone, and (ii) the pro-
posed scheme under various impact velocities, envi-
ronment stiffnesses, and dampings. To further illus-
trate how the proposed scheme would be applied in
cases where extra degree(s) of freedom are involved
in addition to that in the impact direction, simula-
tions were also performed using a two-joint robot
manipulator, shown in Figure 9(b). All the simula-
tions began with the robot manipulator moving in
free space toward an environment an instant before
collision. A 2 ms time interval was used for environ-
ment identification. The target impedance in the im-
pact direction used in the impedance controller, as
formulated using Eq. (2), was chosen to be M, =
0.1kg - m? the desired target inertia, B; = 10 nt
m/(rad/sec), the desired damping, and K; = 25 nt -
m/rad, the desired stiffness.
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(a)

(b)

Figure 9. (a) A single-joint robot manipulator, (b) a two-joint robot manipulator.

6.1. Single Joint

In the first set of simulations, the impedance control-
ler alone was used for impact control of the single-
joint robot manipulator shown in Figure 9(a). The
dynamic equation for the single-joint robot manipu-
lator is described in Eq. (7):

179 = Tinotor + Text r (7)

where I, = 0.165 kg - m? is the inertia,  is the joint
angle, 1, is the torque provided by the motor, and
7. 15 the external force represented in the joint space.
The normal vector of the environment surface points
toward the positive y direction. When the joint vari-
able 6 is negative, the robot manipulator contacts the
environment; when 8 is positive, it is in free space.

Figure 10 shows the force and position responses
under different impact velocities, environment stiff-

nesses, and dampings, respectively. The simulation
conditions are listed in Table VII. In Figure 10(a),
the robot manipulator collided with the environment
with different impact velocities. The results show
that the robot manipulator oscillated and long transi-
tion periods were observed even at low speeds. Fig-
ure 10(b) shows the responses when the robot ma-
nipulator collided with environments of different
stiffnesses. Even when the environment was more
pliable, the robot manipulator still oscillated. When
the environment was more rigid, more small oscilla-
tions were observed. Figure 10(c) shows the re-
sponses when the robot manipulator collided with
environments with different damping characteris-
tics. When there was less damping, the robot manip-
ulator oscillated frequently. Better, but not satisfac-
tory, performance was observed when there was
more damping.

Table Vil. Simulation conditions using the impedance controller alone.

Condition Env. stiffness Env. damping Impact velocity 6,
Velocity 4 x 10 5 0.1,04, 0.8 ~-0.08
Stiffness 10%, 4 x 104, 7 x 104 5 0.5 -0.08
Damping 4 x 10 0,5, 10 0.5 -0.08
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Figure 11. Impactresponses using the proposed scheme (single joint): (a) different impact
velocities, (b) different environment stiffnesses, (c) different environment dampings.



For comparison, a second set of simulations was
performed using the proposed scheme with the same
single-joint robot manipulator and the same imped-
ance controller used above. Figure 11 shows the force
and position responses under different impact veloc-
ities, environment stiffnesses, and dampings, re-
spectively. The simulation conditions are listed in
Table VIII. In Figure 11(a), the robot manipulator
collided with the environment at different impact
velocities. Performances yielding the ideal smooth
transition defined in section 4 were obtained, even
when the impact velocity was high. Figure 11(b)
shows the responses when the robot collided with
environments of different stiffnesses. When the en-
vironment was very rigid, the robot manipulator did
bounce up with subsequent small oscillations. Yet,
the performance of the proposed scheme was much
better than that obtained using the impedance con-
troller alone shown in Figure 10(b). Figure 11(c)
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shows the responses when the robot collided with
environments with different damping characteris-
tics. Satisfactory performances were obtained, espe-
cially for lesser degrees of damping.

Because estimation of the environment may not
be very accurate due to the strict time constraints
in some instances, a third set of simulations was
performed to test the robustness of the proposed
scheme with inaccurate environment identification.
Figure 12 shows the force and position responses
when the error percentage of the estimated environ-
ment stiffness was by £25%. The simulation condi-
tions are listed in Table IX, where it can be seen that
different basic command patterns and scalings were
selected according to different stiffness estimation.

Figure 12 shows performances that were not sat-
isfactory, because the environment estimation was
not accurate; yet, the performance of the proposed
scheme was not worse than that obtained using the

Table Vill. Simulation conditions using the proposed scheme {single joint).

Different impact velocities

Impact velocity 0.470
Stiffness

Damping

Estimated stiffness 41960
Estimated damping —2.686
Command pattern Pattern 2
Time scale 1.191
Magnitude scale 0.821

0.896 1.376 rad/s
42211

0 nt - m/(rad/s)
42104 41820 nt - m/rad
-0.797 —3.418 nt - m/(rad/s)

Pattern 2 Pattern 2

1.189 1.192
0.822 0.819

Different environment stiffnesses

Impact velocity 0.896 rad/s
Stiffness 10* 4 x 104 7 x 104 nt - m/rad
Damping 5 nt - m/(rad/s)
Estimated stiffness 9973 39863 69710 nt - m/rad
Estimated damping 4.810 4.245 3.682 nt - m/(rad/s)
Command pattern Pattern 1 Pattern 1 Pattern 2
Time scale 1.538 0.794 0.937
Magnitude scale 0.587 1.229 1.083

Different environment dampings
Impact velocity 0.896 rad/s
Stiffness 42121 nt - m/rad
Damping 0 5 10 nt - m/(rad/s)
Estimated stiffness 42015 41975 41935 nt - m/rad
Estimated damping —0.796 4.205 9.206 nt - m/(rad/s)
Command pattern Pattern 2 Pattern 2 Pattern 2
Time scale 1.190 1.191 1.191
Magnitude scale 0.821 0.821 0.820
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Figure 12. Impact responses using the proposed scheme when the estimated environ-

ment stiffness is not accurate.

impedance controller alone shown in Figure 10. Sim-
ulations were also performed with more inaccurate
environment estimation (up to +75%). Results simi-
lar to those shown in Figure 12 were obtained. This
implies that the use of impact control commands is
basically helpful in controlling impact effects, even
when the timing and the magnitude of the command
are not very precise due to inaccurate environment
estimation. However, when the estimation deviated
from the correct parameter by a wide margin, the
use of the impact control command would induce
larger impacts than using the impedance controller
alone.

6.2. Two Joints

In the fourth set of simulations, the proposed scheme
was applied to impact control using the two-joint
robot manipulator shown in Figure 9(b). The dy-
namic equation for the two-joint robot manipulator
is described in Eq. (8):

M(0)0 + C(O, 0) = Tmotor + ]tFextl (8)
where
Mll M12
M) = )
M21 M22

Table IX. Simulation conditions when the estimated environment stiffness is not ac-

curate.

Inaccurate identified
environment stiffness

Impact velocity

Stiffness

Damping

Estimated stiffness 3 x 104
Estimated damping 0.000
Command pattern Pattern 1
Time scale 0.917
Magnitude scale 1.080
Error percentage of —25%

estimated stiffness

1 rad/s
4 x 10* nt - m/rad
0 nt - m/(rad/s)
4 x 10 5 x 10 nt - m/rad
0.000 0.000 nt - m/(rad/s)
Pattern 2 Pattern 2
1.217 1.099
0.802 0.898
0% 25%




My =m 2+ myl3 + 2myliL.cos 0, + myl3 + I + I,

(10)
My, = mylil,. cos 0, + myl3. + I, (1)
M,y = myld + mylil,. cos 6, + I, (12)
M,, = myl3, + I, (13)

) I:—mZZIZZC sin 6,63 — 2m,l 1, sin 029162]
C(,6)= . (14)

mylyly, sin 6,62

Tootor = [T1 Tl (15)
6=10, 6,], (16)

with | standing for the Jacobian matrix; m; = 4 kg
and m, = 2 kg the masses of links one and two,
respectively; I; = 0.09 kg - m? and [, = 0.02 kg - m?
the inertias of links one and two about their centers
of mass, respectively; [, = 0.5m, , =04 m, [}, =
0.25 m, and ,, = 0.2 m. When the two-joint robot
manipulator contacts the environment, the normal
direction is constrained by the contact surface, and
the tangential direction is unconstrained. For the
impedance controller, the target impedance in the
normal direction is chosen as M, = 0.1 kg - m?, the
desired target inertia, B, = 10 nt/(m/s), the desired
damping, and K; = 25 nt/m, the desired stiffness;
in the tangential direction, itis M, = 0.1kg - m? B, =
6 nt/(m/s), and K; = 90 nt/m. Due to the unexpected
impact, the original planned equilibrium position
may not be reached. A temporary equilibrium posi-
tion is set as the impact position where the robot
manipulator collides with the environment. The
MCP at the higher level of the hierarchy in the pro-
posed scheme shown in Figure 4, then resumes or
reprograms movement from the impact position
after the transition period.

The simulation conditions are listed in Table X.
Figure 13 shows the simulation results. The initial
configuration of the robot manipulator is as shown
in Figure 13(a). In Figure 13(a), the solid lines stand
for the links of the robot manipulator, the dashed
line with the arrow indicates the approach direction,
the dotted line specifies the contact surface, the X
sign marks the original planned equilibrium point,
and T and N denote the tangential and normal direc-
tions of the task coordinate system. Figure 13(b)
shows the force response in the normal direction,
and Figure 13(c) shows the corresponding position
trajectory in the task coordinate system. In Figure
13(c), the trajectory is enlarged for illustration, and
the dotted lines specify the axes of the task coordi-
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Table X. Simulation conditions using the pro-
posed scheme (two joints).

Impact velocity (0.686, 0.297) m/s

Environment stiffness 13700 nt/m
Environment damping 0 nt/(m/s)
Estimated stiffness 13733 nt/m
Estimated damping 0.47 nt/(m/s)
Command pattern Pattern 1
Time scale 1.334
Magnitude scale 0.717

nate system. The trajectory started an instant before
collision, then contacted and pressed into the envi-
ronment, and finally moved back to the impact posi-
tion. The performance shown in Figure 13 satisfies
the ideal smooth transition defined in section 4.

7. DISCUSSION

In the proposed scheme, the reflex mechanism deals
with the impact in an essentially open-loop manner.
One major concern for open-loop control is that it
is very sensitive to parameter variations. As demon-
strated in the simulations above, system perfor-
mance is not satisfactory when environment identi-
fication is not accurate. However, due to the strict
time constraint on environment identification upon
impact, accurate identification is very difficult to
achieve in practical applications. Current research in
human motor control suggests that the nonlinear
adjustable mechanical properties of muscles may
play an important role in the adaptability of human
limbs to various movements, loads, and environ-
ments.>" Thus, one resolution to this problem may
be to use a more powerful nonlinear controller in
the lower-level hierarchy rather than an impedance
controller with a linear target impedance as in the
proposed scheme. In other words, a more intelligent
local controller capable of self-adjustment may be
more appropriate for governing local behavior dur-
ing impact. For instance, in ref. 20 the nonlinear PD
controller for contact transient control can tune itself
according to environmental variations. However,
the introduction of nonlinearity may complicate sys-
tem design, when a nonlinear local controller is
used. Nevertheless, further study on the cooperation
and intelligence distribution between the higher and
lower levels of the hierarchy in an impact control
system is a worthwhile future work.

A point that also deserves discussion is the appli-
cation of the proposed scheme to impacts that are
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Figure 13. Impactresponses using the proposed scheme (two joints): (a) the configuration
of the robot manipulator before collision, (b) corresponding force responses, (c) corre-

sponding position responses.

expected. Intuitively, when a scheme can tackle an
unexpected impact, it should also be capable of deal-
ing with an expected impact. However, a controller
designed for unexpected impacts may not be effec-

tive in tackling expected impacts, because only rough
environment models are available via estimation for
unexpected-impact control. Thus, the controller de-
sign must be conservative to accommodate a wide



range of environmental variations. On the other
hand, controllers designed for expected impacts
should exploit the specific properties of the known
environments. Thus, the controllers will be effective
for the given environments and tasks.

8. CONCLUSION

In this article, a control scheme based on a reflex
mechanism, similar to human reflexes, is proposed
to deal with unexpected impacts. Simulations per-
formed demonstrate its effectiveness under a wide
range of environmental variations and impact veloci-
ties. The introduction of human control strategies in
the proposed scheme may be beneficial to robotic
impact control. In future work, the proposed scheme
will be extended to tackle more general environ-
ments under less restricted assumptions about
contact.

This work was supported in part by the National Sci-
ence Council, Taiwan, under Grant NSC 83-0422-E-
009-065.
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