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Abstract

In this paper, we propose a novel compliance control
algorithm for a rehabilitation robot, KARES Il. Through
field evaluation at Korea National Rehabilitation Center, the
algorithm is verified and user’s favorite levels of compliance
are obtained.

1. Introduction

This paper presents 1) a novel compliance control
algorithm by using an efficient external force estimation
method and 2) field evaluation results for verifying the
proposed method and obtaining users favorite level of
compliance.

The compliance function is required to perform tasks
such as shaving, wiping and scratching faces [1]. Those
tasks are performed by a robotic arm developed as a part of
KARES Il [1], and there exists some form of contact
between a disabled person and a robotic arm during those
tasks. Therefore, the robotic arm must have a compliance
function for safety of user and quality of tasks

To implement the compliance function, we propose an
impedance control agorithm based on Time-Delay Control
(TDC) [3, 4]. Not to raise the cost of the robot, we proposed
an efficient sensor-less F/T sensing method.

And the results of field evaluation for some handicapped
volunteers (people with spinal cord injury) in KNRC (Korea
National Rehabilitation Center) are presented. In the field
evaluation, the robotic arm performs shaving and cleaning
task. From the field evaluation, proposed algorithm is
verified and users favorite levels of compliance are
obtained.

2. Rehabilitation Robot System KARESI |
2.1. Characteristics of Contact Tasks

Among 12 pre-defined tasks, shaving task and wiping
and scratching face task need some levels of compliance. In

this section, the characteristics of contact tasks are explained.

For those tasks, some forms of contact between the
disabled and the manipulator must exist. In case of both
tasks, robot stops near the disabled, and then he can do those
tasks by moving his neck.

In most cases, robot comes in contact with disabled
person staticaly. Contact between robot and the disabled
can occur not only at the end-effecter but also a any other
point of robot manipulator because they can't move their
body by their intention. The tasks are pre-defined by
examining their life, since trgectory is well defined in
advance and tasks areiterative.

2.2. M echanical Advantages of KARESI |

By using cable transmission mechanism, the robotic arm
of the KARESII system can achieve high back-drivability,
negligible amounts of backlash and low friction [1].

Among the mechanica advantages, back-drivability is
the most important characteristic. Back-drivability can be
defined either the ability or qualitative degree of ease with
which the joint of a robotic arm can be forced to move in
such a way that al mechanical transmission components,
including the motor’s rotor move aso [2].

Therefore, if there exerted some externa torque more
than minimum back-drivable torque, then robot’s control
input is sensitive to it. Table 1 shows the reaized minimum
back-drivable torque and the velocity reduction ratio of the
first three axes of the 6 D.O.F robotic arm.

Table 1 Min. back-drivabletorque and velocity reduction ratio

axis Minimum back-drivable Vel.ocity .
torque(Nm) reduction ratio
1 0.4 85:1
2 0.4 134:1
3 0.5 80:1

From table 1, we can see that KARES || has a high ratio
of back-drivability.

3. Compliance Control Algorithm for KARESI |
3.1. Compliance Control Algorithm
Because contact tasks are iterative, it is assumed that

contact timing is known. So, contact task can be divided into
two kinds of intervals. When there is some contact between

! By using TOD, via-points are defined prior to robot design stage.



them, compliance control is applied. When there is no
contact, position control is applied. In most cases, robot
comes in contact with the disabled statically; therefore
external torque can be estimated only by calculating static
torque. And contact between the robot and the disabled can
occur a any point of robot arm, joint space compliance
control is appropriate. Therefore, a new compliance control
algorithm is proposed. (Fig. 1)
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Fig. 2 Compliance Control Algorithm

When robot reaches contact region, it is stopped.
Controller calculates static torque needed to maintain that
position. Then from the difference between control input and
static torque, external torque is estimated. By using
estimated external torque, impedance control is executed.

3.2. Impedance Control Based on Time-Delay Control
3.2.1. Time-Delay Control (TDC)

TDC is well known for its smple structure and
disturbance robustness [3, 4]. Its disturbance robustness is
showed by many researches[3, 4].

A dynamic equation of a robot manipulator can be
expressed as follows.

T =M(0)0+V(0,0)+G(0)+d(t) €))

Where®, t are nx1 joint position vector, nx1 torque
vector, respectively. M(0),V(0,0),G(0) and d(t) are nxn
inertia matrix, nx1 Coriolis and centrifugal force vector, nx1
gravity vector and nx1 uncertainty of robot and disturbance
vector respectively. n is number of joint of manipulator.

By using TDE (Time-Delay Estimation), we can
estimate the nonlinear terms, M (), V(0,0), G(0)and d(t)
more simply and efficiently.

In (1), nonlinear vector H(6,0,6) can be defined as
follows,

H(0,0,0) = (M(0)-M)6 +\/(0,0)

+G(0) +d(t) @

By using (1), dynamics of the manipulator is expressed
t=M6+H(0,0,0). 2

From equation (2), if H(0,0,0) which includes all

nonlinear terms of robot and externa torque can be
estimated, we can control the robot. To estimateH , we can
make the following approximation for sufficiently small
timedelay L.

H(t) OH()

_ . ©)
= H(t-L) = 7(t-L)-M@(t- L)

Based on TDE, TDC law can be constructed as follows.

T(t) = 7(t-L)-M6(t - L)

L , (4)
+M(8, (1) + K o&t) + K (1))
Where 0, , e, K, and K, are nx1 desired trgjectory

vector, nx1 tracking error vector, nxn velocity gain matrix
and nxn position gain matrix respectively. n is number of
joint of manipulator.?

If H estimates H precisdly, error dynamics becomes

é+K,eé+Koe=0. (5)
In many cases, M is selected as a constant diagonal

matrix. Therefore, it's easy to implement TDC in red
application.

Fig.2 Block diagram of TDC
3.2.2. Impedance Control Based on TDC

In case of contact tasks, for the safety of handicapped
people, robot must not exert excessive force. Considering
causality, controlling both force and position a the same
time is impossible [6]. But the controlling relation between
force and position is possible.

Therefore, impedance control which controls relation-
ship between force and position is applied to KARES 11 [5].

2 In case of TDC, position error definedase=0, -0 .



Impedance control needs a position controller which has
good control performance. In case of KARES II, an
impedance controller based on TDC is proposed. The good
position command following performance of TDC is proved
by many studies[3, 4].

As a position controller, TDC's error dynamics is
expressed as equation (5). If force feedback term is added to
the equation (4), TDC based impedance control law is
obtained.

T(t) = 1(t-L)-MO(t-L)

_ , (6)
+M(0, (1) + K p&(t) + K e(t) -K 1)

Finaly, TDC based impedance controller can have
desired impedance as an error dynamics form.

&+K e+K e-K,1,, =0 @

Therefore, the impedance between externa torque (T, )
and position error (e) at i" joint is realized as follows.

2
I S +kd_is+kp_i

i T ®

f_i

3.3. Sensor-less Force/Torque Sensing M ethod

By using TDE, H which includes uncertain dynamics
and external torque can be estimated. In order to estimate
externa torque, difference between inverse dynamics of
robot and control input is needed.

Generally estimating dynamics of a6 D.O.F. robot is not
easy. But most of contact task is performed in static situation,
not whole robot dynamics but only the gravity and friction
compensation torque is needed to calculate external torque.’
For this reason, we can estimate the external torque from the
following equation.

Toe = 7-[G(8) +F(6,0)] )

Wheret is nx1 control input, T, is nx1 externa
torque vector, G(8) is nx1 gravity vector, and F(0,0) is
nx1 friction vector.

4. Fidd Evaluation

In this section, field evaluation result of proposed
algorithm isintroduced.

4.1. Fidd Evaluation

® KARESII has only viscous and coulomb friction, therefore,
estimation of friction and gravity is easy.

For the field evaluation, at Korea NRC (National
Rehabilitation Center), we let people with spina cord injury
(C4) carry out shaving task and wiping and scratching task
by using our robot system. Three levels of compliance are
used in the clinica evaluation of both tasks as shown in
Table5.

Table5 Three L evels of Compliance [deg/Nm]

AXis Level 1 Level 2 Level 3
1 1.232 2.053 4.107
2 0.782 1.303 2.610
3 0.131 0.218 0.436

(b) Wiping and Scratching Face

Fig. 3 Clinical Evaluation

Compliance is realized each of 1% three axesin the form
of joint compliance, in consideration with link Iength.4
From table 5, level 1 is the lowest compliance level (the
highest stiffness case), level 3 is the highest compliance
level (the lowest stiffness case). Based on human arm
compliance, we selected three levels of compliance [7]: the
first one is smaller than that of human arm the second is
nearly the same as human arm and the third is larger than
that of human arm.

For shaving task, the volunteers chose their favorite
level of compliance among the given three levels. The
compliance level preference is distributed as shown in Fig. 9.

Fig. 9(a) and Fig. 9(b) show degree of safety and ease of
use that the handicapped people feel about each level. As

* Because Cartesian position depends only on 1% ~ 39 axis, x, y, z
Cartesian compliance s determined by 1%, 2nd, 3rd joint
compliance.



showninFig. 9, Level 2 and Level 3 mark higher preference
in regard to safety and ease of use. The result shows that
that the disabled prefer the level 2 compliance which
corresponds to a weak nurse arm’'s compliance in case of
shaving task.

For wiping and scratching face task, al three levels of
compliance fail to satisfy the handicapped people. The
degree of satisfaction is very low. Users want less
compliance than the 1% level. In case of wiping & scratching
task, we learned large contact force and stiffness is needed.
Also, we found that it is suitable to position a towel in a
desirable position and let the handicapped person move his
head to clean up his face.
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Fig .4 Field evaluation result of shaving

5. Conclusion

In this paper, we present a novel compliance control
algorithm by using an efficient external force estimation
method. Besides we perform a field evaluation for verifying
the proposed method and obtain users favorite levels of
compliance.

For the safety of the handicapped people and smooth
operation of contact tasks, robot must have some level of
compliance. Not to raise the cost of robot, sensor-less
forceltorque sensing method is essential. Therefore, a
systematic control algorithm based on logica anaysis of

contact tasks and sensor-less force/torque sensing method
based on TDE are proposed.

And for practical implement, the investigation of
compliance level preferences of the disabled was also
needed.

This algorithm is tested and verified by experiment. The
preference of compliance level of the handicapped people
for shaving task and wiping and scratching task were
investigated by field evaluation at Korea NRC

The result is very important because it shows the red
users preference. For the future development of
rehabilitation robots, it could be a useful guideline.
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