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Kinematics Analysis and Implementation of a Motion-Following Task for a
Humanoid Slave Robot Controlled by an Exoskeleton Master Robot

Deok Hui Song, Woon Kyu Lee, and Seul Jung*

Abstract: This article presents the kinematic analysis and implementation of an interface and
control of two robots-an exoskeleton master robot and a human-like slave robot with two arms.
Two robots are designed and built to be used for motion-following tasks. The operator wears the
exoskeleton master robot to generate motions, and the slave robot is required to follow after the
motion of the master robot. To synchronize the motions of two robots, kinematic analysis is
performed to correct the kinematic mismatch between two robots. Hardware implementation of
interface and control is done to test motion-following tasks. Experiments are performed to
confirm the feasibility of the motion-following tasks by two robots.

Keywords: Kinematics, motion following, teleoperation control.

1. INTRODUCTION

Recently, occasions of interactive reaction
between robots and humans have enormously
increased in different types of environments as the

technology of service robots is developed further [1-4].

There are several types of interaction between robots
and human operators. Robot pets are a good
interactive example between robots and humans
through the exchange of their emotions. One simple
interaction with robots is when they are used in tele-
operated control tasks [5-7]. Using a joystick, an
operator can control the movement of the slave robot
with a visual feedback of the master robot movement.
A human operator can control remotely located robots.
Here, one basic requirement for the slave robot is the
accurate motion following after the master moves.

For a motion-following task, the slave robot is
required to follow after the movement of the master
robot exactly. The operator wears the exoskeleton
robot to generate motions. Then, as shown in Fig. 1,
the slave robot is required to follow the motion after it
is performed by the master robot.

To synchronize motions of two robots, several
issues have to be solved. First, a kinematic analysis of
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the master and the slave has to be done to match both
movements. Two robots are designed in slightly
different configurations due to the actuator housing
problems of the slave robot. The exoskeleton robot is
not actuated by motors, thus it has a more flexible
structure in design. The slave robot is actually
actuated by motors commanded from the exoskeleton
master robot by wireless communication. The
different  kinematic  configuration leads to
asynchronous movements in the Cartesian coordinates.
To synchronize movements, Kkinematic analysis is
required to compensate for mismatched parameters.
Second, an interface between two robots has been
implemented on a field programmable gate array
(FPGA). Motion data from the master robot are
collected and transferred to the slave robot. Finally, an
accurate position control has to be done in the slave
robot in order for it to follow the commanded
trajectory.

In the framework of implementing motion-
following tasks, two robots are built and their forward
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Fig. 1. Concept of motion-following task.
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kinematics and inverse kinematics are analyzed.
Kinematics differences between the two robots are
compared and compensated in order to have
synchronized motions. The movement of the
exoskeleton master robot is captured by encoders
mounted on each joint. Those encoder data are
converted to joint angle values and those values are
transferred to the slave robot to calculate end-effector
positions. Those end-effector positions are used to
calculate inverse kinematic solutions of the slave
robot to generate desired joint values and command
the slave robot to move. Next, the controller of the
slave robot actuates and moves the arms. Encoder
values of the slave robot are also used for calculating
the position of the end-effector through forward
kinematics.

In the simulation studies, two end-effector position
values are compared to confirm that Kkinematic
analysis is correct. Experimental studies of motion-
following tasks are also conducted to confirm the
performance of the motion-following task.

2. KINEMATICS ANALYSIS

2.1. Master and slave robots

Fig. 2 shows the exoskeleton master robot and the
humanoid two-armed slave robot. The master robot
has a total of 12 degrees—of-freedom(DOF). The
master robot is designed in such a way that a human
operator can wear it and move its arms. Movements of
the master robot are captured by joint encoders. The
slave robot also has 12 DOF. Each joint of the slave
robot is actuated.

2.2. Forward kinematics

Fig. 3 shows the coordinate transforms of the
master robot and slave robot, respectively [8]. Table 1
lists the D-H parameters for the master robot.
From the D-H parameters in Table 1, transformation
matrices are obtained.

(a) Master robot. (b) Slave robot.

Fig. 2. Master and slave robots.
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Fig. 3. Coordinates of two robots.

Table 1. D-H parameters and Joint range of the
master robot.

Joint| 6 | o; | & | di | Jointrange (degree)
10 -9 a|d -45 10 45
2 19 |9 0 0 -90to 90
319 |9 | 0 | dg 80 to 270
4 |0 -9 0 | d, -90 to 90
519 |9 | 0 0 0to 160
6| 0| 0| 0 dg -90 to 90

C, 0 -5 aC C, 0 S, 0

0p, - S 0 C &S a- S, 0 -C, 0

0 -1 0 d 1 0 0

0 0 O 1 0 0 0 1
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C; 0 S; 0 C, 0 -S, 0
2p |8 0 Co 0|3 [S¢ 0 Ci O
0 1 0 dy 0 -1 0 d,
00 0 1 0 0 0 1
C5 0 S5 O Ce -Sg 0 0
ta|S 0 Cs 0 s, S5 Co 0 O
01 0 0 0 0 1 dg

0 0 0 1 0 0 0 1

1)

where ¢; =cosé,,s; =siné,.

Table 2 shows the D-H parameters of the slave
robot.

We see from the two tables that the configurations
of Joints 1 to 4 are different while the rest of the joint
configuration is the same. This different configuration
causes different movements of the end-effector
position in the Cartesian space. The goal is to align
the movement of two robots. The corresponding
transformation matrices of the slave robot are shown
in (2).

C,L 0 S 0 C, 0 S, O
S, 0 -C, 0 S, 0 -C, 0

0p _| ™2 1 1p |92 2

A= 01 0 of & 0 1 0 d2
00 0 1 00 0 1
[C; 0 -S4 0 [c, 0 =S, 0
S:. 0 C, 0 s, 0 C, O

2 _ 3 3 3 _ 4 4

fo = 0o -1 0o of & 0 -1 0 d4
0 0 0 1 0 0 0 1
Cs 0 S5 O Ce -S¢ 0 O
Ss 0 -C. 0 S C. 0 O

4p _| 5 5 5, _| 96 ™6

A= 01 0 ol & 0 0 1 dé6f
00 0 1 0 0 0 1

)

The end-effector position can be obtained from the
following matrix.

Table 2. D-H parameters and Joint range of the slave

robot.
Joint| 6 | ¢ & | d; |Jointrange (degree)

1 (9 |9 | 0 0 4510 45
2 [ 9 |9 | 0 | dy 80 to 270
3 19 |[-90| O 0 0to 90

4 1-90 [-90| 0 | dy4 -180to 0
519 |9 | 0 0 0 to 160
6 0 0 0 | dg -90 to 90

nX SX a'X pX
0T=0A6=”y Sy ay Py 3)
nZ SZ aZ pZ
0O 0 0 1
2.3. Inverse kinematics
2.3.1 Inverse kinematics of the master robot
From Fig. 3(a), PB; isgivenas
Ps = P —dsa
(d4CyS5 +d3S; +ay)Cy +(dsC3)S; @)

=| (d4CyS3 +d3S; +1)S; + (-dsC3)Cy |,
—d48283 + d3C2 + dl

where a=[a, a, a,]".

Solutions of 4, 6,,6; are analyzed as two cases
when 6, =0 and &, #0, depending upon the value
of siné,. The corresponding results are as follows:

i) [6,=0]

letan_l Bp5x * A\/ A2 + BZ B p52x

2 n2 2 | ®)
| —Apsy =By A? + B? - p2,
6, =0, (6)
. [-E
0, =sin"t — |, 7
3 =Sl _ZD} (7

i) [6, 0]

i 2 n2 2
6, —tan! Bpsx £ AYA” + B — gy (®)
| —Aps, £ ByA? + B - p,

| FH:GVGZ 1 HZ_F?
6, =tan™* — 9)
-FG+HVG?+H?—F
6;=tan!| + 05Co + 01 — sy =, (10)
i \/1—(d3C2+d1—P5z)

where
AEd4CZS3 + d382 + a.l,
BEd4C3,
DEd4C2al,
EEal2 +d§ - p52x - p52yv
F52d3a1,

G=2g(d; - ps,),

HEpgx"'pSZy_dz%_d??"'(dl_p5z)2_a12'

Solutions for 6,,65,6; are given as
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0, =tan™* H (11)

05 =tan™* _%} (12)

s =tan! _%} (13)

where

I=CSyay +5Say +Cray,

J=(C,C,C5 - 5,S3)a, + (5,C,C5 + C153)ay
—-S,Cja,,

K=[(C1C,C5 —5153)Cy + C1S554]ay
+[(S1C2C5 +C155)C4 + 515,541y
+(=S,C3C4 +C5Sy)a,,

L=(C,C,S5 + 5,C3)a, +(5,C,55 - C1C3)ay
-S,53a,,

M =[-(C,C,C3 - 5,53)S, +C15,C4Iny
+[(51C2C; +C1S5)S4 + $15,C4 I,
+(S,C3S,4 + C,Cy)N,,

N =[-(C,C,C3 — 5153)S4 + C1S,C4 Iy
+[~(S1C,C3 + C1S3)S4 + $15,C, Jsy
+(S5C3S,4 +C,Cy)s;,

2.3.2 Inverse kinematics of the slave robot
i) 0,0, 0
p=ps —dga=(py, Py, P;)"
d4($,C3 = C1C,S5) + oSy (14)

=|-d 4(C1C3 + S]_CZS3) - d2C1 y

T
where a=[a,, ay, a,] .

T R \le A 7 (pxoy)

(px.py.pz)

Fig. 4. Solutions for joints 1, 2, and 3 of the slave.

From Fig. 4, we have

@ =tan™ PyXF Pt (15)
PxXE pyr
ar
®y = tan 1H’ (16)
» :tan‘l—c_dz, (17)
a
where

RZ +d2-d?

Ry =4 Py + P+ P7, c= = 2,
2d,

r:./pf+p§—cz, b=np,, a:,/RfyZ—cz.

Therefore, 6, 6,, 6;are calculated as

6 =nl2tq, (18)

02 =7Z'/2i(02, (19)

Oy =712— 5. (20)
“) 94’05’96

The remaining three joints 6,,65,6; are also
obtained as

0, = tanY| SN% | (21)
cos 6,
r _1[ sin &y
=—+tan""| — |, 22
% 2 (00395] @)
Gs =tan* sinbe , (23)
COS G
where

sind, =—-C;Sza, — 51558y +Cra,,

cos 8y = (C1C,C5 + $1S3)a, +(5,C,C3 — C1S3)ay
+5,C3a,,

sindg = (C,C,S3 — $,C3)ay +(S1.C,53 + C1Cq)a,
+ 5,534,

c0s s = (C;C,C3C4 + $,53C4 — C;S,S,)ay
+(81C2C3C4 — C1S3C4 — §:5,54)ay
+(82C3C4 - S5,83)a,,

sinf = —(C,C,C3S, + 5,535, + C;S,Cy )Ny
—(51C5C3S, —C1S35, +515,C4)ny
—(82C384 —CCy)ny,

€06 = —(C,C,C3S, + 5,535, +C;S,Cy)sy
—(51C,C3S,4 —C1S354 +515,Cy)sy,
— (85G35, - CyCy)s;.
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3. SIMULATION OF KINEMATICS

3.1. Slave robot

To confirm the kinematics analysis presented in the
previous section, simulations of the slave robot are
conducted. Here, for given joints’ angle values, the
end-effector position is obtained by the forward
Next,

kinematics. inverse kinematics solves the

0.5

(@) Joint 1.

0.5

(c) Joint 3.

(e) Joint 5.

solutions for joint angles again. These joints angles
are used to calculate the end-effector position and are
compared with given joint angle values. Fig. 5 shows
several movements of each joint. We see that end-
effector positions are exactly matched for two
calculations using forward and inverse kinematics.

Fig. 6 shows the movement of all joints. We see
that the end-effector position is exactly matched.

0.5

(b) Joint 2.

05

(d) Joint 4.

-0.5

(f) Joint 6.

Fig. 5. Simulation results of inverse kinematics.

685
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Fig. 6. Movements of all joints.

This simulation confirms that the kinematic
analysis of the slave robot is correct. Simulation and
confirmation for the master robot have been already
presented in our previous research [8].

4. MAPPING BETWEEN TWO ROBOTS

4.1. Kinematic mapping

Table 3 shows the D-H parameters of two robots.
We clearly see that joint 1 through joint 3 are different
from the two robots. Different rotating frame yields
different D-H parameters as well as different arm
lengths.

Because the workspace of the slave robot is slightly
smaller than that of the master robot, we should find
the factor that scales the movement in the Cartesian
space. We have followed the next procedure:

1. First, the two base coordinates are aligned together
by moving the z axis of the master robot by the
length of d;

2. Second, the ratio of the link length is found. We
have found scaling values at 0.64, 0.6875, and
0.625 for each axis of the first three links.

These values are obtained by comparing each link
length. These factors are multiplied to the Cartesian
position of the exoskeleton robot after obtaining the

transformation matrix T = %A

Table 3. Comparison of the D-H parameters of two
robots.

. Exoskeleton (m) | Robot manipulator (m)
Link a . N .

1 0.1 0.05 0 0

2 0 0 0 0.16

3 0 0.15 0 0

4 0 0.4 0 0.275

5 0 0 0 0

6 0 0.4 0 0.25

4.2. Mapping experiments

In this paper, we move the master robot with
arbitrary trajectories. First, encoder data from the
master robot are obtained. These data are used to
calculate the end-effector position of the master robot.
Afterwards, scale it down by the factor. These scaled
down values are used to calculate joint values of the
slave robot by inverse kinematics. Then, the end-
effector position of the slave robot is calculated and
plotted. Fig. 7 shows the movement of two robots in

,,,,,,

0.3
0.2 g4
H X

(a) End-effector positions.

0.2

04
y 0.4 X

(b) Positional mismatching errors.

04 08

¥

(c) Real end-effector position of two robots.

Fig. 7. Experiment 1: Without correction of mapping.
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the Cartesian space.

4.2.1 Without correction of mapping

The first experiment is tested and two robot
movements are plotted without any mapping
correction. We clearly see from Fig. 7(a) that
movements of the two robots are separately plotted in
the Cartesian space due to the different kinematics.
Mapping errors are indicated far away from the origin
as shown in Fig. 7(b). The plot of Fig. 7(c) shows the

005 e T

005 |
a1

-D 15"- ..,--,...,:,-,_

02 04
¥ %

(a) End-effector positions.

v 04 .04 .

(b) Positional mismatching errors.

04 08
¥

(c) Real end-effector position of two robots.

Fig. 7. Experiment 1: Without correction of mapping.

end-effector position of two robots.

4.2.2 With correction of mapping

Next, an experiment is conducted for the master
robot by moving the arbitrary trajectories. The
movements of two robots are plotted in Fig. 8(a). We
see that movements of the two robots are exactly
matched, such that mapping errors are zero as shown
in Fig. 8(b).

To see the map matching performance for other

02
az ol
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(c) Real end-effector position of two robots.

Fig. 8. Experiment 2: With correction of mapping.
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(c) Real end-effector position of two robots.

Fig. 9. Experiment 3: With correction of mapping.

movements, another movement of two robots is tested
as shown in Fig. 9. Positional errors are very small
within 0.002m in Fig. 9(b). Two robot movements are
plotted in Fig. 9(c).

5. MOTION-FOLLOWING EXPERIMENTS
In this section, the operator wears the master robot

and generates arbitrary motions. The slave robot is
required to follow after the operator. As the operator

Computer
L e i =
1 1
1 1
m I | Forward n s 1q;
Master |4 | Comm. | | | C X 1% Inverse | !'Y% | Slave
==+ Channel ===+ Kinematics =+ Mapping == . + o fe—
Robot Manipulator Kinematics Robot

(c) Two arms are spread.  (d) Left arm is lifted.

Fig. 11. Experiments of motion-following tasks.

moves continuously, the slave robot also keeps
following the movement. To actuate the slave robot,
an interface and a control are implemented on FPGAS
between two robots. Captured joint angle data are
transferred to the slave robot to command the
movement of the slave robot.

The block diagram of controlling the slave robot is
shown in Fig. 10. The master robot joint movement

data q™ are gathered by an FPGA chip and
transferred to the slave side through the
communication channel. Then, in the slave side, the
Cartesian position X™ of the master robot is
calculated and the mapped position X3 of the slave
robot is calculated through the mapping process.
Finally, inverse kinematics solves the desired joint

command valuesqj from Xg.

The tracking error becomes e® =q3 —q°and forms

proportional-integral-derivative controller for each
joint of the slave robot. Suitable PID controller gains
are selected by trial and error experiments.
Experiments of motion-following demonstration are
shown in Fig. 11. Four figures are captured from the
actual continuous movements of moving pictures.
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12. Tracking errors of the left arm of two robots.
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To clearly compare the results of motion-following
movements between the master and the slave robot,

joint tracking errors between the master joint g™ and

the slave joint movement q°of all joints are plotted

in Figs. 12 and 13, which show the tracking errors of
the left arm and the right arm, respectively.

We see that the mean tracking errors are close to
zero. A larger error occurs in joint 1 since joint 1
carries all the loads from other joints. Because joint 6
is the rotation of the end-effector whose error is very
small, the plot is omitted.

6. CONCLUSION

This article presented the hardware implementation
of interface and control between two robots for
motion-following tasks in the framework of tele-
operation tasks. To synchronize motions, a kinematics
mapping between two robots was analyzed and
compensated. Simulation and experimental results
confirmed that the mapping analysis is quite effective.
However, we noticed that the slave robot has a limited
bandwidth due to the time consuming calculation of
inverse kinematics and its own mechanical bandwidth.
Accurately controlling the slave robot with PID
controllers is one important issue that needs to be
solved in the near future since the slave robot arms are
nonlinear.
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