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Reaching Motion

Tapomayukh Bhattacharjee, Yonghwan Oh*, Ji-Hun Bae and Sang-Rok Oh

Abstract—1In this paper, we have developed a novel control
law to exhibit human-motion characteristics in redundant robot
arm-trunk systems for reaching tasks. This newly developed
method nullifies the need for the computation of pseudo-inverse
of Jacobian while the formulation and optimization of any
artificial performance index is not necessary. The time-varying
properties of the muscle stiffness and damping as well as the
low-pass filter characteristics of human muscles have been
modeled by the proposed control law. The newly developed
control law uses a time-varying damping shaping matrix and a
bijective joint muscle mapping function to describe the human-
motion characteristics for reaching motion like quasi-straight
line trajectory of the end-effector and symmetric bell shaped
velocity profile. The aspect of self-motion and repeatability,
which are inherent in human-motion, are also analyzed and
successfully modeled using the proposed method. Simulation
results show the efficacy of the newly developed algorithm in
describing the human-motion characteristics.

I. INTRODUCTION

Control of redundant humanoid arm systems for reaching
motion should achieve human-motion characteristics like
quasi-straight line trajectory of human arm and bell-shaped
tangential velocity profile for their acceptability in human
society. They, however, have a problem of ill-posedness
of inverse kinematics. Many control strategies employ an
artificial performance index to avoid this problem, which
when minimized, can lead to the unique determination of
the joint space trajectory corresponding to the end-effector
path. Some of those performance indices include mini-
mization of joint jerks[1], torque changes [2],efforts during
movements [3], input energy [3], joint torques [4], fatigue
functions [5] and manipulability indices [6], etc. However,
these performance indices have been based on various hy-
pothesis about generation of human movements without any
physiological evidence or principles behind their choice [7],
[8]. In addition, most of the above approaches require the
cumbersome computation of the pseudo-inverse of Jacobian
either directly or indirectly. Arimoto et. al., however, came
up with a control algorithm which neither requires any
artificial performance index nor does it require the com-
putation of the pseudo-inverse of Jacobian but failed to
exhibit necessary human-motion characteristics for reaching
tasks [7], [8]. Their algorithm could successfully imitate the
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quasi-straight line trajectory of the end-effector but failed to
mimic the symmetric bell-shaped velocity profile [7], [8].
Their subsequent work claim to have improved the velocity
profile by using non-linear time-varying stiffness function [9]
but the results are still not satisfactory.

Most of the above studies regarding human reaching
movements do not take into consideration the effect of
trunk contribution in the arm movement. However, the trunk
contribution is a major part for reaching points which are
normally out of reach [10]. The focus of this study is to
consider human reaching motion involving the trunk for the
above cases and to the best of authors’ knowledge, this is
the first time that efforts have been made to come up with a
control law which involves the trunk contribution for human
reaching motions. The new control scheme successfully
demonstrates both quasi-straight line end-point trajectory and
symmetric bell-shaped velocity profile. In addition to the
issues of the computation of pseudo-inverse of Jacobian
and imitating human-motion spatial characteristics identi-
fied above, the reaching movements for arm-trunk systems
have some additional temporal constraints. Researchers have
concluded that the peak velocity of the trunk should occur
after the peak velocity of the arm [11], [12] and the trunk
motion precedes the arm motion by around 10ms[11] but
ends almost 100—200 ms after the arm motion ends [11]. The
control scheme developed in this paper also exhibits these
temporal characteristics of arm-trunk motion successfully.
In addition, this paper analyzes the aspect of self-motion
and repeatability in redundant arm-trunk systems which are
inherent characteristics of human reaching motion and are
successfully demonstrated by the new control scheme. Real-
time simulation results using RoboticsLab software show the
effectiveness of the proposed scheme.

II. HUMAN MOTION CHARACTERISTICS

Human motion occurs as a result of various muscle
movements, their coordination and the brain muscle commu-
nication. For reaching or pointing movements, the primary
human motion characteristics which have been identified
were the quasi-straight line trajectory of the arm and sym-
metric bell shaped velocity profile as shown in Fig. 1[10],
[11]. However, for reaching movements involving the trunk,
additionally researchers have identified some more temporal
characteristics such as the peak velocity of the trunk occurs
after the peak velocity of the arm which can also be noticed
from Fig.1[11], [12]. Also, it was noticed that the trunk
starts moving with or before the arm by around 10ms but
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Fig. 1. Characteristics of actual human motion in reaching movements
involving the trunk [11].

continues to move even after the arm motion has ceased for
around 100 — 200 ms more [11], [12].

Though there have been many works speculating about the
probable causes of such characteristics, there have not been
any conclusions and till date the mechanism by which the
nervous system controls the redundant degrees-of-freedom
to accomplish a task is far from being understood [7]. How-
ever, researchers have claimed that human muscles can be
modeled using a spring and a damper with time-varying
characteristics [13]. It is argued that muscle stiffness drops
during movement while muscle damping increases in motion
and the variation of these dynamics are in a sinusoidal
manner [13], [14]. Also, they are joint-dependent and non-
linear in nature [14]. Hence, there is a need for a time-
varying, non-linear, joint-dependent model for muscle stift-
ness and damping. Although, Arimoto et. al. have claimed to
improve the velocity profile by using a time-varying stiffness
model [9], the results were not satisfactory probably because
their time-varying model had a sudden and drastic increase
in the beginning of the motion and then remained constant
thereafter which is unlike the actual behavior noticed [14].
Also, the model in [9] is developed based on an assumption
that the actin-myosin interactions which generate the force
could be assumed to be a stochastic process and hence,
a gamma distribution had been applied. This assumption
had no strong evidence. In addition to the above, it has
also been identified that human muscles have low-pass filter
characteristics and there is a slight delay in brain to muscle
communication due to the nervous system path ways which
affects the motion pattern [15], [16], [17]. A joint dependent
low-pass filter is, therefore, needed to exhibit the low-pass
filter characteristics of human muscles. Also, low-pass filters
generate an amount of delay which can account for the delay
in brain to muscle communication in humans. The proposed
control algorithm has been developed based on these needs
identified.

III. SYSTEM MODELING

In this paper, we have considered a four degrees of
freedom redundant robot in 2-D planar motion for analysis

Target Point |....
(%424 |“F}57ger

Fig. 2. A 4-DOF robot arm-trunk model.
TABLE I
ROBOT PARAMETERS

Upper Lower Index

Trunk Arm Arm Finger
e 0.54 0.0373 0.0285 0.164e-3
Lyy 2.30 0.0373 0.0285 0.875e-3
I, 2.10 | 9.758e-3 | 7.370e-3 | 0.200e-3

l 0.42 0.28 0.28 0.095
m 37 1.407 1.078 0.2423

purposes. The four degrees of freedom correspond to the
trunk, the upper arm, the lower arm and the index finger.
The robot is as shown in Fig.2 where ¢;, (i = 1,...,4)
are the generalized coordinates representing the joint angles
of the trunk, the upper arm, the lower arm and the index
finger respectively. Let I; denote the inertia tensors for all
the links of the robot wherein ¢ = 1,...,4 wherein the
diagonal elements are given by I, I, and I,, which are
the principal moments of inertia. The non-diagonal elements
given by I,, I,. and I, generally vanish for symmetric
construction of the links. Let ¢; and m; denote the link
lengths and link masses respectively. The link lengths as
well as the dynamic parameters like the link inertia and mass
properties are based on normal healthy human data[18], and
are given in Table I. All dimensions used in this paper are in
S.I units. The upper and lower arms are assumed as cylinders
while the index finger is assumed as a cuboid [8].

IV. CONTROL LAW

A new control law has been developed based on the needs
identified for characterizing the human motion features in
reaching movements involving the trunk. The control law is
given below in (1).

u= Wi |Kvd+ kF I (@A), (1)
where joint damping matrix Ky is given by
Ky =ding|Ci (1) Gi(t) Ci(t) Ci(0)] @
and

Ci(t) = Cisin (7 ([[Azo|| — [[Az]]) /2[[Azol)) . (3)
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k is the virtual spring and Fj,, is a bijective joint muscle
mapping function given by

Fous = diag[ (1) [() fi0) 0] @
and
f7(8) = ficos (n (Ao | — | Az]) /2] Azo) . (5)

where f; denotes the joint muscle stiffness coefficient and

Wf—diag{ ], forie=1,...,4. (6)

Tis+ 1
As given in the control law shown in (1), the control input to
the joint actuators is a function of a damping shaping term
given by Ky, and a bijective joint muscle mapping function
given by Fj, 5.

The damping shaping term Ky, is assumed to be a diago-
nal matrix whose elements are time-varying functions. This
matrix shapes the control input based on the joint actuator
velocities and is taken to be diagonal by assuming, without
any loss of generality, that velocity coupling is negligible
between the different joints. Each of the diagonal elements
is modeled by a sinusoidal function based on the current
distance of the end-effector with that of the target point.
As shown in (3), |[Axg| represents the two-norm of the
initial distance of the end-effector with that of the target
point while || Az|| represents the current distance of the end-
effector with that of the target point and is updated at every
time-instant. The sinusoidal function is so chosen such that
the damping shaping term vanishes at the start of the motion
as ||Az| — ||Azgl|, and then gradually increases during
motion till it reaches a maximum value. This time-varying
nature is modeled in accordance with the trend noticed for
muscle damping in reaching movements [14]. The weighting
factors C; are tuned for appropriate trajectory and velocity
characteristics where ¢ = 1,...,4.

The F,,,s function on the other hand, is modeled as
a time-varying joint dependent bijective muscle mapping
function. It is bijective because for every joint actuator
there is a unique corresponding one-to-one mapping to a
time-varying weighting variable which forms the diagonal
elements of the function matrix whose dimension is given
by the number of degrees of freedom of the robot. This
function, as shown in (4), acts on the virtual work done
to reach the target. A virtual spring is attached to the end-
effector which literally pulls the robot end-effector towards
the target point where k denotes the stiffness of the virtual
spring. The spring force generates a virtual work which is
required to be done by the joint actuators to move the robot to
that desired target position and is given by kJ7 (q)Ax. This
mechanical work is then mapped to appropriate joint muscle
stiffness values by the mapping function given in (4). The
time-varying nature of each element is modeled by a cosine
function based on the current distance of the end-effector
with that of the target point. As shown in (5), the cosine
function is so chosen such that the muscle stiffness value is
maximum before the motion starts as ||Az| — ||Axy], and
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Fig. 3. Block diagram representation of the control law.

then gradually decreases during motion. This time-varying
nature is modeled in accordance with the trend noticed
for muscle stiffness in reaching movements [14].The joint
muscle stiffness coefficients f; are tuned for appropriate
trajectory and velocity characteristics where ¢ = 1,...,4.

This control action is then processed by a low-pass filter
matrix, as shown in (6), because muscles exhibit inherent
low-pass filter characteristics [15], [16], [17]. The dimension
of the matrix corresponds to the number of the degrees of
freedom of the robot and each element is modeled as a first-
order low pass filter as shown in (6) whose time-constant 7;
is tuned for appropriate behavior. This low-pass filter also
introduces a delay between the control input and the joint
actuator torque output which functions as the brain-muscle
communication delay existing in humans and hence, the
time-constant of these joint-dependent filters are important
factors in the design of the control law. The resultant control
block diagram is shown in Fig. 3.

V. SELF-MOTION AND REPEATABILITY

Self-motion is defined as a combination of joint motions
that does not change the end-effector position [19]. It is
argued that for human motion, qualitatively, self-motion is
never negligible in comparison to the motion component that
moves the end-effector. Because at rest the arm is motionless,
self-motion increases at the beginning of the movement and
decreases at the end of the movement, and is not dependent
on the arm configuration or movement speed [19]. The
profile of self-motion in actual human reaching motion is
shown in Fig.4. Researchers have argued that self-motion
may be the consequence of the trade-off between movement
achievement and performance index. Some say that self-
motion might arise from a muscle strategy to minimize the
energy consumption which eventually reduces the muscle
redundancy [19]. However, till date, there is no physiological
or neuroanatomical evidence on the existence of any cost
function in the Central Nervous System [19]. Additionally,
humans are also seen to exhibit repeatability characteristics
for closed-loop trajectories and the redundant joints are said
to come back almost to their starting positions at the end of
the loop [20].

We have taken a natural approach to examine if our control
law can exhibit the self-motion and repeatability character-
istics of humans in pointing movements. Our control law,
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Fig. 4. Self-Motion profile of actual human subjects (A, B and C) in
reaching motion [19].

Fig. 5. Model of the robot in RoboticsLab real-time simulation software.

which is based on the modeling of the natural behavior of
human muscles and muscle-brain communication witnessed
through various experiments, tries to achieve the human
motion characteristics by virtually adapting the torque input
as the work done by human muscles with various stiffness
and viscous characteristics. The control parameters are tuned
to reach a desired target position with desired trajectory
and velocity profile. Then the self-motion profile is plotted
to see if the control law, with the tuned parameters, can
show similar self-motion profile as that shown in Fig.4.
Also, simulations are conducted to show the repeatability
of the robot arm-trunk system under the newly proposed
control law for a to-and-fro trajectory between an origin point
and a target point, in which our objective is to see if our
proposed control law, which takes care of all the necessary
human muscle features, can naturally exhibit the inherent
repeatability characteristics present in humans.

VI. SIMULATIONS

A four degree-of-freedom robot was, at first, modeled
using a CAD software with the same parameters defined in
Table I. The robot is as shown in Fig. 5. This model was then
imported to a real-time robotic simulation software named
RoboticsLab v1.2.0 as shown in the figure. This real-time
simulation software can imitate the experimental conditions
coupled with a visual feel of how the robot behaves, which is
very important, especially in our cases of simulating human
reaching movements. In this simulation, the centers of gravity
of the links are calculated based on the actual structure
of the robot. The friction and gravity effects are neglected
without any loss of generality because, with appropriate
friction and gravity compensation techniques, these effects
can be nullified which is not the main focus of this paper.
Each joint actuator is modeled as a direct drive gearless
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Fig. 6. Quasi-straight line end-point trajectory.

light-weight motor with negligible motor inertia while joint
sensors are assumed for position and velocity measurements
respectively. The initial conditions of the robot are selected
to better visualize the motion and compare it intuitively with
that of normal human motion in usual reaching or pointing
movements. The initial conditions for this set of simulations
are given in (7).

qo = (83°, 135°, 300°, 20°) and ¢o = O. @)

We have selected the target point which can not be reached
without moving the trunk and hence trunk has a significant
role to play in this reaching task. The corresponding target
point coordinates are given in (8).

pa = (24, ya) = (—0.75, 0.15). ®)

The target point is modeled as a sphere by CustomDraw
function with radius of 0.005 m. The simulation in Robotic-
sLab is updated with 200 Hz frequency. Various simulations
were conducted to verify the performance of the proposed
control law and to check the self-motion and repeatability
characteristics and the results are discussed in details in the
next section.

VII. RESULTS AND DISCUSSION

Simulations are done using the real-time robotic simu-
lation software RoboticsLab for reaching tasks, which are
otherwise out of reach without the involvement of the trunk.
Therefore, the trunk involvement in this reaching task is con-
siderably high. The control parameters are tuned to achieve
high performance while maintaining the system stability. The
damping coefficients C; are given in (9) while the weighting
factors of the muscle stiffness mapping function f; are given
in (10). The virtual spring stiffness is taken to be 0.9.

C1 =0.75, Cy =0.03, C3 = 90.5, C;, = 10.970  (9)
f1 =028, fo=0.78, f3=0.6, f1=04  (10)

The time-constants of the joint dependent low-pass filters, as
shown in (6), are chosen as in (11).

=11, 75=05, 73 =0.8, 74 =0.00l. (11

The results of the simulation are shown in Figs.6 and 7.
The redundant robot successfully exhibits quasi-straight line
trajectory of the end-effector as shown in Fig. 6, and shows
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Fig. 12. Index-finger joint trajectory.

symmetric bell-shaped velocity profile of the end-effector as
well as the trunk as seen in Fig.7. The probable reason of
the peak velocity of the trunk being lower than that of the
end-effector is due to the larger inertia of the trunk joint
as compared to the end-effector, which is similar to human
motion characteristics. Fig.7 further proves the efficacy of
our algorithm in imitating the temporal characteristics of the
human-arm trunk motion. As seen in the figure, the end-
effector motion starts almost simultaneously with that of the
trunk motion and also ends simultaneously as found in actual
experiments [10]. This result is satisfactory considering the
fact that the negligible gap of 10 ms during the start of the
motion while 100 — 200 ms at the end between the trunk and
the arm is insignificant in practical cases. Also, it is noted
from Fig. 7, that the peak motion of the trunk motion occurs
slightly after the peak motion of the end-effector which is
also in line with that observed through actual experimental
studies involving humans as discussed in Section 2. Thus,
the proposed control algorithm can successfully imitate the
spatial as well as the temporal characteristics of human arm-
trunk motion in reaching movements.

In this paper, we have also tried to simulate the aspect
of self-motion and repeatability which are vital human mo-
tion characteristics for reaching tasks as discussed earlier
in Section V. Self-motion of a robot-manipulator can be
analyzed through its null-space velocity basis vectors [19].
The null space velocity basis vectors are found out from
the manipulator Jacobian in such a way that the product of
the manipulator Jacobian and the null-space basis vectors
vanishes [19]. This implies that there is no net motion of the
end-effector even though the individual links might move.
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A two-norm operation is then performed and the resultant
self-motion profile is shown in Fig. 8. It is to be noted with
satisfaction that the self-motion profile as given in the figure
is similar to the actual human profiles as given in Fig. 4. This
shows that our control algorithm can successfully imitate
the self-motion characteristics of human reaching motion
in addition to the quasi-straight line trajectory of the end-
effector and the symmetric bell-shaped velocity profiles of
the end-effector and the trunk.

Simulations have also been conducted to check the re-
peatability of the redundant robot arm-trunk system in which
the robot is, at first, made to move from the initial position
to the target position after which it is made to return from
the target position and trace its path back through the initial
position in its movement backward. The joint trajectories
of all the four joints of the robot in this single to-and-fro
cyclic motion are plotted in Figs. 9, 10, 11, and 12 to check
the repeatability. It can be noticed from all these figures
that the joint angles come back to their initial configuration
quite well, at the end of the motion through the closed-loop
trajectory. The trunk joint shows the lowest repeatability with
3.31% while the elbow joint shows the highest repeatability
with 0.14%. The shoulder shows 1.61% repeatability while
the finger shows a repeatability of 3.35%. Hence, it is
quite satisfactory to note that this newly proposed control
algorithm shows good repeatability characteristics for all the
four joints similar to that of human motion.

VIII. CONCLUSION

In this paper, we have developed a novel control algorithm
to exhibit the spatial and temporal characteristics of human
reaching movements involving the trunk. This novel control
algorithm neither requires the formulation and minimization
of any artificial performance index nor involves the cumber-
some computation of the pseudo-inverse of the Jacobian. The
newly developed control algorithm is developed based on the
observed human muscle stiffness and damping properties.
This control scheme takes into account the time-varying,
joint dependent characteristics of the muscle stiffness and
damping as well as the low-pass filter characteristics of
human muscles and also considers the communication delay
in brain-muscle communication. The aspect of self-motion
and repeatability are also analyzed using this novel control
law. Simulation results using the real-time robotic simulation
software RoboticsLab show the efficacy of the algorithm in
imitating the spatial as well as temporal characteristics of
human arm-trunk motion for reaching tasks. Results also
show the effectiveness of this new algorithm in describing
the self-motion and repeatability characteristics of the human
reaching motion. The average repeatability of all the four
joints of the redundant robot arm-trunk system is 2.1%
which is very well acceptable considering the human-motion
characteristics.
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