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In this paper, we discuss how the human subject controls
the hand position and force depending upon the task
objects and what roles the arm redundancy and muscle
impedance regulation play in rotation. From the meas-
urement of the hand force and arm posture in the execu-
tion of crank rotations, it was found that the subject
made wrist joint impedance large and generated hand
force in the both directions normal and tangential to the
crank rotation. Impedance analysis demonstrated that
the high impedance of the wrist joint, realized by simul-
taneous activities of the flexor and extensor muscles,
provided for the posture of redundant arm without limit-
ing the hand manipulatability. It was also shown that
the hand force in the outer and normal directions con-
tributed to an increase in the robustness of the hand
manipulation against external disturbances.

Key-words: Arm redundancy, Impedance, Hand manipula-
tion, Motor control, Force control

1. Introduction

The essence of movement control lies in the complex
interactions between the environment and man’s move-
ments. In general, three types of variable are involved in
the control of human movement: positional variables (dis-
placement, velocity, acceleration), force-related variables
(force, torque), and movement impedance variables (stiff-
ness, viscosity, inertia). When rotating, pinching, or grasp-
ing an object in order to manipulate it with direct contact
maintained between the fingers or hand(s) and the object,
humans must control not only positional variables but also
force variables according to constraints imposed by the ob-
ject. Therefore, smooth manipulation requires that move-
ment impedance connecting the two types of variables be
properly set.

Mason et al.” proposed the hybrid control of the task
space, in which a kinematic expression of constraints on the
hands was defined. Salisbury? described the interactions
between the hands and the surrounding environment by
specifying a target stiffness and gave a control scheme to
subserve the interactions. Hogan” proposed an impedance
control, a generalized form of stiffness control, that related
positional variables to force variables. It was intended to
enable control by means of a software servo such that the
impedance of hand manipulation from the environment
would attain a specified value.

The human movement control system has a mechanism
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which regulates impedance. This resembles the mechanism
that adjusts the variable visco-elasticity of muscles and
parameters at the spinal cord level.” Dexterity of hand
manipulation is attained with these regulating mechanisms
and the kinematic mechanism of the muscle-skeletal system
that effectively convey them to the hands. Hogan® used a
mobility ellipsoid to analyze the movement impedance in
the task space. Based on the analysis results, he identified
important roles of the multi-joint muscles and the redundan-
cy and posture of skeletal structure in regulating the im-
pedance of hand manipulation.

Mussa Ivaldi et al.% experimentally determined the
change in hand stiffness for various arm postures by provid-
ing forced displacement to the hands of the human subject
and measuring their responses. Tsuji et al.”® examined the
movement impedance in the task spaces for muscle, joints,
and task, as well as the methods of their transformation, in
order to analyze the relationship between hand
manipulatability and the transformation.

These studies all have one thing in common; from the
perspective of tasks being under constraints imposed by the
environment, they involved the theoretical analysis of how
the general method of constructing impedance control and
the redundant arm could be related to movement impedance.

Hand manipulation requires that the hand be provided
with the appropriate force and impedance for the nature of
the task, task objective, purpose, and features of the objects
to be handled. However, it is not easy to describe the way
force and impedance are set in a general form. Researchers
have conducted basic studies including the expression of
constraints on the hands” and the geometric/dynamic
analysis of tasks performed with hands kept direct contact
with the object.'? In this sense, understanding how humans
set impedance for attaining highly dexterous manipulation
will help to theoretically analyze hand manipulation and to
find the method for giving a robot manipulator instructions
by which to control its force. However, with respect to
human arm movement, most studies have dealt with
kinematic analyses such as the control of finger position and
trajectory'!? and letter-writing action."> Few have con-
sidered a manipulation task under constraints.'¥

Considering the background described above, the authors
attempt to examine how humans regulate hand force and
impedance depending on the type of task; here, a rotation
task is used as an example. This is the first step of an
in-depth study of impedance setting for hands. The authors
will also analyze the roles of the arm redundancy and the
impedance regulation at the muscle level in a rotation task.
The paper is organized as follows: Section 2 defines motion
impedance; Section 3 describes an experiment of a crank
rotation task; Section 4 discusses the relationship among the
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Fig. 1. Crank rotation task and coordinate systems

rotation task, the arm redundancy, and the impedance
regulation by using a dynamic model; and Section 5 verifies
the analysis results given in Section 4 through the simulation
of the rotation task.

2. Motion Impedance

Let the degree of freedom of the arm be n, a vector
representing joint displacement be 6=(8; 6, ..., 8, , and
torque or force exerted on joints be 1=(ty, 1o, ..., tn)T' Also
assuming that the task space is characterized by the m-de-
gree of freedom, let the positional/posture vector be X=(X,
X2, ..., X,»)" and the force/moment vector be F =(F,, F, ...,
F,)T. If n>m, then the degree of freedom of the arm repre-
sents redundancy. In general, transformation from 0 to X is
non-linear and is given by

Looking at infinitesimal displacement around the posture
0, we have

dX=J®)do ...... ... ... .. .... 2

J(0)=0q/00e R™" is called the Jacobian (Hereafter ab-
breviated to J).
Transformation from F to t is given by

Thus, the expressions of motion in the task space and in
the joint space can be combined with the Jacobian J.

Motion impedance, meaning mechanical impedance with
respect to motion, transforms positional variables to force
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variables.

@stiffness: displacement —force F=KdX

@viscosity: velocity —»force F=BdX

®inertia: acceleration —force F=MdX

The following linear model is often used as an impedance
model'>:

F = KdX + BdX + MdX

where dX is the deviation from equilibrium point.
Here the stiffness of the task space and joint space are
given below.

1) task space:
2) joint space: T= Kd6

where dX=X"-X, d8=0-0, and X° and ©6° represent the
respective equilibrium points. K.eR™™, and K€ R™ are
the stiffness matrices for the task space and joint space,
respectively.

3. Experiment with Crank Rotation Task

3.1. Experimental Conditions

This experiment dealt with a task to rotate a crank in a
horizontal plane. The subject stood with the center line of
his body aligned with the center of the crank. He clasped
the handle (15mm in radius) with his hand and rotated the
crank. Two coordinate systems were used. One is a mov-
able x-y coordinate system with the position of the handle
as its origin, a straight line directed toward the center of the
crank as the y-axis, and the tangent as x-axis. The other is
the X-Y Cartesian coordinate system with the center of the
crank as its origin (See Fig.1). Figure 2 shows the con-
struction of the crank used in this experiment. A pulse
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encoder mounted on the axis of rotation of the crank
measured the rotational angle (¢). Strain gauges mounted
on the four faces of the lower portion of the handle
measured the force vector f of the subject’s hand which was
expressed in the movable coordinate system. A goniometer
fixed to the subject’s wrist measured the wrist joint angle
0;. Measurement was made at sampling interval of 10ms
and data were entered into the computer at each interval.
Experiment was performed on three radii of rotation; 15cm,
11.25cm, and 7.5cm. Tthe moment of inertia were
0.0534kgem?, 0.0495kgem?, and 0.0466kgem?, respectively.
Low speeds ranged from 2 to 3rad/sec, and high speeds
from 5 to 7radfsec. In addition, a large Coulomb’s friction-
al force, 0.107kgwm, and a small frictional force,
0.049kgwm, were used. Under these conditions, ten meas-
urements were obtained. Two subjects were used for the
experiment.

3.2. Experimental Results

For efficient crank rotation, it is necessary to control
position and velocity of the crank by increasing tangential
stiffness and viscosity while reducing normal stiffness. This
allows the crank to exert its response because hard move-
ments are constrained by the crank handle.'® Because the
rotation task was performed in a horizontal plane, the hand
was provided with two degrees of freedom (for positional
control and force control) and joints with three degrees of
freedom, thus making the joint redundant.

1) Movements in the task space

Typical experimental results for a radius of rotation of
15cm and large friction are shown in Fig.3. Figure 3(a)
indicates changes in the hand’s tangential force (f,) and in
the normal force (f,) toward the center of the crank as a
function of time. Figure 3(b) contains the vectorial repre-
sentation of Fig.3(a). For both figures, measurements were
made with the crank being rotated clockwise at low speeds
starting from ¢=0°. As seen in the figures, the subject ex-
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erted a relatively constant tangential and normal forces.
This trend is shared by the results for other combinations of
the conditions. Fluctuation of f, during rotation is primarily
due to uneven frictional force.

2) Movements in the joint space

Figure 4 shows changes in arm posture for a radius of
rotation of 7.5cm. Figure 4(a) shows the stick picture.
Solid lines in Fig.4(b) represent changes in the joint angle
with the top line corresponding to the shoulder joint, the
middle line to the elbow joint, and the bottom line to the
wrist joint. For all joints, the angle for a fully stretched joint
is taken as 180°. The horizontal axis represents the crank
rotation angle with its 0° position set at the x-axis. These
figures indicate that the joint angles of the shoulder elbow
joints underwent a smooth change from the stretched state
to the bent state, closely following the rotation of the crank.
However, the joint angle of the wrist joint showed only
small change, maintaining an approximately 20° bend from
the stretched state (180°) for the entire rotation process. In
other words, the subject moved his wrist joint only slightly
when rotating the crank. This tendency is also seen for the
other experimental conditions.

Figure 5 shows the surface electromygrogram during
rotation tasks measured concurrently with the measurement
of the joint angle. The waveforms, from top to bottom,
indicate activity of flexor of the shoulder joint angle, flexor
of the shoulder joint (pectoralis major), extensor of shoulder
joint (pectoralis major), extensor of the shoulder joint (in-
fraspinatus), flexor of the elbow joint (biceps brachii), ex-
tensor of the elbow joint (triceps brachii), flexor of the wrist
joint (flexor carpi radialis), and extensor of the wrist joint
(extensor carpi ulnaris). It is seen from Fig.5 that although
the flexor and extensor of the shoulder and elbow joints
became alternately active, both muscles of the wrist joint
were active for most of time. The concurrent state of ac-
tivity indicates that the subject increased visco-elasticity
around his wrist joint.'” In other words, he actively locked
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Fig. 4. Arm postures and joint angles

his wrist joint by increasing the visco-elasticity there.
Based on these results, the authors presume that in rotation
tasks such as that for a crank, bumans do not coordinate the
joint movements of the shoulder, elbow, and wrist but do
tend to eliminate the redundancy by fixing the wrist joint.

4. Analysis of Rotation Task Model

4.1. Hand Manipulatability

If the wrist joint is locked, only the shoulder and elbow
joints are free to move. This can cause considerable effects
to hand manipulation. Therefore, the authors examined how
joint torque affects hand manipulatability by focusing atten-
tion on hand joint stiffness.

The relationship between joint torque and hand displace-
ment is calculated from Equations (2) and (5) and is ex-
pressed as follows, using the Jacobian matrix and stiffness
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matrix K

dX = JK;'t

Now consider attainable displacement X by using a con-
stant joint torque HiP=t, 2424 41,751

The set of dX is given by an ellipsoid in the task space®
as

AXTTUKY UK T dX 1. o %)

The above equation can be regarded as an expression
which describes, through the use of attainable displacement,
the manipulatability of a hand whose position is changed by
a constant joint torque.

Figure 6 shows hand manipulatability calculated from
Equation (7) by using the subject’s arm posture during crank
rotation. Figure 6(a) is for relaxed shoulder, elbow, and
wrist joints; (b) is for stiffened wrist joint, and (c) is for
stiffened shoulder joint. Unlike relaxed joints (a), stiffened
wrist joint (b) kept hand manipulatability almost constant.
However, when the shoulder joint was stiffened, the ellip-
soid was extremely small, indicating that only limited direc-
tions were allowed to the hand. This means that, with the
wrist joint Jocked, joint torque is efficiently transmitted to
the hands without impairing hand manipulatability. Thus,
the human impedance regulating mechanism is highly effi- -
cient according to the type and requirements of the given
task.

When the arm has freedom in redundant joint, the joint
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angle cannot be determined only from the hand position. To
avoid this difficulty, inverse kinematic solutions have been
proposed with a variety of evaluation criteria. They include
pseudo-inverse matrices,'s matrices for singularity low sen-
sitivity resolved motion,'” and joint torque optimization.””
For example, one of the pseudo-inverse matrix solutions
makes the sum of the squares of wrist joint displacement
smallest. The dotted line in Fig.4 is the graphical repre-
sentation of an inverse kinematic solution using pseudo-in-
verse matrices for this rotation task. While the wrist joint
angle of the subject (the solid line) remained almost con-
stant, the solution gives the same variation in wrist joint
angle as in other joints. Inverse kinematic solutions based
on other systems of evaluation criteria also kinematically
define the posture of redundant arm. This approach
separates them from regulating systems that rely on in-
creased visco-elasticity of the wrist joint.

The authors previously described the method” to trans-
form the hand stiffness onto the joint space. The solution
obtained by this methed is given in the form of a compliance
(the inverse of stiffness that relates force to displacement)
matrx:

Ci= JC. (JTy + [zl - J"JZI(J*J)T] ...... (8)

where

C.: compliance matrix for the task space

C; compliance matrix for the joint space

J'=J "(JJTY": pseudo-inverse matrix

and Z,eR™ is an arbitrary matrix. C; can be regulated

by setting Z; while keeping C, constant. Therefore, the
redundant arm can select the proportion of the joint com-
pliance to obtain a task space (hand) compliance (or stiff-
ness). Thus, the selected proportion defines the posture of
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the redundant arm. In rotation tasks, humans make optimal
use of his redundant arm to preset joint impedance, deter-
mine arm posture.

4.2. Robustness in Crank Rotation Tasks

This experiment revealed that the force vector of the
hand was not always tangent but the outward direction.

Suppose that the crank is rotated clockwise under a con-
stant rotational force, as shown in Fig.7, and that a subject
standing at point A has set the normal force and the tangen-
tial force of F, and F, respectively. With respect to rota-
tional force components, the following relation holds:

Mb+ B+ B.sgn(d)= rF,

where M,, B., and B, are inertia, viscosity, and Coulomb’s
friction for the crank, respectively, and r is the radius of the
crank.

Assume that a disturbance has moved the crank by an
angle of A¢ to the position P’. If F, has been set outwardly
normal, then its tangential component will face toward P.
However, if F, had been set inwardly normal, then its tan-
gential component will face in the direction opposite to P.

The equation of motion for the rotational component
after displacement is given by

M.+ A9)+ B, (¢+ AQ)+ Bosgn (¢ + Ad)
= r (FosAd — F,sinAd)

¢ and ¢+A¢ have the same sign. If Equation (9) remains
true after displacement (due to the disturbance), Equation
(10) can be rearranged as

MAG+ BAd+ rFAG=0 . .. ....... (1n

because A¢ is an infinitesimal. Equation (11) is
structurally stable if F,>0, or
structurally unstable if F,

The dynamic characteristics of the crank in the vicinity
of the equilibrium point structurally vary depending on the
direction of the normal force vector.

Fig. 7. Robustness of crank rotation
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Therefore, the authors presume that when the angle of
rotation for the crank deviates from the set position, the
subject tries to exert an outward normal force in order to
maintain structural stability, that is, to create a force which
may restore the crank to the equilibrium point.

5. Simulation of Impedance Control

Through the aid of an impedance control system con-
structed on a hand manipulation coordinate system (3), use
now consider a rotation task performed by a human subject
(See Fig.8). Hand impedance that has preferable response
to external force is expressed in the polar coordinate system
as follows, with its origin set at the center of rotation of the
crank.

Mdd.)"‘ Bd((i)" (i)d)+ Kd(q)_ (Dd)z _Fim

where @ is defined as ®=[¢, 1", ¢ is the rotational angle of
the crank, and r is the distance from the center of rotation
to the hand. M,, B, and K, are the desired inertia, viscosity,
and stiffness of the hand, respectively, in terms of polar
coordinates. F,, is a force acting on the hand from the
crank, ©,=[d,, ra” represents the equilibrium point of the
hand.

The equation of arm motion expressed in polar coor-
dinates is given by

M@ b+ W(ODY=F-F,, ........ (13)

where M(®) is the inertia matrix, h(®, ®) is the centrifugal
force/Coriolis effect, and F is the driving force of the hand.
Gravity terms are omitted because the rotation task is per-
formed in a horizontal plane.

Suppose that the following non-linear compensation al-
lows for the centrifugal force/Coriolis effect

F= h(®®d)+ F,

and that M=M(®), that is, the desired inertia is equal to the
inertia of arm. Then, the functions surrounded by the dotted
line in Fig.8 can be made equal to the desired impedance,
given by Equation (12}, by applying a feedback operation
as given by :

F.= B, (®;~ ®)+ K, (D~ D)

Dividing Equation (15) into tangential (¢) and normal (r)
components, we have

b0 ds— 0| 1k O}0s— ¢
FC_ [O by:l[i"d— r + 0 ky Fa= F T (16)
where hand impedance is expressed as diagonal matrices
based on the assumption that there is no interference be-
tween components in the two directions.
Figure 9 shows the results of calculations performed

under conditions that the crank is 15cm in radius, large
stiffness is set at the hand in the direction tangential to the
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hand, and normal stiffness is zero. The appel method was
used for the kinematic calculation of arm and crank move-
ments. Simulation was conducted assuming the closed-
link-structure which considers constraints on the hand.*"

With impedance values preset at £,=100, k,=b,=b,~0, the
authors defined instructions for movement as ¢d
=0+0.02(rad), and r,; = r. In addition, the authors expressed
the initial posture of the hand with measurements obtained
in the experiment (6;(0)=2.3%rad, 6,(0)=1.69rad,
65(0)=2.64rad). Figure 9(a) indicates the changes in tangen-
tial force and normal force of the hand with time, and
Fig.9(b) indicates the change of arm posture and of force
vector of the hand. From these figures it is seen that the
force vector was set nearly in the tangential direction. A
large variation at around #=1.4 second represents a singular
point where the wrist was fully stretched. Also the wrist
joint was in forced posture due to the arm redundancy. This
is because the control system employed in this simulation
does not give a target angle for the wrist joint but defines
only positional feedback of the hand in the task space. This
problem can only be solved by forming a control system at
the joint level from inverse kinematic solutions taking the
movable zone into account.

However, a wrist joint with as large an impedance as a
human’s is considered here. To simulate this, the authors
used impedance control given by Equation(16) in addition
to a high-gain local feedback on the wrist joint given by

Toorist = PRI (17)

wrz'st(efi(o) - 63(f)) - va‘stég(t)

The results of the simulation are presented in Fig.10.
Because redundancy was eliminated, a control of the arm in
natural posture was possible as long as initial posture was
properly chosen.

Normal stiffness was defined as zero in this simulation,
therefore, the force vector was in the tangential direction
except for a slight effect of mutual interference between the
two directions (tangent and normal). The outward force
vector, like that for humans, can be obtained by providing
impedance control on the task coordinates, as given by the
Equation(16), with proper normal impedance and, by
providing the equilibrium point (r;) with a setting greater
than the actual crank radius. The results of this calculation
are shown in Fig.11. It is noted that if the equilibrium point
is set to a value smaller than the actual radius, then an
inward force vector will result. Thus, impedance setting
and the magnitude of the radius of rotation as an imaginary
target determine the direction of force vector.

T

| SRR

Fig. 8. Block diagram of impedance control system
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6. Conclusion

This paper presented an analysis of human hand force
during a crank rotation task in an attempt to provide an
approach to methods of setting hand impedance in accord-
ance with the nature of the given task. The analysis has
revealed that humans dexterously adjust hand force and
hand impedance based on the nature of the task. Also,
optimal use of impedance regulating mechanism featured by
concurrent activities of the flexor and extensor of the
muscles is achieved to set impedance at the wrist joint for
the given task. This process of control defines the posture
of redundant arm while allowing manipulatability of the
hand to be properly maintained. It also provides the hand
with robustness against external disturbances. These find-
ings may be applied to other types of rotation tasks such as
opening and closing doors.

The authors feel it is necessary to further study the op-
timum allocation of motion impedance to each joint in the
redundant arm as well as to find a general method of im-
pedance setting appropriate for the objects and the nature of
task.

This study was conducted in part through research sub-
sidies of the Ministry of Education (62460142, 63750415).
The authors are deeply thankful to those concerned.
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