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Dynamic characteristics of a human extremity are
usually expressed using the mechanical impedance.
This paper examines hand impedance in dual arm
movements while posture was maintained in dual-arm
configurations. The results of experiments show that
the orientation of viscosity ellipses roughly agrees with
the human sagittal axis, tending to be oriented similar
to stiffness ellipses. Viscosity and stiffness amplitude
and orientation exceed those of single arm. Our re-
sults will be used in human-robot cooperation systems
and in analyzing human movements.

Keywords: human movements, hand impedance charac-
teristics, dual arm posture, joint impedance

1. Introduction

A human uses his or her both hands effectively to di-
verse tasks that cannot be implemented by a single hand.
Let us consider, for example, the task of carrying heaped
loads smoothly, in which we must hold dual arms sup-
porting loads firmly while making the hand soft on the
horizontal plane to maintain the balance. In the task of
placing a load on a platform, a human may switch task
strategies using a single arm or dual arms according to
the contact between the load and platform. For compli-
cated tasks requiring high precision, hand motion is sta-
bilized by coordinating left and right arms to maximize
efficiency. Hence humans change dual arm movements
according to the task objective and the contact with the
environment.

Hand impedance regulation represented by compli-
ance/stiffness seen in upper arm motion is important to
designing human skillful movements. Mussa-Ivaldi [1]
estimated hand stiffness while maintaining posture of a
single arm for the first time. They showed that hand stiff-
ness depended strongly on upper arm posture and a hu-
man changed stiffness size, but its orientation. Dolan et
al. [2] and Tsuji et al. [3,4] estimated hand impedance
including stiffness, viscosity, and inertia, and found that
stiffness and viscosity were qualitatively similar charac-
teristics. Tsuji et al. [5] clarified that hand viscoelasticity
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changed largely with regard to the muscle contraction lev-
els, and showed that the joint viscoelasticity could be pre-
dicted from muscle contraction levels estimated from the
myoelectric signals. On the other hand, Gomi et al. [6]
measured hand impedance during the multi-joint move-
ments and pointed out that hand stiffness during motion
changed more than that while maintaining same posture.
The above studies examinded hand impedance only for
horizontal 2-joint motion in a single arm.

Dual arm motion is measured and analyzed versus stud-
ies on a single arm. Garvin et al. [7] simulated coop-
erative dual arm motion and showed that a straight-line
trajectory planned with the minimum evaluation of jerk
of the operated object and the hand agreed well with the
hand trajectory actually measured. Desai et al. [8] used a
dynamic model gripped by a pair of 2-joint arms for simu-
lation, and showed that a straight-line trajectory planning
based on a minimum evaluation of joint torque agreed
well with the hand trajectory actually measured. However
these simulation results may largely change depending on
the joint compliance/stiffness of each arm. To better clar-
ify dual arm motion in voluntary movements, we must
know musculoskeletal impedance in dual arm multi-joint
motion.

On the other hand, few studies have measured hand
impedance in dual arm multi-joint movements. Kitamura
et al. [9] state that a human regulates dual hand impedance
based on compliance/stiffness of the operated object, but
they do not show the relationship between posture and
hand impedance. Li et al. [10] measured and analyzed
the relationship between handle rotational stiffness of bi-
cycle and dual hand force, showing that increasing inner
force by the dual hand caused handle rotational stiffness
to rise. They did not measure hand impedance itself and
the dual hand impedance regulation by changes of the arm
posture was not clarified.

In this paper, we conducted experiments in measuring
hand impedance while maintaining dual arm posture, and
clarify hand impedance according to the dual arm config-
uration. Section 2 explains experiments measuring dual
hand impedance we implemented. Section 3 discusses
dual hand impedance measured in the experiments while
a maintained posture.
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External disturbance }

Fig. 1. Schematic description of hand impedance.

2. Measurement of Hand Impedance Based on
Dual Arm Configurations

2.1. Methods

Let us consider estimation of hand impedance based on
dual arm configurations by the experiments. As shown
in Fig.1, when an external disturbance is applied to a sub-
ject’s hand, the dynamic properties of hand can be approx-
imated with mechanical impedance model on a 2D plane
as follows:

MX(t)+BX()+KX(t)-X,(1)=F() . (1)

where F(¢) € R? is the force exerted by the hand to the
environment, X (t) € R? the hand position, X,(7) € R? the
virtual trajectory of the hand. M,, B,, and K, € R?*? are
hand inertia, viscosity, and stiffness matrices. M, is equiv-
alent inertia representing upper extremities inertia in task
space that changes based on arm mass and postures [11].
B, and K, € R**? also depend on the viscoelastic proper-
ties of skeletal muscles, low-level neural reflexes and pas-
sive elements such as skins and vein. Assuming the onset
time {, of external disturbance, dynamic hand properties
at time ¢ are given from Eq.(1):

M, dX(t) +B.dX (1) +K.dX(t) =dF(t) . . . (2)

here dX (t) = X (1) — X(¢t,), dF (t) = F(t) — F(t,)-

This paper measures hand position x,, and hand force
Fy, in task coordinates on the 2D plane by changing rel-
ative angle ¢, between the subject and the orientation of
motion (Fig.2). We use the following equation that rep-
resents Eq.(2) for one dimension with regards to motion
direction ¢; to estimate M, By, and Ko, using the least
squares method:

Mydsy (1) + By die (t) + Kodxy (t) = dFy(t)  (3)

where the hand inertia matrix is assumed to be symmetri-
cal matrix and its element as follows:

Me.._[Mxy ny]"""""'(4)

The relationship between M,, and M, that was obtained
from Eq.(3) is as follows:

My = cos* o.M, — 2sing,cosQ; M, + sin? o.M, (35)
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Fig. 2. Experimental apparatus.

The following simultaneous equation is obtained by sum-
marizing estimated hand inertia My, in each direction of
motion ¢; (i=1,2,---,n: n > 3):

M‘Pz Mxx
Pl=H| My | ... ®
: M
M% ?

where H € R™*3 is a coefficient matrix which is assumed
to be of full rank with respect to the column. M, is
found by multiplying both sides of Eq.(6) from the left by
pseudo inverse matrix H#. B, and K, are found similarly.

2.2, Experimental Apparatus [12]

Figure 2 shows experimental apparatus, which uses a
linear motor table (Nippon Thompson Co., LTD.) with
one degree of freedom using a magnetic drive to forcibly
displace the subject’s hand. The table has a 6-axis
force sensor (BL Autotec Co., LTD., resolution: trans-
lation force x-axis, y-axis: 0.05N, z-axis: 0.15N, torque:
0.003Nm) to measure force F' the subject applies to the
handle. Handle position X, is measured by the encoder
(resolution: 2um). The rotary motor installed under
the table controls table direction ¢. Two PSD cameras
(Hamamatsu Photonix Co., LTD.) measure the arm pos-
ture of a subject by detecting the LED targets attached to
the subject’s shoulder and elbow and table handle. Error
is approximately 3% in absolute coordinates when 3D co-
ordinates are restored from LED measurement.

This paper assumes that hand inertia, stiffness, and vis-
cosity are constant during external disturbance for mea-
surement. This depends strongly on the external distur-
bance pattern applied to the subject’s hand. This external
disturbance must end quickly with the possible smaliest
amplitude. Irregular signals must have sufficient band-
width to obtain a highly precise estimation [3—5]. To sat-
isfy these requirements, this paper used an external dis-
turbance pattern that returned to the pre-displacement in
0.3s after displacement from initial position X (z,). Fig.3
is an example of handle position and force displacement
measured. External disturbance applied along toward the
x-axis (Fig.2) and shows position dx,, velocity dxy, ac-
celeration dX,, and force sensor output dF,, from the top.
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Fig. 3. Example of signals measured by table handle.

(b)

Fig. 4. Experimental conditions for arm posture.

Solid lines of force are measured and break lines are cal-
culated using Eq.(3) from M, By, and K,,. This enables
us to obtain estimated results roughly equal to the true
known physical quantity (stiffness, inertia) and estimat-
ing hand impedance precisely.

3. Hand Impedance Characteristics Based on
Dual Arm Configuration

3.1. Experimental Method

As shown in Fig.2, a subject sits on a chair near to-
ward the front of the table and subject’s shoulder is fixed
to it with a belt. The hand and the wrist were fixed by a
plastic cast tightly attached to the table handle in order to
eliminate the need for a voluntary grasping action which
might influence the measurements of hand impedance.
In the experiments, we changed the table direction to
@ =0,7/4, /2,371 /4 rad when the subject was requested
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Table 1. Measured parameters Ky, By, My, , where the dis-
tance between the hand and subject changes. Mean and stan-
dard deviations for 5 estimated results are shown for three
subjects.

Hand Table Stiffness [N/m] Viscosity [Ns/m| | Tnertia [kg]
Subject | position | angle K B
dm] | [deg] 9 o My,
0 196.72466.741 34.55+2.104 3.93:40.158
035 45 309.961:33.623 35.56+1.869 3.13:+0.146
. 90 564.384+123.475 34.75+0.797 2.59:+0.150
135 386.41+34.289 35.31+0.809 2.994:0.000
0 191.21+19.475 17.85+£0.494 3.97:40.026
A 0.40 45 536.25+35.492 38.004+0.769 3.5940.032
‘ 90 808.59+72.011 49.64+0.576 3.37+0.026
135 504.91+40.011 36.9310.935 3.31:40.116
0 181.01+5270 15.88+0.517 3.3740.073
0.45 45 539.70+354.295 43.74+0.925 3.77+0.035
e 90 869.00174.638 |. 6177£0.736 349+0.049
135 583.87+52.560 42.92+1.816 3.57+0.126
0 242 37425532 21.26+0.462 4.0340.031
0.35 45 342.66+59.094 21.63+1.584 3.12:+0.083
- 90 48779165718 29.37+1.325 2.894:0.099
135 304,67+52.074 32.10+1.205 3.47:£0.047
0 201,89+25.161 18.81+2.504 3.92:40.031
45 474.55+24.728 25.81+1.033 3.34:0.060
B 040 90 | 728.50%66.575 34.80+1.515 | 3.2320.068
135 947.21+139.198 36.58+0.930 3,740,029
¢ 238.82425.437 16.91+0.656 3.85:4+0.031
0.45 45 739.86+139.707 54.91+4.258 3.19:40.120
- 90 1130.10+165.206 74.5611.924 3.39:40.105
135 586.231+91.454 43.6110.642 3.50:+0.067
0 174.21+29.596 31.98+2.328 4.35+0.055
0.35 45 1453634388 41.72+2.252 2.96::0.060
- 90 262.42430.531 54.46+5.397 2.04:£0.109
135 250.63+34.663 37.57419.530 2.74:+1.331
] 104.04221.010 261510548 | 3.87:0.084
c 0.40 45 238.96+50.742 44.33+£3.151 30540113
) 90 396.26 £94.152 58.23+37.987 1.8341.304
138 203.26167.665 44.524+26.013 24341312
O 115.27+13.694 23.9540.665 3.8240.047
0.45 45 238.74+79.966 53.40+3.870 2.89:+0.156
- 90 446.174+99.798 71.844+14.386 1.20:£0.397
135 129.43+47.310 50.24+28.300 2.3541.300

to maintain the posture and applied external disturbance
on the subject’s hand from eight directions. We then mea-
sured the hand position and time changes in hand force.
As shown in Fig.d(a), task coordinates has the x-axis to
left and right of the body, the y-axis forward and back-
ward, the z-axis for the upward and downward directions.

In this paper, we measured hand impedance of three
subjects (male college students aged of 22 to 24 years)
while they maintained the dual arm posture. We then
had them do as follows and monitored changes in hand
impedance caused by changing posture:

I. The upper arm is maintained on the horizontal plane
containing the wrist, elbow, and shoulder joints and
hand distance is changed tod = 0.35,0.40 and 0.45m
(Fig.4(b)).

II. The hand distance is maintained at d = 0.40m, and
the distance of elbow joint from the horizontal plane
containing the wrist and shoulder joints is changed
to Z, = 0.0 and 0.1m (Fig.d(c)).

The next section focuses on symmetrical components of
the hand impedance matrix as done by Mussa-Ivaldi et al.
and Tsuji et al. and analyzes changes in hand impedance
caused by posture based on dual arm configurations using
impedance ellipses.

3.2. Changes in Hand Impedance Caused by the
Hand Position

Table 1 shows hand impedance in each direction of mo-
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Table 2. Measured hand impedance parameters of dual arms
for the three subjects, where the distance between the hand
and subject changes.

Hand Stiffness [N/m] Viscosity [Ns/m] Inertia [kg]
Subject | posture K. Ky B By M, M,
d [m] Kx Ky Byx By, M, M,
035 180.54 —38.22 | 34.95 0.13 3.10 0.07
’ —38.22 54820 | 0.13 35.14 0.07 1.76
A 0.40 201.56 15.67 19.71 0.53 3.13 0.14
) 15.67 818.93 0.53 51.50 0.14 2.53
045 170.21 36.30 15.98 4.71 2.84 0.32
36.30 858.20 4.71 61.88 0.32 244
035 238.02 —13.71 | 22.03 -5.24 322 -0.18
. —13.71 48343 | -524 30.14 | -0.18 2.08
B 0.40 21437 —15.61 | 21.01 -5.38 318 —-0.20
: —15.61 74099 | -538 3699 | -0.20 249
045 228.11 76.82 18.67 5.65 298 —0.16
) 76.82 1119.39 | 5.65 7632 | —0.16 252
035 164.05 —-52.63 | 30.2 2.07 344 0.11
i —52.63 252.26 2.07 52.7 0.11 1.14
C 0.40 117.10 17.85 27.30 0.00 3.09 0.31
17.85 298.98 0.00 59.40 0.31 1.05
0.45 60.80 66.95 25.91 1.58 2.94 0.27
66.95 391.70 1.58 73.80 0.27 1.12
Table 3. Geometrical parameters of measured hand

impedance ellipses for dual arms, where the distance be-
tween the hand and the subject changes for three subjects.

Hand Stiffness ellipses Viscosity ellipses Inertia ellipses
Subject | position | Orientaion Orientaion Orientaion
d [m] [deg] Shape [deg] Shape [deg] Shape
0.35 95.87 3.13 64.05 1.01 2.99 1.77
A 0.40 88.55 4.07 89.04 2.61 12.60 1.26
0.45 86.99 5.11 84.21 4.02 29.04 1.33
0.35 93.19 2.04 116.12 1.68 8.56 1.58
B 0.40 91.70 347 106.98 2.00 1494 1.33
0.45 85.11 5.08 84.46 4.24 17.14 1.22
0.35 115.02 1.98 84.77 1.76 2.77 3.04
C 0.40 84.45 2.61 90.00 2.18 8.40 3.14
0.45 78.98 8.47 88.11 2.86 8.34 2.75

tion measured in task assignment I. This table lists mea-
sured parameters Mq,,_, BfP,-’ and K<P,~ (mean and standard
deviation) using measurement (60 trials) of five sets of
task assignment I for subjects A to C. Table 2 shows el-
ements of the dual hand impedance matrix in each pos-
ture calculated using Eq.(6) from the mean values in Ta-
ble 1. Fig.5 shows the dual hand impedance ellipses cal-
culated using measured results in Table 2 for the distance,
d = 0.35,0.45m (See Fig.4(b)).

The major axis of the inertia ellipse inclines toward the
x-axis of task coordinates. The major axis of the stiffness
and viscosity ellipse inclines toward the y-axis of task co-
ordinates regardless of the hand position. Table 3 shows
results for calculating the ratio of the major axis of each
ellipse to the angle of the x-axis in task coordinates and
the minor axis. This table indicates that the shape of the
inertia ellipse tends to approach the true circle when the
hand position leaves the body. It shows that the shape of
the stiffness and viscosity ellipses has roughly the same
inclination regardless of the hand position and that the
shape lengthens as the hand position leaves the body and
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Fig. 5. Measured impedance ellipses for dual arms, where
the distance between the hand and subject changes for three
subjects.

is regulated in orientation of the y-axis in task coordinates,
but not adjusted.

3.3. Changes in Hand Impedance Caused by Elbow
Joint Position

Similarly to the task assignment I, Tables 4 and 5 show
dual hand impedance (40 trials) in each direction of mo-
tion and each element of the dual hand impedance matrix
in each posture. Fig.6 shows dual arm impedance ellipses
for distance, Z, = 0.0,0.1m (See Fig.4(c)). From the fig-
ure, and each ellipse has the same trend in the orientation
of major axis as the task assignment I regardless of the po-
sition of elbow joint. Similarly to the task assignment I,
Table 6 lists results for calculating geometrical features of
each ellipse. From this table, the inclinations of the stiff-
ness and viscosity ellipses are roughly the same regardless
of the position of the elbow joint and the shape of the stiff-
ness ellipse tends to lengthen as the position of the elbow
joint drops from the horizontal plane, resulting in viscos-
ity and inertia ellipses approaching a true circle. These
results imply that hand stiffness is adjusted by dropping
the elbow joint from the horizontal plane, but viscosity
does not change as much as stiffness.

3.4. Discussion

From the measurement results, we found that stiffness
and viscosity ellipses lengthen when the hand position left
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Table 4. Measured parameters K, By, , My, where the dis-
tance between the plane and the subject’s elbow changes.
Mean and standard deviations for 5 results are shown for
three subjects.

Elbow Table Stiffness [N/m] Viscosity [Ns/m] | Inertia [kg]
Subject | position | angle
Z, [m] | [deg] Ky, By, My,
0 166.96+17.355 22.69+0.534 37240022
0.00 45 547.214+42.368 31.38+1.325 32840112
- 20 900.81+50.787 49.261:1.769 2.89::0.036
A 135 501.16+48.617 35.33+1.247 3.20£0070
[} 167.71+19.811 20.144+0.338 3.54:£0.042
0.10 45 644.814+70.239 37.24+0982 321400357
- 90 1074.14453.169 56.58+£3318 29310101
135 694.304+72.271 43.66+2.614 3.24+0161
0 121.614£57.409 232340722 3.66:0.080
4.00 45 758.16+69.972 42.614£2.016 3.30:4£0074
: 90 11075385452 60.1544.842 2.43:£0.089
B 135 609.74+63.797 44910884 3.004£0063
[ 199.194+23.409 21.26+0.948 3.52:40.033
0.10 45 844.33+71.909 352040954 2.7340.081
. 90 1278.39+83.418 52.13+£3.290 2.60+0.053
135 390.88+48.856 44.83:£2.445 2.66:+0.088
0 207.401+45.474 26.69+1.126 3.90+0.059
0.00 45 413.56+35.957 48.764-1.394 3.00-£0.037
. 90 432.094+48.220 76.30+4.426 1.93+0.119
C 135 323.36431.459 54.95+7.702 2.63:£0.592
0 172.46+28.018 27.32+0.789 3.63:0.027
0.10 45 474.34+105.498 48.83+£3.577 2.94+0.056
. 90 871.30+93.782 73.13+2.602 2.8140.138
135 380.07452.665 51.214+2.975 2.77£0.087

Table 5. Measured hand impedance parareters of dual arms
for three subjects where the distance between the plane and
subject’s elbow changes.

Elbow Stiffness [N/m] Viscosity [Ns/m] Inertia [kg]
Subject | position | K. Ky By By, My M,
Ze [m] ny Kvy Byx Byy MVX Myy
0.00 162.11 23.02 2138 —1.98 2.96 0.04
A ) 23.02 895.96 | —-1.98 4795 0.04 2,12
0.10 192.02 2475 | 21.18 -3.21 280 -0.01
’ -24.75 109845 | —3.21 5763 | ~0.01 220
0.00 156.30 T4.21 2426 —1.15 298 0.13
: 7421 114222 | -1.15 6119 | 015 175
B o0 | 13860 22673 12292 482 | 261 004
) 226773 1217.80 | —4.82 5379 0.04 1.69
0.00 216.38 75.86 23.74 3.17 3.02 0.39
: 7586 44107 | 317 7335 | 039 105
¢ ol | 16285 4714 3084 119 | 287 008
; 47.14 71080 | —1.19 6217 | 0.08 146
Table 6. Geometrical parameters of measured hand

impedance ellipses for dual arms where the distance between
the plane and the subject’s elbow changes for three subjects.

Elbow Stiffness ellipses Viscosity ellipses Inertia ellipses
Subject | position | Orientaion Orientaion Orientaion

Shape Sh S
Z, {m] {deg] {deg] P | ldeg) hape

A 0.00 88.20 556 9423 2.27 297 1.39
0.10 91.56 574 94.99 2.77 -1.40 1.28
B Q.00 85.72 7.61 91.7% 253 6.78 173
0.10 78.60 13.60 98.67 2.46 2.26 1.55
c 0.00 72.99 2.40 86.36 312 10,73 3.16
0.10 85.12 4.50 92.17 2.02 345 1.97

for the body in the task assignment I and that the stiffness
ellipse tends to lengthen when the elbow joint dropped be-
low the horizontal plane in the task assignment IT and the
viscosity ellipse approaches a true circle. As seen in the
stiffness ellipse of subject C in the task assignment I and
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Subject B
(a) Stiffness

Subject A

Subject B

(b) Viscosity

10kg % 4
s x !
8im N . .
Subject A Subject B Subject C
{c) Inertia

Fig. 6. Measured impedance ellipses for dual arms where
the distance between the plane and the subject’s elbow
changes for three subjects.

Table 7. Measured hand impedance parameters of single
and dual arm at hand position 4 = 0.45m.

Stiffness [N/m] Viscosity [Ns/m] Inertia [kg]

K.x:x ny By, Bxy Mxx MAy

Koy Ky By By My My
Right | 184.75 ~143.65 | 7.52 -745 | 151 ~0.88
arm | —143.65 317.84 | —7.45 14.00 | ~-0.88 1.43
Left | 201.75 177.30 9.51 7.49 1.61 0.74
arm 177.30  284.45 7.49 14.85 0.74 1.07
Dual | 406.95 115.74 18.42 194 {325 -0.19
arm | 115.74 1180.12 194 4765 | -0.19 2.46

the viscosity ellipse of subject A in the task assignment
11, these cases differed from other subjects. These differ-
ences are caused by the human multi-joint link mecha-
nism, and an extra torque generated in joints compared
with other subjects at the time of measuring the hand
impedance. We considered the differences between left
and right hand impedance measured of a single arm, in the
task assignment I in the same posture as when measuring
dual hand impedance and considered those differences.
Table 7 shows the measured hand impedance matrix
for the left, right, and dual arms at hand position d =
0.45m in the task assignment 1. Figs.7 and 8 show hand
impedance ellipses for the left, right, and dual arms to-
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Table 8. Comparison of geometrical parameters of measured hand impedance ellipses of single and dual arms at hand position

d =0.45m.
Stiffness ellipses Viscosity ellipses Inertia ellipses
Area Orientaion Sh Area Orientaion Sh Area  Orientaion
[<1050N/my] _[deg] %° | [x10%Ns/n)’] [deg] P | (kg [deg]  Shape
Right arm 0.12 122.57 441 1.56 123.25 7.16 4.35 136.30 3.99
Left arm 0.08 51.56 6.97 2.67 54.81 4.76 3.69 34.98 3.85
Summated impedances of right and left arm 0.73 81.34 1.59 15.44 " 89.81 1.69 | 24.44 12.15 1.28
Measured impedance of dual arm 1.47 81.67 3.07 27.46 86.22 2.61 | 25.00 12.84 1.36
—— Rightarm ~—  Measured impedance of dual arm

100 N/m
10 Ns/m
1.0kg
e

0.1lm (a) Stiffness

(b) Viscosity {c) Inertia

Fig. 7. Measured impedance ellipses for single arms at hand
position d = 0.45m.

gether with postures. Solid lines of each ellipse in Fig.8
show the dual arm impedance ellipse, while break lines
and a summated ellipse for each impedance of the left and
right arms. Geometrical features are summated to Table 8
the same as in the task assignments I and II to show results
of calculating areas of ellipses.

Figure 7 shows that the major axis of stiffness and vis-
cosity ellipses closes to a line between the subject’s hand
and shoulder, consistent with conventional studies [1-3].
Hand impedance of the left arm is roughly symmetrical to
that of the right arm (Table 8).

The area and orientation of viscoelasticity ellipses of
dual arms and of single arms (Table 8) differ greatly com-
pared to results to the single arm (Fig.7). As ellipses
shown by solid and break lines are compared, inertia is
roughly the same. Measured stiffness and viscous ellipses
have roughly the same orientation in comparing their ma-
jor axes, but major axes of the summated ellipses of left
and right arm stiffness and viscosity are nearly twice as
long as major ones of ellipses of the measured dual arm.

Desai et al. [8] show in experiments that inner force
acting on dual arms increases with increasing hand veloc-
ity when subjects move dual arms in straight-lines. They
simulated a model representing dual arms with a pair of
2-joint arms and planned a straight-line trajectory and
showed that the trajectory, especially along the y-axis of
task coordinates, did not match that measured in the ex-
periment, possibly due to only the sum of hand stiffness
and viscosity of a single arm representing the orientation
of hand impedance of dual arms, but could not represent
size in the y-axis orientation of the task coordinates. In-
ner force changes between left and right hands generated
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- - - - Summated impedances of right arm and left arm

{b) Viscosity

(c) Inertia

Fig. 8. Measured and computed impedance ellipses for dual
arms at hand position d = 0.45m.

by perturbation acting on the hand when hand impedance
of dual arms is measured, which may affect measurement
of hand stiffness and viscosity in the y-axis orientation of
task coordinates.

Changes in measurement of hand impedance taking
into account the inner force acting between dual hands,
those in muscular activity, and how hand stiffness and vis-
cosity of dual arms relate remain to be clarified.

4. Conclusions

This paper investigated hand impedance based on dual
arm configuration during upper arm posture changes. The
major results are as follows:

(1) Hand stiffness, viscosity, and inertia of dual hands
differ more than those of a single arm.

(2) The major axis of the dual hand viscosity ellipse di-
rected toward the y-axis of task coordinates and its
orientation resemble that for hand stiffness.

(3) The major axis of the dual hand inertia ellipse di-
rected toward the x-axis of task coordinates.

Measurement results were considerably dispersed in re-
sults measured for hand impedance.

Future research will improve measurement precision
and clarify dual hand impedance in different postures with
changes in viscoelasticity according to muscle contrac-
tion levels and hand force. We will analyze how hand
impedance in dual arm configuration changes based on
the environment. If hand impedance regulation depends
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on dual arm configuration, it will be applicable to the
development of dual-arm robots and welfare equipments
taking into account the motion characteristics of the hu-
man arms.
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