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Abstract— The dynamic characteristics of human upper extremities can
be modeled with mechanical impedance. Although many studies have
been reported on the human hand impedance properties in static tasks
with arm posture maintained, there are no reports for human arm move-
ments in dynamic tasks including interactions with environments. The hu-
man impedance should be regulated before motion in some tasks. In the
ball-catching task, for instance, a human must be regulated higher hand
impedance to catch a ball before the hand contacts the ball. This pa-
per examines human impedance in preparation for task operations, i.e.,
“task-readiness impedance,” and proposes a method of measuring hand
impedance during tasks using a virtual-reality technique. Experimentsare
then conducted to examine task-readiness impedance as well asthe virtual
trajectory in avirtual ball-catching task.
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estimated hand impedance parameters.

There have been many researches on the human hand
impedance during maintained arm posture, and also during
reaching movements in the free space. These study works, how-
ever, do not discuss the adaptation mechanism of human hand
impedance according to task conditions, such as the interaction
with environments, the goal of task, and so on. To the contrary,
Bennett et al.[8] described the dynamic properties of human
movements with an open loop transfer function, and analyzed
the gain and the phase characteristics in catching a falling ball
by human subjects. They also examined the change of trans-
fer characteristics caused by stretch reflex and voluntary mus-
cle activation under various conditions. However, this research

A human performs a variety of skillful movements by adjusfocused on hand impedance only during the uniarticular move-
ing dynamic characteristics of his/her musculoskeletal systenents of the elbow joint, but not the multi-joints arm move-
according to tasks. In the ball-catching task by the human upents. Besides, the change of human hand impedance does not
per extrimity, for instance, a human player might miss the batientioned clearly although the ball-catching task belongs to dy-
when he makes his arm stiffen beyond necessity for the task hamic movements.
cause of the large contact force exerted on the hand from th&he present paper aims to investigate human hand impedance
ball. On the other hand, when the player’'s arm is too complir the multi-joint arm movements during dynamic tasks con-
ant, he also might miss because he cannot generate hand feigering the interaction of a human with his/her environments.
enough to absorb the ball motion. Thus, the player has to régeasuring human hand impedance under such task conditions
ulate mechanical properties of his arm to catch a ball accordwgll allow not only to clarify the regulation mechanism of hu-
to task conditions such as ball speed, weight, size and so onirlan impedance according to dynamic tasks but also to imple-
general, such mechanical characteristics of human hand canvant the skill of experts into robot motion control. This paper is
described with the mechanical impedance parameters; stiffnegganized as follows: Section Il proposes the estimation method

viscosity, and inertia.

of task-readiness impedance. Then, a virtual ball-catching task

On the other hand, many experimental studies on human hasmeaken up as an example of dynamic tasks in Section Ill, and
impedance have been reported in multi-joint arm movementise regulation ability of human impedance for the task is in-
For example, Mussa-Ivaldi et al. [1] pioneered the measurgestigated through a set of the experimental and the simulation
ment of human hand impedance, and examined hand stiffnessaigults in Section IV.
stable arm posture. They found that the hand stiffness strongly

depends on the arm posture and that a human can change the

Il. TASK-READINESSIMPEDANCE

size of a stiffness ellipse, although he/she can change neithemethod of |mpedance Measurement

the orientation nor the shape of it. Also, Dolan et al. [2] and
Tsuiji et al. [3][4] investigated not only hand stiffness but also
viscosity and inertia, and verified a qualitative analogy betwe&
hand stiffness and viscosity. Tsuiji et al.[5] also showed that tfie
human hand viscoelastisity is widely changed with respect
the muscle activation level during isometric contraction in the
upper limb. Moreover, Gomi and Kawato [6] have estimate

Let us consider multi-joint movements by the human upper
étremity in thel-dimensional task space. When the subject’s
nd-point is displaced from its equilibrium by a small distur-
ﬁnce with a short duration as shown in Fig. 1I-B, dynamic

aracteristics of the hand can be expressed with an impedance
laodel [3][4] as

the hand stiffness during a reaching movement. They reporte(MeXe(t) + BXo(t) + Ko(X.(t) — Xo(t) = —F.(t), (1)
that the hand stiffness is changed considerably during reaching

movements comparing to the one during maintained arm pegiere F,.(t) € R! denotes the hand force applied to the envi-
ture. In addition, the virtual trajectory was calculated using thenment; X, () € ®! the hand positionX,,(t) € R' the virtual
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trajectory; andM.,, B., and K, € R*! represent hand iner-
tia, viscosity and stiffness, respectively. Assuming tha(t)

is constant, the following equation of hand dynamics can be de-
rived from (1):

M dX (t) + BedX (t) + K dX (t) = —dF.(t),  (2)

wheredX (t) = X (t)—X.(to), dF(t) = F.(t)— F.(to), andtg
denotes the time when the disturbance is applied to the hand. In
this model, the hand impedance matrices can be estimated from
the measured hand positidf.(¢) and the hand forcé&.(¢), in-

Fig.1. Schematic description of hand impedance

duced by the external disturbance, with the least squares method Display CCD camera

[4]. O
In dynamic tasks, however,X,(¢t) usually changes Force sensor

and the measurable variables are only hand position .,  Table

(Xe(t), Xe(t), Xc(t)) and hand force H.(t)). Therefore,
M., B, K., and X,,(t) cannot be uniquely determined. More-
over, the hand impedance should be regarded as a time-varying
factor since impedance parameters change according to the arm y
posture and the muscle contraction level during dynamic tasks L Subject
[6]. It is thus very difficult to estimate the hand impedance X
during dynamic tasks. i ) ) ) ) )
A human needs to regulate his/her hand impedance befg‘%zihugrggllmantal apparatus for measuring task-readiness impedance in the
motion in some target tasks. In the ball-catching task, for in-
stance, a player should adjust his hand impedance before catch-
ing the ball according to the ball velocity as well as its physicatay start to change from just before motion. However, the
properties; otherwise, it would be too late to prepare for the taskfference between hand impedance just after motion and task-
This suggests that the skilled player performs the target task stgadiness impedance will be so small that the virtual trajectory
cessfully by regulating his hand impedance to desired propertitegived by (3) will be almost equal to the true virtual trajectory
in preparation for the target task before motions based on prjost after the motion begins.
experience. Consequently, task-readiness impedance and the virtual tra-
For the virtual trajectory X, (¢), can be regarded as a conjectory can be estimated by providing the enforced displacement
stant profile before motion, the hand impedance parameters tamove the hand in the miss-catching operation. However, it is
be estimated by using (2) in this phase. This paper focusesrmt so easy to implement such an instantaneous operation during
such hand impedance in the preliminary phase, so-célgd dynamic motions in a real ball-catching task. Therefore, a vir-
readiness impedance. Although task-readiness impedance diftual ball-catching task is demonstrated in virtual space by using
fers from human impedance in dynamic motion, a human regrtual reality technology in this paper.
ulates his/her task-readiness impedance according to the given
task before motion. Thus, analyzing task-readiness impedandél. | MPEDANCE MEASURMENTS IN THEVIRTUAL TASK
may c!a_lrify the function of human impedance, such as learg- Experimant Apparatus
ing ability and the adaptation mechanism of human impedance

CCD camera

)
e Marker

o Electrode

properties according to tasks. Figure 2 shows the experimental apparatus developed in this
study. The system is composed of a robot that provides the inter-
B. Mrtual Trajectory action force between the computed virtual ball and the racket to

In the virtual trajectory control hypothesis [7], hand motior"i‘_hum""n SUbJe_Ct’ a compu_ter for rol_:)ot_motlon contro_l as well_as
is created by changes of the virtual trajectory, the interacti&HBnaI processing, and a display to indicate the task information
force with environments, and the hand impedance propertF8§he SUbJ,eCt'_ ) ) ) i m
during tasks. Accordingly, in the ball-catching task, the hand The subject is required to hit the virtual ball instead of hitting

of a player will follow the virtual trajectory if he missed the baln actual ball by operating the handle attached to the robot on

and the interaction force is not applied to the hand. In suchﬂ}f basis of the visual information provided on the bio-feedback

situation, the virtual trajectory can be calculated by using (1) 45Play, while the robot displays interaction force to the sub-
follows: ject at hitting the ball. The robot in the developed system is

constructed with a linear motor table (Nippon Thompson Co.,
X,(t) = K;YF.(t) + M X (t) + BeXe(t)) + Xo(t), (3) Ltd.; maximum driving force 10 [kgf]; stroke length 400 [mm];
encoder resolution 2um]), which is impedance-controlled so
whereM,, B., and K, represent the task-readiness impedandiat the virtual interaction force between the virtual ball and the
parameters. racket handle can be displayed to the subject. A six-axis force
The virtual trajectory obtained by (3) can represent harsgnsor (B.L. Autotech Co., Ltd.; resolution: translational force
movements until just after motion, although the hand impedanaez- andy-axes5 x 1073 [N], on z-axis15 x 102 [N], torque
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Fig.3. A model of the virtual ball-catching task

3 x 1073 [Nm)) is attached at the base of the handle to mea- Fig.4. Impedance control system for the ball-catching task

sure the operating force by the subject. Then the developed sys-

tem can estimate human hand impedance during maintained arm i ) i

posture with accuracy [9]. On the other hand, the robotlc_tgble is under the impedance
A human can change the hand impedance properties by 880”0' [10] so that the racket positioi. (t) follows

justing the muscle contraction level as well as his/her arm pos- M,,Xe(t) + BTXe(t) = Fy(t) + Fu (1), @)

ture [5]. To investigate a mechanism of human impedance reg-

ulation, the surface EMG signals in the training are measur@tere M,, B, denote the desired inertia and viscosity of the

from the flexor (flexor carpi radialis: FCR) and the extensor (exobot. Fig. 4(a) shows a block diagram of the impedance-

tensor ulnaris: ECU) in the wrist joint, the flexor (biceps brachigontrolled robot, wherd’,.; expresses a control input to the

BB) and extensor (triceps brachii: TB) in the elbow joint, angbbot. Designing dynamics of the robB{s) by

the flexors (pectoralis major: PM, deltoideus anterior: DA) and

extensors (teres major: TM, deltoideus posterior: DP) in the R(s) = 1 (8)

shoulder joint. The sampling rate for measuring hand move- Ms? + Bs’

mentsﬂ?nd tEMG s_lgnals was set attl [kHﬁ]h'? thec%gerlmen{ﬁe impedance control is expressed as shown in Fig. 4 (b), where
S0, the Stereo video camera system with two camer , B denote inertia and viscosity of the table, respectively.

(Quick MAG: Oh-yoh Keisoku Kenkyusho, sampling rate: 6 ere the emploved robot is with! — 4.7 [kal and B — 4
[Hz]) is utilized to observe subject’s arm posture from the d N /rr'l] ploy IS Wi 7 [kl 7
tected three-dimensional positions of color markers attachedto ™

subject’s body. IV. HUMAN IMPEDANCE IN BALL -CATCHING TASK

B. Mrtual Ball-catching Task A. Human Arm Movemets

Figure 3(a) shows an overview of a virtual ball-catching task Experiments were carried O.Ut by the unsl_<i||ed subjects (_SUb'
in the one dimensional task spade=(1), in which the ball is jects A, B), who had never trained for the virtual ball-catching,

hung from the ceiling aX; by a rigid pendulum with lengtid and the skilled subjects (Subjects C, D) undar = [0.3, 2.1]

- g : . .Im], L = 2.1 [m], andf, = —25 [deg.]. The model parame-
and anglgd. The initial position of the hand is set at the origi : : . B
of the task space. The ball is approximated with a viscoelas grs of a virtual ball defined in (4) were set 3% = 0.5 [kg],

- . = 20 [Ns/m], K; = 2000 [N/m], and R, = 0.03 [m]. The
;?goigiloe:jsyshown in Fig. 3(b), and the racket is regareded as 8ot was controlled withZ, = 1 [kg] and B, — 20 [Ns/m],

. . . and the ball started to move 1 [s] after a starting signal was dis-
The interaction force;,,; between the ball and the racket 'Splayed to the subject [s] gsig

calculated from the relative positiahi, (t)(= Xo(t) — X.(t)) In the ball-catching task, a subject is required to control an

by interaction force as small as possible, otherwise the ball would
rebound from the racket. Therefore, skill levels for the target

Fint(t) = { Byd Xy (1) ‘6 Kyd Xy (1) (gr(i” < gb) (4) task of subjects were evaluated with the maximum interaction
(X (O] > Fo) force between the ball and the rackét)/*, and the contact
time of the ball and the racket;,,;, defined by
de (t) = XT (t) - Rbn (5)

S x 20) Bl = 235, e 0 ©

n=9{ X0 7" (6) e
0 (X (t) = 0) tine = »_u(t)At, (10)

where B, and K, represent viscoelastic properties of the ball t=0
with weight M}, and radiusR,; anddX,(= X, — Ryn) repre- £ = 1 (Fine(t) #£0) 11
sents a dent of the ball by the contact with the racket. u(t) = 0 (Fi(t)=0), (11)
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= 0.3 TABLE |
;; - MAXIMUM INTERACTION FORCE AND CONTACTING TIME
0
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Fig.6. An example of experimental results by the skilled subjecdFC{* =

19.25 [N], i = 2.20 [s]) Fig.7. An example of the measured EMG signals (Subject C)

where the measurement time in each trial was set at 5 [s] Figures 5 and 6 present the examples of experimental results
and the sampling time aht = 1 [ms]. In the experiment, a by an unskilled subject (Subject A) and a skilled subject (Sub-
subject was asked to minimiz€;* and to maximize ;. ject C). The solid lines in the figure (a) represent the hand po-
Subjects were asked to perform the target task 120 times c6ition of each subject, and the dotted lines indicate the ball po-
tinuously during which the following five operations were exesition; the figure (b) illustrates the time profile of the subject’s
cuted in random order to measure human hand impedance:h@nd force during the task. The unskilled subject did not catch
measurement in normal catching task; (1) measurement durig ball, so the ball rebounds off the racket as shown in Fig. 5. In
stable phase before motion; (Il) measurement of task-readinegstrast, the skilled subject completes the target task by adjust-
impedance in the preliminary phase; (IV) measurement of hai@ his hand velocity according to the ball motion. It can also
impedance after motion; and (V) estimation of the virtual trd¢e observed that the hand force applied by Subject A is much
jectory when the subject misses the ball. The miss-catching gpraller than that applied by Subject C.
eration is artificially conducted without preliminaries for a hu- Table | shows the mean values Bf'/** andt,,, with stan-
man operator during iterative trials, in which the subject doeard deviations for a set of 120 trials by the subjects. Subjects C
not feel any interaction force in contacting with the ball so thaind D generated less large hand force for catching the ball with
he/she cannot strike the ball. In the experiments, the subjelctsger contact period than Subjects A and B. These results in-
were instructed to maintain their arm postures until just befodécate that Subjects C and D have greater skill in the target task
motion. than do Subjects A and B.
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TABLE Il

el
% 0 N MEASURED HUMAN HAND IMPEDANCE PARAMETERS DURING THE
ol ‘3T BALL -CATCHING TASK
& 6l . . ‘ . .
ng. 0 0.1 olrzime [5]0'3 04 05 (a) During maintenance of the stable posture
(a) Hand position K, [N/m] B, [Ns/m] M, [ke] P
g A| 61243580 | 21.8420.53 | 1.12£0.10 [0.95=0.01
£ 01,
e 01 B | 43.69+23.71 | 1237+1.66 | 0.94%0.06 0.92+0.01
. 0 Subjects
j
£ 1+ c| 6490+33.18 | 2539+251 | 1.74=0.10 [0.96=0.01
§ 0 0.1 0.2 0.3 0.4 0.5 D | 98.34%4504 | 22.65+3.53 | 1.64+0.11 [0.930.02
Time [s]
(b) Hand velocity (b) Before motion
N% K, [N/m] B, [Ns/m] M, [ke] o
:;Q 3 A 7274+4251 25224229 1.18£0.09 [0.97+0.01
g OW B | 85.7847.10" [16.50£2.29""[ 1.000.11  [0.97%0.01
g -3 L L L . ) } Subjects -
5 o 01 0.2 0.3 0.4 0.5 C| 84214112 |2934%436" | 1.74%0.12 |0.960.01
S Time [s] D | 165358141 | 21.04+437 | 1.71%0.18 [0.96%0.01
(c) Hand acceleration (c) Task readiness
<§ 5 K, [N/m] B, [Ns/m] M, [ke] P
> 0 __._//’\/«—\___ A 61.47+3042 |24.26%3.12"| 1.2550.14" 0.98+0.01
g -5 I : i s ; B | 5745+3539 [17.56+3.02"*| 0.83=0.17"* |0.96+0.01
5 0 0.1 0.2 0.3 0.4 0.5 Subjects
< Time [s] C || 188.89£71.20"*" | 28.07+2.37" | 1.90£0.16™ 0.98+0.01
(d) Measured and estimated hand force D || 154.81£103.40 | 22.27%£2.95 | 1.76%0.23 [0.96%0.01
Fig.8. An example of measured signals for task-readiness impedance measure- (d) After motion
ment (Subject C)
K, [N/m] B, [Ns/m] M, [ke] P
. . . A [ 117.27£67.62" [24.98%3.42"| 1.14%0.11 [0.99%0.01
Figure 7 shows an example of EMG signals of the skilled
subject during the task for 5 [s] measured from 1 [s] before @ gy o 20274370 8767149 |0817010 0977001
starting signal appears on the display, in which the racket con- C| 97.97%57.05 | 23.9414.53 |1.44£0.18"(0.9720.01
tacts the ball at. = 2.6 [s]. It can be supposed that the subject D | 156.17-£103.89 [10.04%2.88"*|1.33+0.14"*[0.98+0.01
contracts his arm muscles to prepare for the target task before S0y Rhera30p FEE..1%
the racket contacts the ball. Since the subject began to activate
his arm muscle front = 2.5 [s], the external disturbances to
the subject’s hand for Operations I, Ill, and IV were inducetand force by using the least squares method with (2). The ta-
atto = 0.5,2.3,0.45 [s], respectively. Here, Operation Il wasbles (a), (b), (c), and (d) describe the impedance properties in
executed 0.3 [s] before the contact. Shaded zones (a), (b) apérations I, II, lll, and IV, respectively. It should be noted that

(c) in Fig. 7 express the measuring terms for the estimationigdnd impedance was estimated with the same posture in oper-
hand impedance parameters in each operation. ation | ~ Ill. Asterisks *O ** 0 and *** denote the estimated
impedance parameters with significant differences under the sig-
nificance level 5, 3, 1% for the hand-impedance parameters for
Figure 8 illustrates an example of measured hand movemeatsonstant arm posture determined by the one-sided t-test.
for estimating task-readiness impedance. Figures (a), (b), and\ll subjects increased hand stiffness before motion (Opera-
(c) express the time history of hand positi&n(t), hand veloc- tion I), compared with maintaining the arm in a stable posture
ity X.(¢), and hand acceleratioki, (t) caused by the external (Operation Il). This indicates that a human begins regulating
disturbance from the top in order. Also, the solid and the ddtis/her impedance properties before executing the target task.
ted lines in Fig. 8 (d) represent the measured hand force dndcontrast, the estimated hand impedance did not differ sig-
the estimated hand force that is calculated by using (2) with thidicantly between Operations Il and lll, except for Subject C.
measured hand movements and the estimated hand-impeddinig strongly suggests that a human begins regulating his/her
parametersK., B., M.). Figure 8 (d) demonstrates that hanthand impedance with enough time to prepare for tasks. Fig. 7
impedance was estimated accurately because the solid lineatdo reveals that the subjects contracted each muscle in the up-
most coincides with the dotted one. per extremity from the beginning of the task (t = 0 [s]). The
Table Il lists the mean values of the estimated impedance fask-readiness stiffness of Subject C exceeded the stiffness be-
each of the five operations with standard deviations and the cfmre motion, because his muscular activity began to change from
relation coefficientg between the measured and the estimatadbout 1.5 [s].
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Fig.9. Simulation results with the estimated task-readiness impedance of Bg@10. Simulation results with the estimated task-readiness impedance of the
unskilled subject A skilled subject C
C. Smulations with Estimated Human Impedance Future research will investigate task-readiness impedance ac-

cording to the impedance properties of an object and a robot as
Finally, we conducted computer simulations to reproduce higell as bio-feedback information during tasks. We will also ex-
man hand movements in the ball-catching task with the esdimine how a human attains proficiency for a given task to clarify
mated task-readiness impedance and the virtual trajectory, @ regulation ability of task-readiness impedance in detail.
suming that the dynamic characteristics of the human hand fol-
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V. CONCLUSION
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