PROCEEDINGS

9th IEEE International Workshop on
ROBOT AND HUMAN INTERACTIVE COMMUNICATION

IEEE RO-MAN 2000

September 27-29, 2000
Osaka Institute of Technology, Osaka, Japan

IEEE Catalog Number: 00TH8499
Library of Congress: 00-00155
- ISBN: 0-7803-6273-X

Co-organized by

IEEE Industrial Electronics Society
The Robotics Society of Japan
The Society of Instrument and Control Engineers
The Japan Society of Mechanical Engineers
The Virtual Reality Society of Japan
New Technology Foundation
Osaka Institute of Technology

In Association with

Japanese Society of Precision Engineers
The Institute of Systems, Control and Information Engineers
Information Processing Society of Japan
Intelligent Manufacturing Systems Promotion Center.
Manufacturing Science and Technology Center
Ninety-Nine Asian Student Scholarship Foundation
Sunahara Memorial Foundation



Proceedings of the 2000 IEEE luternational Workshop
on Robot and Human Interactive Commuunication
Osaka, Japan ~ September 27-29 2000

Development of an internally powered functional prosthetic
hand with a voluntary closing system and

- thumb flexion and radial abduction
~ based on normal human grasping action ~

Akira OTSUKAT - Toshio TSUJITT  Osamu FUKUDATT

Michele EISEMANN SHIMIZUT

Masatoshi SAKAWA Tt

fDepartment of Physical Therapy, Hiroshma Prefectural College Health Science, Mihara, JAPAN
tIndustrial and Systems Engineering, Hiroshma University, Higashi-Hiroshima, JAPAN

1 Mechanical Engineering Laboratory, Agency of Industrial Science and Technology,
Ministry of International Trade and Industry, Tsukuba, JAPAN

Abstract

The purpose of this paper was to introduce an inter-
nally powered functional prosthetic hand with a volun-
tary closing function, which was developed by using robot
manipulator technology. From electromyographic and
three dimensional analyses of human grasping move-
ments, we found that, if the wrist joint is fired and the
thumb moves in a diagonal direction, the compensation
of lifting the shoulder and elbow joints decreases. The
ezperimental results demonsirate that the thumb move-
ments of flexion and radial abduction play en important
binematic role in human grasping movements. Machin-
ery for an internally powered functional prosthetic hand

that can drive four fingers with two joints by a single

cable is proposed. Tendon transmission in the machin-
ery is useful for the hand to drive the finger joints. We
suggest the following results ; {1) the hand we developed
has passive compliance, (2) and can grasp objects with
a cross section of different diameters,

1 Introduction

Upper extremity prostheses developed so far can be
divided into four types: 1) a cosmetic type, used to cover
the lost limb; 2) an arm capable of performing tasks; 3
a functional prosthesis; and 4) an externally power
prosthesis [1].

The functional prosthesis is actuated by the remain-

ing function in the limb, such as the movements of the -

shoulder and the shoulder girdle, and the prosthesis is
controlled by a cable. This is called an internally pow-
ered prosthesis. 7

The hand of the internally powered prosthesis has
either a voluntary opening or voluntary closing function.
The former type involves a cable to open the thumb and
other fingers that are supported by a rubber band or
spring. The latter type involves a similar function to
close the hand.

This study was under taken to develop an internally
powered functional prosthetic hand with a voluntary
closing system. With the use of a cable from the harness
to the hand, the amputee patient may receive sensory
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Fig. 1: Experimental design

’lixeed(-lback‘ while using an internally powered prosthetic
and.

Therefore, an internally powered functional pros-
thetic hand with a voluntary closing function, was devel-
oped by using robot manipulator technology and elec-
tromyographic (EMG) and three dimensional video (3D)
analyses of human grasping movements.

-2 Methods

In this éxperiment, three male subjects performed
the required tasks 12 times. A long opponens splint was
applied to the right hand. Then, EMG analyses and
3D analyses were performed according to the following
procedures.

Figure 1 shows the subject and the object to be
grasped. The subject was instructed to sit at a des-
ignated table, pick up the object, and transfer the ob-
ject as indicated. The object was placed 0.18 meter in
front of the subject, and the object was to be move 0.36
meter forward. In order to analyze the effects of the
constraints on the wrist and thumb movements, the fol-
lowing four experimental conditions were used: C1) Free
wrist joint and free thumb movement = human like, C2)
Fixed wrist joint and free thumb movement, C3) Free
wrist joint and fixed thumb movement = as with an ex-
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(a) The upper limb model 7 d.o.f.

b4
z

(b) The upper limb model 11 d.o.f.

Fig. 2: The link model

ternally powered functional prosthetic hand, C4) Fixed
wrist joint and fixed thumb movement = as with the old
internally powered functional prosthetic hand.

The long Opponens.splint was adjusted to conform
to the differens by using a dial lock at the wrist joint
and a removable thumb rest.

When the subject performed the tasks requested,
EMG and 3D arm movements were measured. The
EMG data were measured from seven muscles: Ch.1,
trapezius (upper fibers); Ch.2, deltoid (anterior fibers);
Ch.3, deltoid (middle fibers); Ch.4, biceps brachii; Ch.5,
triceps brachii; Ch.6, wrist extensors; and Ch.7, wrist
flexors.

The joint angles were calculated from the coordinates
of the markers used for the 3D analysis by using one
model with seven degrees of freedom and three links

and one model with 11 degrees of freedom and five links

(Fig. 2). Markers were attached to the upper sternum,
acromion, lateral epicondyle process, posterior wrist be-
tween the radial styloid process and ulnar styloid pro-
cess, metacarpophalangeal (MP) joint of the index fin-
ger, and nail of the thumb and index finger. A marker

was also suspended from the ceiling to just above the

top of head.

When the subject completely straightened his arm,
all the joint angles were at zero, and the counter-
clockwise direction was the postive rotation direction.

3 Results

3.1 An example of an experiment (Fig. 3)

The photograph shows the subject and ‘the typical
six marker points. At the right of the photograph is a
stick picture of the x and 2z axes of the hand movements.
The changes in joint angle positions for eight of the nine
joints (excluding the wrist joint) is shown. The EMG
results for the upper trapezius, middle deltoid, and an-
terior deltoid muscles are also shown. It can be seen
from the joint angle results that the shoulder girdle and
shoulder joint movements are large. The EMG results
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Fig. 3: Examples of the experimental results of the
human grasping movements

from the three above muscles show that these muscles
have more movement than the vest of the muscles ex-
amined.
3.2 EMG analyses

In order to examine the muscle activity during manip-
ulation, the EMG signals were measured, and they were
rectified and integrated. Table 1 shows the mean and
the standard deviation of the integrated EMGs during
grasping movements under the four different constraints.

As can be seen in the mean results from all yhe chan-
nels, muscle activity in C4 is great, which most likely
means that the subject uses an exaggerated position to
produce a movement. Comparing C2 and C3, C2 is gen-
erally smaller than C3, because a free thumb probably
makes it easier to move the hand than does a free wrist.

3.3 Motion analyses (posture)

We examined what posture a.subject assumes when
lifting an object. Eight angles above the wrist joint were
tested (Table 2). The eight angles include the following
: 6, Lateral trunk bending to the right, 6; Trunk hy-
perextension, 83 Trunk rotation to the left, 84 R§ght
shoulder girdle depression, 85 Shoulder girdle elevation,
8¢ Shoulder abduction, 87, Shoulder internal rotation,
8s Elbow flexion.
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Table 1: Mean values and standard deviations of the integrated EMG during grasping movements

Subjects A B C
Electrodes Condions claelalalcadlalalalcalc]olc
Ch. 1 |Mean[mVmses] || 58.3] 576 70.8] 84.01.51.4] 105.2] 99.8] 99.9] 49.1] 92.3] 91.3] 1202
Standarddeviation || 3.3] 491 52| 14.3]] 5.0, 8.4 95 90 4.5, 7.8] 9.1 122
Ch.2  |Mean[mVmsec] || 31.4] 34.4] 42.6] 68.3] 42.3) 43.8] 65.4] 88.2] 22.8] 30.5] 31.9] 38.9
Standarddeviation || 2.9] 2.11 4.9] 6.0l 3.8] 4.8] 4.6 65] 14l 16| 20| 52
Ch.3  |Mean[mVmsec] || 29.4] 30.6] 38.3] 62.71l 36.0] 34.7] 40.7] 50.7]] 8.1 63.0] 65.1| 7.8
Standarddeviation || 2.7]  2.5]  4.3] 3.0 32| 30| 25 271 3.1] 56| 3.5 3.4
Ch.4  |Mean[mVmsec] || 23.6] 18.2] 21.5| 26.8] 22.4] 253 25.1| 247 17.4] 297, 19.8] 272
Standarddeviation | 3.0] 12| L1| 23]l 18] 1.7 2.6 24l 23] 1] 19 3.
Ch. 5 |MeanfmVmsec] || 39.8] 23.9] 22.7] 294l 11.5] 8.6] 1L8] 17.8] 10.5] 14.8] 16.6] 16.8
Standarddeviation || 9.5]  S5.71 2.7] 4.5 13| 08| 06 il 05] LS| 23] 64
Ch. 6 |MeanlmVmsec] 9.8 100] 9.8 17.5] 10.6] 90| 18.1] 20.8] 282 17.2] 28.0] 18.5
Standarddeviation || 1.2]  0.9] 10 L8| L1l 04] 23] 3.1] 298 3.0/ 30| 3.
Ch. 7 |Mean(mVmsec) 9.9] 89| 104] 113]] 1a.8] 1171 16.5] 17.0] 11.5] 23.2] 14.2] 268
Standarddeviation ]| 1.2] 11| L1l 19 13| 0.7 17| 121 15| a.1] 28] 5.3
Toal  |Mean{mVimsec] || 202.2] 183.5] 216.1] 299.0]] 189.1] 238.4] 277.4] 319.11| 197.6] 270.8] 266.9] 316.2
Standarddeviation || 23.8] 18.4] 20.3] 34.8] 17.4] 19.7] 242] 26.0) 162 25.5] 24.6 38.7
Conditions: i

C1. Free wrist joint and free thumb movement
C3. Free wrist joint and fixed thumb movement

C2. Fixed wrist joint and free thumb movement,
C4., Fixed wrist joint and fixed thumb movement

Table 2: Joint angles when lifting objects

Joints Subjects A B ! - C
Conditions ct {2 '3 ] ca ctlalcalicgia’  calacalc
€, | {Mean[deg.] -12.7) <161 -14.7] -1631 -12.1] -12.50 -140] -146} 741 98] 94| -147
Standarddeviation 1.8  24] 091 23 1.2 1.6 20 16 0.8 2.1 18l 39
8 ; | |Meeanfdeg.) -1 247 373 -3890 -u78l 317 -385] -41.0) 2080 -249] 2711 -306
Standard deviation 1.4 1.8 32 1.7 2.4 19 200 36l 21 34 34| 49
-8, | Mean{deg.) =260 -421 54 133 720 1571 154 2200 -83] 62| 82 125
___ | |Standarddeviation 2.1 14 1.8 1.5 1.5 1.4 231 21 1.4 17l 21 24
8 . | |Meanfdeg} -14.3] -14.4] 1791 2651 -4.8] 9.5 -155]. 212 237 950 791 -137
Standarddeviation 1.8 1.8 1.3 1.7 130 08 220 37 0.8 1.5 1.4 1.3
8 s ||{Mean[deg.] 7891 72,3 6770 6611 841l 929 820i 79.0if 9L7 928 934 90.0
Standarddeviation L7 22 1.4 1.6 0.3 160 31t 50 1.6 21 1.8 37
€ . | Mean[deg.] 205 183 52 L8l -67] -13.1] -2011 -223 8.2 -431 110l -119
Standarddeviation 200 27 1.8l 24 33 1.4l 21 2.1 3.3 38 2.1 29
6 5 ||Mean{deg] 404! 4031 47.61 2941 449 2840 2941 166l 298] 237 2710 159
Standarddeviation 421 531 291 30 1.6 .91 331 24 3.00 48 3.5 3.5
6+ |{Meanfdeg.] s0.90 s61] 767 786l 455! - 3770 4921 559l 450! 3630 366] 434
Standarddeviation i} 3.6 2.9 4.3 2.41 1.9] 29 431 7.1 33 48 4.2 5.7
Conditions:

C1. Free wrist joint and free thumb movement
3. Free wrist joint and fixed thurab movement

A similar change was noted in the 4y, 02, 83, 84, and
05, angles in all three of the subjects. The change gets
létiger with each condition of fixation, respectively (C1-

3.4 Analysis of the manipulability ellipses
and manipulability

We computed the manipulability ellipses and manip-

ulability {%}-[4} to determine from a kinesiological view-

point the degree of ease of movement of the hand. We

viewed the movements from the top, back, and side. The

C2. Fixed wrist joint and free thumb movement
€4, Fixed wrist joint and fixed thumb movement

ellipses are shown in Fig. 4, and the differences in the
diameters express the difference in ease of movement.
The longer the diameter is the easier it is to move. On
the contrary, the shorter diameter shows that the move-
ment is more difficult. The smaller ellipse was computed
with the seven degrees of freedom and three links model.
The larger ellipse was computed with the 11 degrees of
freedom and five links model. According to our calcula-
tions, the more joint freedom available produces a more
easily moveable hand.
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Fig. 4: Manipulability ellipses during the grasping movements

Table 3: Evaluation of manipulability during the grasping

Link Subjects A B ) C
Models {| _ Conditions ci | ¢2 1 c3 Jcallcrlclcal ca cl | c2 ] c3 1 c4
Mi Mean 0.354] 0.357] 0.317] 0.275li 0.319] 70.301 0.31 0.286]1 0.293] 0.332] 0.333} 0.327
Standarddeviation )] 0.0111 0.017] 0.018] 0010}l 0.009! 0008 001 0.114i 00071 0.013] 0.014; 0.019
M2  jiMean 0.065] 0.059] 0.067] 0.059]] 0.0591 0.043] 0.053] 00sii 0.061] 0.043] 0.045| 0.046
Standarddeviation | 0.002/ 0.003| 0.00il 0,002/l 0.001] 0002 0.002] 0003/ 0.002] 0.005| 0.004] 0.005
Conditions:
C1. Free wrist joint and free thumb movement C2. Fixed wrist joint and free thumb movement
C3, Free wrist joint and fixed thumb movement C4, Fixed wrist joint and fixed thumb movement
Linkmodels:

- MU, 5 links and 11 joints modek(for C1 and C3) or 4 links and 9 joints model(for C2 and C4)
M2, 3 links and 7 joints model(for C! and C3) or 2 links and 5 joints modei({for C2 and C4)



kick spring

Fig. 5: Prosthetic hand model : control of two joints

Fig. 7: Prosthetic hand model : control of four fingers

Fig. 6: Pliant prosthetic hand

When comparing C1 to C2, C3, and C4, it can be seen
that C1 (free wrist joint and free thumb movement) af-
fords the easist hand mobility. C4 is the hardest.

Next, we calculated the manipulability (Table 3), and
this shows the volumes of the ellipses, which shows the
capability of movement. All three subjects showed no
common movements with the 11 degrees of freedom and
five links model. However, with the seven degrees of
freedom and three links model, manipulability decreased
when the wrist is fixed (C2 and C4).

4 Discussion

From the analysis of human grasping movements, it
has been shown that the free movement of either the
thumb or wrist joint makes grasping movements easier.
Because it is difficult to control the wrist joint through a
cable, the thumb mechanism that is free to abduct was
adopted for the new prosthetic hand.

4.1 Machinery for driving two joints

The commercialized internally powered functional

prosthetic hand given to most patients is controlled by
a cable that moves the links. This structure is ve

reliable. However, the proximal interphalangeal (PIP)
joints can not be moved. That is why the authors de-

Fig. 8: Grasping ability for various sizes and shapes

cided to use a wire-pulley type. As seen in Fig. 5, we
made a model in which the MP and PIP joints could
both be moved. :

Flexion is produced by a cable, and extension is pro-
duced through a spring, which made the fingers compli-
ant (Fig. 6).
4.2 Machinery for driving four fingers

" We developed a system which moves four fingers at

the same time (Fig. 7). Pulleys are placed between the
second and third fingers and between the fourth and
fifth fingers. The wire is wrapped around the pulley
twice, Another pulley is placed a little more proximally,
and a wire, that goes from the center of one distal pulley
to the center of the other, is also wrapped around the
proximal pulley twice., The proximal pulley is attached
to the cable by a wire.

Through this mechanism, even if one finger is stable,
the other fingers can still move. Consequently, a wine
glass can be held in this hand (Fig. 8):

4.3 The concept of a design for a new pros-
thetic hand
As seen in Fig. 9, we designed a new prosthetic hand

that has the ability to move the MP and PIP joints, four
fingers at the same time, and a thumb which can move
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Fig. 9: The concept of a design for a new prosthetic hand

in a diagonal direction between palmar abduction and
radial abduction. '

The control is a voluntary-close type prosthetic hand.
This is a totally new type of prosthetic hand.

5 Summary '

In this paper, from the electromyograhic and three-
dimensional video analyses of human grasping move-
ments under different conditions, we found that, if the
wrist joint is fixed and the thumb movees in a diago-
nal direction, the compensating movement of lifting the
shoulder girdle, shoulder and elbow joints decreases.

Finally a new voluntary closing functional prosthetic
hand, with a diagonally moving thumb was developed.
This hand has passive compliance and can grasp objects
of a cross section of different diameters.
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