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Abstract

The purpose of this paper is to develop an internally
powered functional prosthetic hand. First, the me-
chanical properties of commercialized functional pros-
thetic hands are ezamined. From the measurements of
hand forces and finger motion, it is concluded that a
patient needs quite large force to manipulate the pros-
thetic hands, so that the delicate conirol of the grasp-
ing movement is very difficult. Then, the effects of
the movement of the thumb in human grasping actions
are analyzed. The experimental results show that the
movements of the thumb play an tmportant kinematic
role in human grasping movements. Finally, these re-
sulis have brought about the development of a new type
of iniernally powered functional prosthetic hand.

1 Introduction

Upper extremity prostheses which have been de-
veloped- 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 prosthe-
sis; and {4) an externally powered prosthesis.

The functional prosthesis is actuated by the remain-
ing function in the limb, such as the movements of the
shoulder and the shoulder girdle. This is called an
internally powered prosthesis.

The hand of the internally powered prosthesis have
either a voluntary opening or voluntary closing func-
tion. The former type involves a cable to open the
. thumb and other fingers that are supported by a rub-
ber band or spring. The latter type involves-the simi-
lar function to close the hand [1].

This study is intended to develop a hybrid type
functional upper-extremity prosthesis for the patient
~with 'a below-elbow amputation. The hybrid type
is characterized by an internally powered voluntary
opening and closing of the prosthetic hand and an
externally powered forearm for controlling forearm

pronation and supination. With the use of a cable
from the harness to the hand, the patient may re-
ceive sensory feedback while using an internally pow-
ered prosthetic hand. In this paper, we focus on the
development of this prosthetic hand.

Through analyses on the mechanical properties of
commercialized functional prosthetic hands and the ef-
fects of the movement of the thumb in human grasping
actions, two problems are found in the internally pow-
ered functional prosthetic hands, The first problem is
that the voluntary opening or voluntary closing is re-
sisted by a spring or rubber band, so that the patient
has to work against it. The second problem is the re-
stricted movements of the thumb and the wrist joint in
the opening and closing movements of the prosthetic
hand. During movements, the thumb only moves in
an opposite direction of the index finger and middle
finger, and the wrist joint is fixed. The first problem
leads to excessive force to control the hand, and the
second problem leads to an unnatural posture to ma-
nipulate the prosthetic hand. Therefore, we need to

" introduce a new type of prosthetic hand.

2 Methods

2.1 Analysis of the commercialized func-
tional prosthetic hands

For ten kinds of internally powered functional pros-
thetic hands, nine voluntary opening hands and one
voluntary closing hand, we measured a traction force
with the control cable, a distance between the finger-
tips of the thumb and the index finger, and a pinch
force. We removed the cosmetic glove when we mea-
sured the forces and the distance.

The equipment used for measuring the traction
force of the control cable is comprised of a part that
fixes the hand and a handle for the control of a traction
force as shown in Fig. 1 (a). A spring scale is inserted
between a cable attached to the hand and the handle
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(a) Equipment to measure the traction force.

-(b) Equipment to measure the pinch force.

Figure 1: Equipments for measurement of the trac-
tion force of the qontrol cable and the pinch force of
functional prosthetic hands.

to measure a force. The distance between fingertips is
measured with calipers.

By gradually increasing the traction force by the
handle, we measured the force for every 5 mm the
distance between fingertips changed, until the distance
reached the longest. Then, we gradually decreased the
traction force, and observed the relntxonshlp between
the force and the distance.

‘Next, the pinch force was measured by two vertical
tabs on a pipe attached to the spring scale as shown
in Fig. 1 (b). A pulley was used to reduce the fncuon
between the pipe and vertical tabs.

When the hand pinched the two tabs, the pinch
force were measured for every 5 mm the distance be-
‘tween the fingers changed.
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Figure 2: Analysis of human grasping movements.

2.2  Analysis of human graspi‘ng move-

ments

In this experiment, one subject, male, aged 48
years, performed the required tasks three times.
A long opponens splint was applied to his right
hand. Then, electromyographical analysis and three- ‘
dimensional motion analysis were performed according
to the following procedures.

Figure 2 (a) shows the subject and the object to
be grasped. The subject was instructed to sit at a
designated table, pick up the object, and transfer the
object as indicated. The object was placed 0.32 m
in front of the subject, and moved 0.12 m forward.
In order to analyze the effects of the constraints on
the wrist and thumb movements, the following three
experimental conditions were used (Fig. 2 (b)):

1. Both:the thumb and the wrist joint were fixed.

2. The wrist was able to move freely, and the thumb
was fixed.

3. The wrist joint was fixed, and the thumb was free,
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Table 1: The measured traction force and pinch force
for ten commercialized prosthetic hands.

Traction force Pinch force
Fingertps distance | Fingertips distance
No.{ Hand Status fem | 3em | Sem | lem | 3em | Sem
Ovpening 12.1Kgf {2.2Kef [3.3Kgf] 1.2Kgi | 10Kt | 1.5Kgh
vio | Closing 11.1Kef} 1.4Kar|2.2Kar} 0.3Kgf {0.3Kgr10.5K gt
21 Dor.M | Opening [ 1Kgf |2, 1Kgf ] 1.9Kgf 1 4.2Kef 14.3Ker 13. 7Kg
v/ | Closing {1 1kef10.7Kef {0.5Kgr| 3.0Ker{2.8K5f12.0Kpf
31 Dor.L | Opening |5.7Kgf17.3Kgr | 7.0Kgr| 9.0Kgr 14.9Kgr | 3.8Ke!

v/O | Closing |3.4Kef[4.5Ker |4.6Kgr] 3.0Kpr | 2. 1Kgr{ 2.0Ker
Rob, soft | Opening }6.0Kef |8.0Kgf | 9.5Kal] 7.1Kef |6.0Kgf 1 7.5Kgf
v/ | Closing [2.8Kgr]3.3Kgr}3.0kgr} 0.6Kpr} 1.6Ker]2,9%er

o~

- 51 Rob.M | Opening |4.9Kgr | 7.8Ker |9.5Kgf
viO Closing  {3.0Kgf {4.2Xgf 13.2Kgf
6] Ouo.S | Opening {1.9Kef{2.8Kgr 14.0Kef {.5Kpr|2.0Kgr | 2.8K g
VIO Closing  10.2Xgr{0.3Kgr | 1.2K 211 0.6Kgf {0.8Kgr]1.0Ker
7] Pass. Opening |2.4Kgf | 3.3Kgf {4.4Kgr ] 1.4KgF 120K 1 3.3Kef

v/o | Closing }1.7Kgr]2.2Kgr12.6Kg6] 0.6Kgr 0.8 g | 1.0Kgr
8] Beck.M | Opening {8.3Kgf | 8.8Kgf|8.9Kgr] 2.7Kgf 1 3.5K30 | 3.6Ksl
vio | Closing |1.7xgr{2.4%pr |2.3Kgf] 0.6Kef ] 1.0Kpr | 1. 2Ker
91 Beck.P [ Opening |4.4Kef|6.5Kgf | B8Ry L4AKgr | 2.0Kgr | 3.3Kgs
VO  j Closing {1.8Kgr!2.5Kkef13.4K5r10.6Kee | 1. dKpr{ 1.9%ps

; Opening {2.7Kgf 1 2.8Kgt Lockf Lock]
viC Closing 12.4Kgf | 2.2Kgf Lock] Lock

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

When the subject performed the tasks re-
quested, electiromyographical (EMG) signals and
three-dimensional arm movements were measured.
The EMG data were measured from seven muscles:
1ch, trapezius {upper fibers); 2ch, deltoid (ante-

rior fibers); 3ch, deltoid (middle fibers); 4ch, biceps

brachii; 5ch, triceps brachii; 8¢h, wrist extensors; and
Tch, wrist flexors.

The joint angles were calculated from the coordi-
nates of the markers used for the three-dimensional
video analysis by using a 7 degrees of freedom model
with three links (Fig. 2 (¢)). Markers were attached
at upper sternum, acromion, lateral epicondyle pro-
cess, radial styloid process, ulnar styloid process, and
metaphalangeal joint of the index finger. When the
subject completely straightens his arm, all the joint
angles are at zero, and the counter-clockwise direction
is defined as the positive rotational direction.

3 Results
3.1 Mechanical properties of the commer-
cialized. functional prosthetic hands

Table 1 shows the results of the measured traction

Kgfy
10k Dor. V/O. M.
. Pinch force
8 i iy Opening
6k —ded= Closing
41 0000000 00 Traction force
2 b ~a—g Opening
L =~ Closing
Y 2 4 6 8
Distance, cm
{a) Hand No. 2
Kgfy |
" Beck. M. V/O :
10 ; Pinch force

3t ~o~o~ Opening
3 —drde Cloging -
6 b
4t Traction force
2 : ~a—8- QOpening
i g Closing
i i 3 3. 1 X i
0 2 4 6 8
Distance, cm

{b) Hand No. 8

Figure 3: Changes of the measured traction and pinch
forces depending on the distance between fingertips.

and pinch forces for ten kinds of the commercialized
prosthetic hands. Figure 3 (a) indicates the charac-
teristics of the hand No. 2. The pinch force is always
maintained above 2 kgf and higher than the corre-
sponding traction force. The distance between the fin-
gertips is highly affected by subtle changes in traction
force, so that it is very difficult to control the distance
accurately. Also the pinch force decreases when the
distance between the fingertips is more than 50 mm.
This means that grasping larger objects tends to be
more difficult. »

The results of the hand No. 8 are also shown in
Fig. 3 {b). It should be noted that the pinch forces
of the hands numbered 3, 4, 5, 8 and 9 are smaller
than the traction force. Also, it has been found that
the pinch force is smaller during hand closing than the
one during hand opening.

3.2 Human grasping movements

Figure 4 shows examples of the experimental re-
sults, where y and z coordinates of the marker on
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Figure 4: Examples of experimental results of the human grasping movements.

the index finger, the shoulder joint angles (6;,0;,65
as shown in Fig. 2 {¢)), and the EMG signals (chan-
nels 1, 2, 3} are plotted.

When both the wrist joint and thumb are fixed, the
shoulder joint angle 6, shows little movement during
grasping movements (from ¢ = 0.3 [s] to ¢ = 1.0 [s]
in Fig. 4 {a)), and shoulder elevation is obviously ob-
served. Also the EMG of the channels 1 and 3 show
large amplitudes. Considerably high muscle activity
is necessary for the grasping movements. This can
be also confirmed by the photo of the subject during
the experiment as shown in Fig. 4 (a). The compen-
satory shoulder and elbow movements. are observed

under this constraint, which make the use of this sim- .

ulated prosthetic hand difficult.

In order to examine the muscle activity during ma-
nipulation, the EMG signals were measured, and they
were rectified and integrated. Table 2.shows the mean
and the standard deviation of the-integrated EMG
during grasping movements under three different con-
" straints.

The averages of the mean integrated EMG for all
channels were also computed, and it can be seen that
the average EMG was the highest when the wrist joint
and thumb were fixed. In particular, the mean val-
ues corresponding to the channels 1 and 3 were much
bigger than others. This was caused by the shoulder
elevation and abduction movements. :

~ Next, the manipulability ellipses, the manipulabil-
ity measure, and the condition number were calculated
for the three-link model [2], [3], [4]. Figure 5 shows the
manipulability ellipses, and Table 3 shows the manip-
ulability measure and the condition number.

The long axis of the ellipse shows the direction in
which the velocity of the end-point of the arm is easily
produced by the joint velocity. The manipulability
measure is in proportion to the area of the ellipse, and
the condition number is the ratio between the long
and short axes of the ellipse. The closer the ratio is to
one, the closer the ellipse is to a circle.

As seen in Fig. 5 (a), when both the wrist and
thumb are fixed, the manipulability ellipses elongates
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Table 2: Mean values and standard deviations of the integrated EMG during grasping movemefits

(a) Both the wrist joint and the thumb are fixed

5

Conditions Electrodes chi ch2 ch3 | chd ch5 ché ch? Averuge
Fined wrist ot and_| | Mean {mVsoc] %57 | 360 | 44| 354 84| 126 235 | 357
fixed thumb mo Standard deviation 40 3.5 8.6 3.9 071 1 1.6 18
g | Mot | 320] #56] 0| 0] 86| 155 212 281
fixed thumb movement} | Siandard deviation 159 48 0.6 27 1.2 2.8 1.3 2.1
Fixed wris ot and || Mesn tmVse 358 407 | 168 345] 79| 83| 177 231
free thumb movement || Standard devintion 52 0.9 0.4 1.2 0.7 01 14 0.6

(b) Wrist joint is free and the thumb is fixed

S

(c) Wrist joint is fixed and the thumb is free

Table 3: Evaluation of manipulability during grasping

movements.

Conditions. Indeces” | Manipulability Condition number
Fixod wrist joint and || Mean valve 0.108476 0.721523
fixed thumb Stariard deviati 0.000891 0.017900
Froe wrist jointand Mean valve . ‘ - 0.113141 : 0.872659"“0
fixed thumb Standard deviati 0.000075 0.007486
Fixed wristjoint and || ME3n value 0.111615 0.850339
free thamb tard devi 0.002237 0.083422

Table 4: Trunk motion during grasping miovements.

Conditions- Indeces d{m] 8 {deg.]
Fixed wrist joint and Mean {mVsec] 0.2810 37300
fixed thurmnb movement{] Sindard devintion 0.0335- 5.6862
Froe wrist joint and Mean [mVsec] -0 iéigﬂ» 14.700
fixed thumb mo: Standard deviation 0.0055 0.5774 -
Fixed wrist joint and Mean [mVsec] 0.1290 13.700
free thumb movement || Standard deviation - 0.0139 25166

‘d: Moving distance of the shoulder joint
& Accumulative angle of the rotation of the trunk

along y axis, and the manipulability measure is smaller
than the ones under the other two conditions.
Forward shoulder movemenis and trunk rotation,
which were estimated from markers on the shoulder
and sternum, are also shown in Table 4. These move-
ments become large when the wrist and thumb are

fixed.

Figure 5: Manipulability ellipses during the grasping 4 Discussion

movements,

First, we have analyzed the mechanical proper-
ties of the conventional voluntary opening and closing
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Figure 6: The developped voluntary opening and clos-
ing hand. '

prosthetic hands, and shown that some difficulties in
the control of the hands exist. For example, in order
to change the distance between the thumb and the in-
dex finger, a large force of the shoulder is necessary:
Also with the voluntary opening prosthetic hands, the
pinch force is weak when closing the hand to grasp.
Mechanical stiffness caused by the spring, the rubber
and the cosmetic-cover also make the hand difficult
to be used. Therefore, we decide to develop a new
voluntary opening and closing prosthetic hand.

From the analysis of human grasping movements,
. it has been shown that the free movement of either
the thumb or the wrist joint makes the grasping move-
ments easter. Because it is difficult to control the wrist
joint through a cable, the thumb mechanism that is

free to abduct is adopted for the new prosthetic hand..

Figure 6 shows the voluntary opening and closing
prosthetic hand developed [5], the thumb of which can
move. in a diagonal direction between palmar abduc-
tion and radial abduction..

This internally powered hand is controlled by a pair
of cables which alternately control a disk contained in
the palm of the hand, and a link connected to the
rotating disk opens and closes the fingers. It should
be noted that there is no stiffness about the rotation
of the disk.

Figure 7 shows the relation between the traction
force and the pinch force when closing hand. It can be
seen from figure that the relation is almost linear. It
can be expected that this hand is superior in function
as compared to the conventional ones.

5 Summary

In this paper, first, the commercialized functional
prosthetic hands have been analyzed. Problems of the
conventional prosthetic hands such as large force re-
quired in grasping motion and high stiffness of hand
movements have been pointed out. Then, from the
electromyographic and three-dimensional analyses of
the human grasping movements, we found that if the

Pinch force

Kgfl
b1 v.0.C. hand
64
4
B Pinch force
b ~o-e~ with cover
i —¥ese~ without cover
K i L i L i i3 i i
Y 2 4 6 8 10 Kgf

Traction force when closing hand

Figure 7: The relation between the traction force and
the pinch force of the voluntary opening and closing
hand.

wrist joint is fixed and the thumb moves in a diagonal
direction, the compensating movement of lifting the
shoulder and elbow joint decreases. Finally, a new vol-
untary opening and closing prosthetic hand has been
developed, which has a diagonally moving thumb.
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