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Recently, myoelectric hand prostheses produced by

the combination of 3D-CAD and printer have gained

attention. 3D printing of hand prosthesis has resulted

in cost reduction. However, when an electric actuator

with reduction gears is used as the driving source of

the hand prosthesis, the joint rigidity becomes high;

therefore, compliance control is required to grasp soft

target objects. In this study, we propose a pneumat-

ically driven hand prosthesis using a flexible bellows

actuator. The hand prosthesis is lightweight and inex-

pensive because it is self-powered and generates com-

pressed air through the supination motion of the user’s

forearm instead of an external compressor, which is

essential for conventional pneumatic systems. Stable

flexible grasping of the target object was achieved by

driving a five-finger hand using this system.

Keywords: pneumatic, hand prosthesis, flexible grasp,

back-drivability, self-powered

1. Introduction

Recent technological innovations in rapid prototyping,

such as 3D-CAD and 3D printers, have been remark-

able. This technology is actively used in the develop-

ment of prototypes in the manufacturing field, which con-

tributes to a reduction in lead time and production cost.

In the medical field, the manufacture of mouthpieces for

orthodontics and hearing aids [1] is expected. In the

prosthesis field, a drastic reduction in the time required

from measurements for casting to manufacturing is ex-

pected [2, 3]. This study focused on active hand prosthe-

ses, which have been made easy to produce owing to the

spread of 3D printers. It has been reported that students in

an occupational therapy department use free data to pro-

duce myoelectric hand prostheses that are lacking in clin-

ical sites [4]. In the background of this, there is a fact

that the myoelectric hand prostheses have hardly spread

in the society because they are heavy in weight and ex-

pensive in cost while they have a high grasping function

and decorativeness [5, 6]. The market of hand prosthe-

ses is small compared to general industrial products, and

they are mostly custom-made, which are produced in ac-

cordance with the stump and forearm length of the user.

Therefore, its cost is inevitably high. To reduce it by uti-

lizing the features of rapid prototyping, myoelectric hand

prostheses and hands using 3D printers have been actively

developed [7–17]. Their driving sources are generally

classified into electricity [7–12, 14], hydraulic, water [13],

and pneumatic [14–17]. When an electric actuator with a

reduction gear or hydraulic actuator is used as the driving

source, a large grasping force can be expected. In con-

trast, the joint rigidity of the hand is extremely high that

there is no back-drivability. Therefore, it is impossible

to passively respond to external and contact forces from

the target object. Thus, it is difficult to perform flexible

motion and grasping. This suggests that achieving flex-

ible grasping requires compliance control using a force

sensor. In addition, the pneumatic actuator uses air com-

pressed by compressor as the medium. The actuator it-

self is lightweight and soft and capable of reducing joint

rigidity; thus, it enables passive flexible grasping with-

out compliance control. In both electric and fluid driv-

ing, an external power source, such as a battery or com-

pressor tank, is necessary, which increases the weight and

cost. Focusing on this point, the authors developed a self-

powered pneumatically driven hand prosthesis in a previ-

ous research [18]. This hand prosthesis generates com-

pressed air through the supination motion of the user’s

forearm and achieves direct drive of the hand. There has

been research on an self-powerd hand prosthesis [19] as

a proposal for the self-powered equipment of a hydraulic

system, being complicated and large in weight. This is a

common problem that arises also in the case of construct-

ing the self-powered equipment by electric and hydraulic

systems, which becomes a defect in weight and cost of

generator and pump unit. As a drive source of the ac-

tive hand prosthesis, pneumatic driving is more desirable

than electric or hydraulic because it is self-powered and

results in flexible grasping. In fields other than active hand

454 Journal of Robotics and Mechatronics Vol.34 No.2, 2022

© Fuji Technology Press Ltd. Creative Commons CC BY-ND: This is an Open Access article distributed under the terms of

the Creative Commons Attribution-NoDerivatives 4.0 InternationalLicense (https://creativecommons.org/licenses/by-nd/4.0/)



Self-Powered 5-Finger Pneumatically Driven Hand Prosthesis

prostheses, there is intensive research on lightweight and

low-cost self-powered systems, such as pneumatic walk-

ing support shoes by Takaiwa et al. [20, 21], a spring-type

walking assistance device by Sano [22], and workwear us-

ing rubber from Daiya Industry Co., Ltd. [23]. Our previ-

ously developed self-powered pneumatically driven hand

prosthesis [18] had 2 fingers. However, most of the hands

in previous studies [7–17] have 5 fingers. A multi-finger

configuration is essential for wrapping an object, includ-

ing a soft target, making each finger fit to the shape of the

target passively and achieving a flexible grasp in a dexter-

ous manner.

Therefore, this research proposes a 5-finger pneumat-

ically driven hand prosthesis with pressure control us-

ing a microcomputer by extending the previously reported

2-finger self-powered pneumatically driven hand prosthe-

ses [18]. For the 5-finger hand, the one developed in [24]

by the authors is used. We drive it without an external

compressor aiming at the flexible grasp as wrapping the

target object, which has been difficult with the 2-finger

hand [18].

2. Structure and Drive Principle of

5-Finger Pneumatically Driven Hand

Prosthesis

In contrast to the 2-finger case, the 5-finger hand re-

quires more air to operate. It is beyond the amount gener-

ated by a single pumping. Therefore, in this study, the re-

quired air quantity was supplied through multiple pump-

ing, using a microcomputer to control the pressure.1 Con-

trolling the pressure has several advantages. First, set-

ting a reference pressure can limit the maximum grasping

force and prevent damaging to soft target objects. Sec-

ond, the grasping force can be finely adjusted. In our

system, the pressurization is up to the human while the

depressurization is done by the automatic control. There-

fore, there is a state in which the pressure is maintained

equal to or less than the reference pressure. Normally,

when a check valve is used as in our case, it is impossible

to return from a state of high pressure caused by exes-

sive pumping. However, this control system reduces the

bellows pressure via valve control slowly enough not to

distrub grasping. The user can finely adjust the grasping

force (pressure) by increasing the number of pumping and

the holder angle while looking at the target object. Third,

opening the valve makes it possible to release the target

object instantaneously. Note that the check valve intro-

duced this time to realize multiple fingers configuration

does not allow the depressurization via a reverse opera-

tion of the pump. Fig. 1 shows the external appearance

of the self-powered 5-finger pneumatically driven hand

prosthesis. The system consists of various parts: a hand,

socket, drive, and control part. The hand was intended for

flexible grasping similar to the human hand, and it was

1. 2-finger hand in our previous research is a direct drive system and does
not use pressure feedback control.

(a) Front view and side view (hand part) [24]

(b) Overview

Fig. 1. 5-finger pneumatic hand.

designed and produced based on statistical data (dimen-

sion data of hands of the Japanese) of the National Insti-

tute of Advanced Industrial Science and Technology [24].

Specifically, the finger lengths were chosen as follows:

the thumb 65.0 mm, the index finger 80.0 mm, the middle

finger 90.7 mm, the ring finger 86.3 mm, and the little fin-

ger 72.1 mm. This enables grasping like a human. Four-

teen bellows actuators, 15.0 mm in diameter and made

of polyethylene, were installed into each finger joint. The

socket was attached to the user’s upper arm to fix the hand

prosthesis. This hand prosthesis adopts a socket used

in [18]. The supination/pronation of the hand was made

possible by the adduction/abduction of the shoulder of the

user; thus, the target object can be grasped from above or

from the side. The drive part generates compressed air.

The control part consists of a microcomputer and battery

for pressure control.

Figure 2 shows the operating principle of the drive

part. The hand prosthesis converts the supination motion

of the stump inserted in the holder of the user’s forearm

into a linear motion by the cylindrical rib cam and com-

presses the built-in small pump, thereby making the drive

work without external equipment such as a compressor

as in [18]. The pneumatic circuit diagram is shown in

Fig. 2(a). Although this circuit diagram only shows one

joint, five fingers are connected to one another through

tubes, and all the fingers bend simultaneously in an one
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(a) Pneumatic circuit

(b) Detail view

Fig. 2. Drive principle of 5-finger pneumatic hand.

degree of freedom manner. The 2-finger pneumatically

driven hand prosthesis could grasp a rubber ball and a pa-

per cup, but could hardly grasp target objects that require

further dexterity. The use of multiple fingers is expected

to solve this problem. However, the necessary pump ca-

pacity increases to introduce a direct drive without exter-

nal sources. The pressure and volume required to drive

the 5-finger hand were experimentally found to be approx-

imately 80 kPa and 100 cm3, respectively [24]. Yet, the

total amount of the air required for the operation might

be less than that of the hand in a previous research [15],

which used an artificial muscle for the entire finger. Due

to the space limitation, the pump with 100 cm3 capacity

can not be used. Thus, a check valve (CVLU4-4 manu-

factured by Nihon Pisco Co., Ltd.) was adopted for the

pneumatic circuit to achieve the desired pressure and vol-

ume by multiple pumpings. This reduced the pump ca-

pacity and achieved the 5-finger drive without an external

compressor. The stroke and the length of the cylindrical

rib cam of the pump in our previous model are extended

to be stored within an practically allowable space.

The control component is described here. This hand

prosthesis is equipped with a pressure sensor (PSE560-

01 manufactured by SMC Corporation), which monitored

the bellows pressure P, and a potentiometer (RDC50A003

manufactured by Alps Alpine Co., Ltd.), which measured

the rotation angle α of the holder. For the controller, a

small MBED microcomputer (LPC-1768, manufactured

by NXP Semiconductors) was used to drive an inexpen-

sive direct-operated solenoid valve (G010E1, manufac-

tured by Koganei Corporation). A digital servo pressure

control system was constructed and mounted on the hand

Fig. 3. Block diagram [24].

prosthesis body. The control law is a PI control. An

MBED microcomputer was used to adjust the flow rate

of the compressed air going into the bellows by send-

ing a pulse-width modulation (PWM) control signal to the

solenoid valve based on a control signal u generated from

the deviation e between the reference pressure Pr and the

measured pressure P. The maximum reference pressure

(withstand pressure) was set to 100 kPa by strengthening

the bellows adhesive part of the 5-finger hand. The PI

control law is given by Eq. (1), where U(s) is the Laplace

transform of the control input, Kp and Ki are the pro-

portional and integral gains, respectively, and E(s) is the

Laplace transform of the deviation. The gains of the con-

troller were Kp = 0.30%/kPa and Ki = 0.61%/kPa·s. A

block diagram is shown in Fig. 3.

U(s) =

(

Kp +
Ki

s

)

E(s) . . . . . . . . . (1)

The fine adjustment of the grasping force uses the pres-

sure drop caused by the micro leakage of air under a

PWM control. Therefore, although it was not possible

to keep the pressure strictly constant, one can realize an

intermediate pressure transiently by balancing the leakage

and pumping. The reference pressure Pr is selected from

10 values (20, 25, 30, 40, 50, 60, 70, 80, 90, and 100 kPa)

using a potentiometer, which detects the rotation angle of

the holder. Suppose that the current pressure reference is

20 kPa. If the angle of the potentiometer exceeds 2.1 rad,

then the reference is risen up to the next level, 25 kPa.

To prevent an excessive rise, the rise amount is not pro-

portional to the rotation angle. Another full rotation for

2.1 rad is needed to double the increase of the reference.

Thus, the user can simultaneously set the pumping and

reference pressures by adjusting the rotation angle. The

appropriate setting of the reference pressure is performed

by the user while looking at the target object to be grasped

and the finger of the hand. For example, if the target ob-

ject cannot be lifted in spite of multiple pumping, then

the grasping force may be insfficient due to the low pres-

sure reference. The reference should be raised to the next

level. This is easy since the reference does not change un-

less the holder angle exceeds a large amount close to the

physical rotation limit. Even when the reference becomes

too high, the grasp force is adjusted by the depressuriza-

tion effect of the PWM control. The reset switch men-

tioned below only triggers a complete release of the air.

A fine adjustment is impossible by this switch. Because

the contact force acting on the finger varies depending on

the rigidity and shape of the target object, a high grasping

performance is necessary for the hand. Thus, a finer res-

olution of the reference level over the current 10 will be
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(a) Indicator

(b) Reset switch

Fig. 4. Reference pressure indicator and reset switch.

needed. (for example, two or three times). While it en-

ables better grasping from low to high pressure, the user

interface deteriorates. Therefore, this research is taking a

tradeoff between the flexible grasping and the user inter-

face by utilizing the leakage effect being a byproduct of

PWM control. The user can visually recognize the present

reference pressure through the LED indicator installed in

the hand to enhance usability. Fig. 4(a) shows the exter-

nal appearance of the indicator installed at the top of the

pump. In this figure, one LED is lit, indicating that the

reference pressure is 20 kPa. When the reference pres-

sure is nonzero, the five fingers are bent. To extend the

five fingers, the user presses the reset switch installed in-

side the socket, as shown in Fig. 4(b). This causes the

solenoid value opening, the release of the compressed air

in the circuit into the atmosphere and finally, the exten-

sion of the fingers. A box in the control part stores a board

mounting an MBED microcomputer and battery. The box

is attached to the waist belt of the user to distribute the

weight and reduce the fatigue of the forearm.

The specifications of the hand prosthesis are listed in

Table 1. A smooth surface is required for a cylindrical rib

cam that slides with a piston rod. Therefore, it is made of

a Tough 2000 resin using a stereolithography 3D printer

(Form 3l manufactured by Formlabs Inc.). The other com-

ponents were shaped and produced using polylactic acid

(PLA) resin and a fused-modeling 3D printer (MF-1000

manufactured by Mutoh Industries Ltd.). The total weight

was 650 g.

Table 1. Specifications of 5-finger pneumatic hand.

Weight 650 g (without control part)

Power source Self-powered system

Control Pressure control using micro

computer

Hand 5 fingers, 1 degree of freedom

Maximum 100 kPa

supply pressure

Maximum angle Approx. 1 rad

of joint

Size H = 185.0 mm, W = 132.0 mm,

L = 450.5 mm

Fig. 5. 2-finger pneumatic hand.

Fig. 6. 5-finger electric hand.

3. Basic Performance of the Hand Prosthesis

This section presents the quantitative evaluation of the

usefulness of the proposed hand prosthesis. The com-

parison is made against the self-powered 2-finger pneu-

matic [18] and the 5-finger electric [a]. Both hand pros-

theses are shown in Figs. 5 and 6. This 5-finger hand was

selected because the price is between JPY 100,000 and
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Fig. 7. Experiment system.

200,000, which is cheaper than the general electric hand

prosthesis and easy to purchase. Using these hands, a

grasping experiment of soft target was conducted to com-

pare the effects of the multiple fingers configuration, the

pneumatic drive, and the pressure control. Specifically,

the effects of the multiple fingers were confirmed by com-

paring the 2- and 5-finger cases. The effects of pneu-

matic drive and pressure control were verified by compar-

ing pneumatic and electric cases. A heavy-target object

grasping experiment was also conducted for reference.

The test subjects were three healthy adult men (A, B, and

C). The task is grasp the object, lift up about 50 mm and

move 400 mm left from the initial position. Three trials

were conducted. Instead of inserting the stump into the

holder, the test subject imitated the use of the hand pros-

thesis by grasping and rotating the holder with his right

hand. Fig. 7 shows the experimental apparatus. The ro-

tation angle α of the holder was measured using a poten-

tiometer, and the bellows pressure P was measured using a

pressure sensor. The sensor output during the experiment

was recorded using an external PC running on real-time

Linux. The sampling time was 5.0 ms.

3.1. Soft Target Object Grasping Experiment

The target object was a corn chocolate placed in a

cup (cup: colorful bento container No. 9 manufactured

by Japanese Consumers’ Co-operative Union; content:

chocolate coated cone snack, Ryomi 100 Sen (100 Best

Tastes) manufactured by Yamazaki Baking Co., Ltd., to-

tal weight: 48.5 g). The corn chocolate is slippy because

the surface is irregular in shape and coated with choco-

late. Pieces of corn chocolate were placed in a flexible

paper cup and having a point contact against each other

in an unstable manner. Thus, there was a concern that

even a small change in external force or in acceleration

during grasping and moving could cause fall of the corn

chocolate or the cup. The test subject grasps and moves

the target object by the prosthesis in his hand while con-

firming its state. The results of the grasping experiment

are as follows.

The results for the 2-finger hand prosthesis are shown

in Fig. 8. Fig. 8(a) shows sequence of photographs at tim-

ing (A) to (C) shown in Fig. 8(b) of Subject A. Fig. 8(b)

shows the time responses of the holder rotation angle and

the bellows pressure (grasping force). This indicates that,

although the supination angle of the holder was adjusted

the grasping is attempted, the corn chocolate spilled over

from the 2 fingers, and the grasping failed. Subjects B and

C, as shown in Fig. 8(c), also failed to grasp.

The results for the 5-finger are shown in Fig. 9. The test

subjects attempted to grasp the corn chocolate by care-

fully controlling the electric hand prosthesis. Because it

is a 5-finger, it wrapped and grasped the corn chocolate.

However, due to a lack of back-drivability, the electric

hand prosthesis could not adapt to the change in the sur-

face shape of the paper cup, and failed.

The results for the 5-finger pneumatically driven case

are shown in Fig. 10. In Fig. 10(a), one can observe that

the surface shape of the cup is changing as the chocolates

inside move during the task. However, the influence was

passively absorbed by the flexibility and back-drivability

of the pneumatic drive; thus, stable grasping was success-

fully performed. As shown in Fig. 10(b), the reference

pressure was adjusted to 30 kPa by the test subjects. It

took approximately 10 s from [B] to [C] because the test

subjects were pumping while checking the state of the

corn chocolate. It can be observed that the finger joint at

that time had low rigidity owing to the appropriate setting

of the internal pressure. In the abovementioned grasping

experiment, the test subjects succeeded in grasping the

corn chocolate, which required passive grasping, by ap-

propriately setting the finger joint rigidity of the 5-finger

hand.

3.2. Heavy Target Object Grasping Experiment

In the previous subsection, we observed that the pres-

sure increases in proportion to the number of the pump-

ing. For reference, the result of the grasping experiment

for a heavy target object is discussed here. The grasping

target was a 440 mL PET bottle filled with the content.

This is heavier than the PET bottle grasped in previous

research [18, 24].

The results for the 2-finger case are shown in Fig. 11.

The test subjects manipulated the 2-finger hand to grasp

the PET bottle. However, they failed because of small

grasping force due to shortage of pump capacity; thus,

the PET bottle slid and dropped from the finger.

Figure 12 shows the results of the 5-finger electric

case. Using this hand, all the test subjects success-

fully grasped the PET bottle, owing to the grasping force

caused by the large torque of the electric actuator.

Figure 13 shows a scene of the 5-finger pneumatically

driven hand. Fig. 13(a) shows the fingers wrapping the

PET bottle along the wavy side surface. In spite of the

heavy weight, all the test subjects successfully grasped it

with a large grasping force. Fig. 13(b) shows that the ref-

erence pressure was adjusted to 70 kPa by Subject A to

increase the bellows pressure. Correspondingly, the fin-

ger joints became rigid, thus grasping was successfully

performed. However, approximately 15 pumping over a

period of 22 s were required in the process. In addition to

the rattling of the piston rod and cylindrical rib cam, this
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[A] Approach [B] Grasp [C] Fall

(a) Photograph of time transition of Subject A

(b) Graph of supination angle and pressure of Subject A

(c) Photograph of the time transition of Subjects B and C

Fig. 8. Grasping of a chocolate cone in a cup using 2-finger pneumatic hand.

[A] Approach [B] Grasp [C] Fall

(a) Photograph of time transition of Subject A

(b) Photograph of the time transition of Subjects B and C

Fig. 9. Grasping of a chocolate cone in a cup using 5-finger electric hand.
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[A] Approach [B] Grasp [C] Up · Move

[D] Down [E] Release

(a) Photograph of time transition of Subject A

(b) Graph of supination angle and pressure of Subject A

(c) Photograph of the time transition of Subjects B and C

Fig. 10. Grasping of a chocolate cone in a cup using 5-finger pneumatic hand.

is partly brought by the pressure loss when the pressure

control is awakend at the timing of the reference change.

The need for continuous pumping is not realistic in terms

of the operability of the hand prosthesis.

3.3. Discussions on Grasping Experiment

Table 2 presents the results of the soft and heavy target

object grasping experiments. Comparing 2 and 5 fingers

pneumatic drive cases, the success rate of grasping both

target objects in the former was 0%, whereas that in the

latter was 100%. This is simply because the number of

the fingers are different, whether a wrapping around the

target object is possible or not. The 2-finger hand only

allow a pinch motion and it inevitably increases the con-

tact force per finger. The limit on the friction might be the

reason of the failure. This suggests that multiple fingers

contribute to an improvement in the grasping performance

of the hand.

The electric and pneumatic 5 fingers cases were also

compared. It was shown that the difference of the driving

methods strongly influences the experimental result. The

electric hand brought a large grasping force to the five

fingers through the servomotor with a reduction gear, and

all the test subjects stably grasped the PET bottle. How-

ever, a lack of back-drivability prevents the fingers to fit

the side surface of the PET bottle. This is critical in the
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[A] Approach [B] Grasp [C] Fall

(a) Photograph of time transition of Subject A

(b) Graph of supination angle and pressure of Subject A

(c) Photograph of the time transition of Subjects B and C

Fig. 11. Grasping of a PET bottle using 2-finger pneumatic hand.

corn chocolate experiment. The fingers could not flexibly

cope with the change in shape of the corn chocolate (paper

cup) through the external force, and failed. In contrast, the

pneumatic drive case stably grasped the side surface of the

PET bottle owing to the low rigidity caused by the back-

drivability. It also achieved a flexible grasping of the corn

chocolate. This suggests that a pneumatic drive is useful

for flexible grasping.

Finally, the control methods are compared. The elec-

tric hand controls the uplift quantity of the muscle using

the sensor. It allows the user to carry out intuitive ma-

nipulation, and provides an excellent interface easy to op-

erate via practice. However, it is difficult to dexterously

move each finger in accordance with the target object. On

the contrary, the pneumatic hand hardly gives psycholog-

ical anxiety of “possibly crushing the target object” be-

cause, even if continuous pumping is required to grasp

the PET bottle, the maximum grasping force is restricted

by pressure control, as well as the passive grasping case of

the corn chocolate. Decompression actuation of the auto-

matic control system allowed to finely adjust the grasping

force just enough. Therefore, all the test subjects suc-

ceeded in grasping the corn chocolate.

The abovementioned results indicate that the proposed

5-finger hand prosthesis could grasp from a soft target ob-

ject to a heavy one owing to the synergistic effect of the

multiple fingers, pneumatic drive, and pressure control.

4. Conclusions

In this study, we proposed a self-powered 5-finger

pneumatically driven hand prosthesis without an external

compressor, and evaluated its performance. As a result,

we found the following:

A digital servo system that uses the supination motion

of the user’s forearm as a pressure source was success-

fully implemented. Although the number of pumping in-

creased, accompanied by the multiple fingers, the pres-

sure control enabled more stable grasping.

In the experiment for the soft target, the hand prosthesis

developed in this study succeeded in grasping the corn

chocolate placed in a paper cup, which was considered

relatively difficult to handle.
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[A] Approach [B] Grasp [C] Up · Move

[D] Down [E] Release

(a) Photograph of time transition of Subject A

(b) Photograph of the time transition of Subjects B and C

Fig. 12. Grasping of a PET bottle using 5-finger electric hand.

In future, we will examine a system that accumulates

pressure in a tank to grasp heavy objects. For example,

a system is conceivable in which air is accumulated in

a small and lightweight tank installed at the waist of the

user by using the foot pump [20, 21] installed at the sole

of the shoe. When a large grasping force is required, the

number of pumping can be reduced and the operability of

the hand prosthesis can be enhanced if the hand is driven

by both pumping by the user and compressed air in the

tank. However, pumping these foot pumps can be done

only by walking. In other words, it cannot be used as a

substitute for the supination pump for grasping when we

are not walking. The role of the foot pump is restricted

to an assistive one to the supination. Unlike the human

hand, the proposed hand prosthesis has no dexterity. To

further improve the grasping performance for soft target

objects, the reproduction of dexterity, that is, the multi-

ple degrees of freedom of the hand (corresponding to the

grasping pattern such as holding and pinching) will also

be examined.
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