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ABSTRACT 
 
     Electrically actuated hand prostheses have the disadvantage of a high prosthetic 
mass, a slow cycle time, vulnerability, and an excessive volume. Pneumatical actuation 
can overcome these disadvantages. To demonstrate the feasibility of pneumatic 
actuation a pneumatically powered hand prosthesis has been developed. A careful 
assessment of the system choice, the friction losses, the dead spaces, and the supply 
pressure level resulted in a low gas consumption, enabling the use of small disposable 
gas containers. The mass of the hand mechanism is 60 grams, the operating cycle 
takes less than one second, the hand size is comparable to the hand of a 2.5 – 4 year 
old child, and the prototype functioned well in the laboratory for over 75000 cycles. 
These results show that pneumatic actuation of hand prostheses excels electrical 
actuation. 
 
 
 
INTRODUCTION 
     The myoelectrically controlled, electrically powered hand prosthesis for children has 
become one of the standard prosthetic devices for children with a unilateral below elbow 
defect. This type of prosthesis is very well accepted by the children and their parents 
because of its outward appearance and because of the absence of a control harness. 
Despite these advantages and the success of fitting children with this myoelectric hand 
prosthesis, it has several known disadvantages: the prosthetic weight is high, the 
operating speed is low, the system is vulnerable and its size prohibits fitting it to children 
with long forearm remnants. 
 
 
 
METHODS 
     Pneumatic power can overcome most of these disadvantages. A pneumatic motor is 
light in weight, fast, reliable and it can be small [1]. A pneumatically powered hand 
prosthesis has been developed in an attempt to master the disadvantages of electrically 
powered hand prostheses [2]. Emphasis is on minimal gas consumption, as a 
pneumatically powered hand prosthesis is only feasible when it can be powered from a 
single gas container throughout a whole day. In order to minimise the gas consumption 
the hand operates in a bi-phasic fashion, i.e. the operating cycle of the hand is split into a 
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prehension phase and a pinching phase. In the prehension phase the hand can be 
opened and closed. As soon as the thumb of the hand touches an object the mechanism 
is automatically switched to the pinching phase. In this pinching phase a force is exerted 
between the fingers and the thumb. To resist the resist the reaction forces a locking 
mechanism is provided. Operation of this system is as follows, taking the rest position of 
Figure 1 as a start. In this rest position the hand is closed against itself or against an 
object. A pinching force is exerted between the fingers and the thumb by a spring. All 
pneumatic motors are at atmospheric pressure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
To open the hand the pinching motor is pressurized first. It neutralises the action of the 
pinching spring. Next the locking mechanism unlocks the thumb and the hand opens as 
the prehension motor is pressurized. Closing the hand is in reversed order. First the 
prehension motor is blown off. A weak spring closes the hand. Upon thumb contact the 
locking mechanism locks the thumb and the pinching motor is blown off, permitting the 
pinching spring to exert its force between the fingers and the thumb. This system requires 

Figure 1 A schematic drawing of the pneumatic bi-phasic hand prosthesis. The 
sequence of operation is explained in the text. 
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little energy to operate: the thumb displacement is at a very low force level [the weak 
closing spring] and the high pinching force is exerted at almost no displacement. To 
ensure the desired operation sequence of the three pneumatic motors a logical circuit has 
been designed. It contains several especially designed pneumatical/mechanical logical 
elements. The system is powered by pressurized CO2 from commercially available 
disposable cartridges. The desired supply pressure is obtained from a small pressure-
reducing valve, designed especially for this purpose, Figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
     A further reduction of the amount of gas needed to operate the hand mechanism is 
achieved by a careful assessment of the friction losses in the different pivot points and in 
the seals of the pneumatic actuators. Ball bearings were chosen in the pivot points. The 
pneumatic actuators are all of the piston type, with the piston sealed against the cylinder 
by an O-ring seal, mounted by special guidelines in order to minimise friction losses. 
Moreover, special emphasis is placed upon the avoidance of dead spaces within the 

Figure 2 The bi-phasic hand prosthesis is powered by compressed CO2 obtained from 
disposable cartridges. The desired supply pressure level is attained through a pressure-
reducing valve, shown here at the left in the figure. 
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construction of the mechanism. Finally the supply pressure level has been chosen at the 
optimum, i.e. the level that operates the hand at the minimum cost in gas. The optimum 
supply pressure level was found at p = 1.2 MPa; and it is shown to be invariable for 
changes in the energy output required, the timing of the hand cycle, and the length of the 
gas ducts. 
 
 
 
RESULTS 
     A technical prototype of the pneumatic hand mechanism is designed, built and tested, 
Figure 3. This prototype validated the concept of a pneumatically powered hand 
prosthesis, Table 1. The hand mechanism is light, small, and reliable in the sense that it 
functions well for over 75000 cycles in the laboratory, and it is fast. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
     Encouraged by these results a prototype for clinical evaluation has been designed and 
constructed. It differs from the technical prototype only in constructive details, not in its 
principles of operation. The clinical prototype design shows a further improvement over 
the technical prototype in many of its specifications, Table 1. 

Figure 3 The WILMER pneumatically powered bi-phasic hand prosthesis for children. 
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 MYOELECTRIC 

STEEPER 
MYOELECTRIC 

OTTO BOCK 
PNEUMATIC 
TECHNICAL 
PROTOTYPE 

WILMER 

PNEUMATIC 
CLINICAL 

PROTOTYPE 
WILMER 

MASS OF THE HAND 
[grams] 230 130 128* 60 

MASS OF THE ENERGY 
STORAGE SYSTEM 

[grams] 
75 60 60 36*** 

MASS OF THE 
COMPLETE 

PROSTHESIS 
[grams] 

550 340 300** 250** 

ELBOW TORQUE 
[Nmm] 760 470 400** 290** 

ENERGY 
CONSUMPTION 

[per day] 
1 BATTERY 1 BATTERY 0.5 GAS 

CONTAINER 
< 0.5 GAS 

CONTAINER 

OPERATING CYCLE 
[seconds] 2.5 >2.5 <1 <1 

 
* without the frame & fingers: 41 grams 
** estimated figure 
*** estimated figure, based upon a mass for the pressure reducing valve of 4 grams after 

a redesign 
 
 
     The logical elements needed are designed, constructed, and built, Figure 4. They can 
be characterised by their small overall dimensions, a low mass, very low operating 
forces, small dead space volumes, and reliability. Within the flow range, these logical 
elements stand out over commercially available logical elements. 
 
 
 

 
 
 
 
 
 
 
 
 
 

Table 1 Comparison of the technical and the clinical prototype of the pneumatically 
powered hand prostheses. The data for the electrical powered hand prostheses are 
listed as well. 

Figure 4 These logical 
elements ensure the desired 
operation sequence of the bi-
phasic pneumatic hand 
mechanism. Top left: the 
pneumatic switch, a 
mechanically operated normally 
closed valve. Top right: the 
pneumatic relay. Bottom: the 
check valve 
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CONCLUDING REMARKS 
     With this study, it is shown possible to improve upon the electrically powered hand 
prosthesis considerably by the use of pneumatic power. Clinical evaluation should 
endorse this statement under practical conditions. We believe pneumatic power to be the 
better alternative in externally powered prosthesis. 
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