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A PROTOTYPE EYDRAULICALLY POWERED ARM PROSTHESIS

D.R. Broome, B.L. Davies and M. Lord

The multi-functiona) externally powered arm prostheses
currently available inthe U.K., suitable for fitting to children
suffering from congenital deficiencies of both upper limhs are all

13, €2) . Arm articulation

powered by compressed carbon dioxide gas
is accomplished by using three-way control valves in associfation
with differential area piston actuators, or two three-way valves
mounted back-to-back with double acting actuators, in closed loop

position controlled servo-mechanisms.

Several advantages are assqciated with the use of hydranlic
fluid as the powering medimm for such devices_a)'“,. These mainly
accrue from the relative compressibility of the two media, The
virtually incompreasible nature of hydraulic fluid results in safe
operation of systems at higher working pressures and consequently
results in better power to weight ratios. Thus hydranlically powered
position ¢ontrol systems, desiguned to conform to the prosthetic
requirements of safety, ompactnes; andl lightness, are able to meet
load, response and st.:abil:l.ty specifications which exceed the capabilities
of their pneumatic counterparts. The output stiffness of hydraulic
servos i3 also wmuch wﬁtu, which decreases their disturbance by

external loads,

The construction of a hydiaul:l.enlly powered arm prosthesis has
oot been possible to date due to lack of a suitable power source,
However, receni: successful development of a prototype miniature,
hydraulic power unit indicates that portable hydraulically powered
systems are viable (5) '(6]'{7]. Energy storage for this hydraulic
supply is accamplished by slectric batteries which offer great
advantages in ease of recharying or replacement compared with compressed

carbon dioxide storage cylinders. This should make such a system
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pelular in the United States where, due to the logistic difficulties
of supplying gas cylinders, most externally powered prostheses are

actuated by electric motors,

Although satisfactory for low power levels, such as pawered
grip and wrigt rotation, electric actuation of motions requiring high
power levels gsuch as shoulder elevation would incir penalties of .
weight and poor dynamic performance. For this reason no multi-degree-
of-freedom prosthetic arm system has beeq totally based on slectric

motox actuators.

Other arcas of difficulty in implementing a hydraulic arm
Progsthesis include the development of suitable control valve anc

actuator systems &, 9, 1o

and the adaptation of sultable terminatl
devices to make them compatible with the arm structure and hydraulic

power.

This paper describes the hydraulic prosthesis constructed at
University College London, It should be stressed that this project
is aimed at producing a prototype hydraulic arm and that the amm
will not be used for clinical trials, but could form the basis of a
system which, sulitably modified to permit small batch production,

could be used by bilateral dysmelics.

ARM STRUCTURE

In collaboration with Professor D.C. Simpson of the Princess
Margaret Rose Orthopaedic Hospital, Edinburgh, the Seriss II Mark I
arm has been used to assess the hydraulic actuation and, to this
end, a set of arm components has been supplied by Professor Simpson

and assembled at U.C.L. The arm structure with valve actuators,
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terminal device, and power pack is shown in Pig.l, less its co=mmetic
covers, The kinematics of this mechanism have been well dascribed

by Professor Simpson and his assoclates (11)

; but may be explained
with reference to the detailed photograpl;:s of Figs.2 and 3 as follows:
The arm utilizes a spherical coordinate system of T, 8, ¢, to position
the terminal device in space. The reach actuator,Fig.2, whi;:b
contyols the r coordiﬁate, produces a. coupledrotation about both
elbow and shoulder to produce a linear extenszion of the terminal
device from the shoulder. ‘The sﬁoﬂdef elevation actuator, Fig.3,
1lifts the whole arm about a horizontal ax;l.s through the shoulder {8),
and the shoulder rotation actuator, Fig.3, produces a rotation of the
arm structure about a vertical axis through the shoulder (] by means of
the hevel gear mechanism in the shoulder gear box, Oriex;ttation of the
terminal device is accomplishedbyawrist rotation system similar to
the shoulder rotation and a passive link coupled to the shoulder
elevation drive system causes the hand axis to remain in a constant
attitude with reference to the shoulder as the arm is articulated.

Finally the terminal device ls fitted with active prehension.

This arm is one of the few gas power multi-functional avms
which have been in extended clinical use and lends itself to conversion
to hydraulic actuation bgcausa of its robust construction and component
aeoessi.bilit&. Alsc, the considerable clinical experience of this
system at the Princess Margaret Rose Orthopaedic Hpspital should
permit a direct comparison between hydraulic and pneumatic power

based on the zame arm prosthesis,

PORTARLE POWER SUPPLY

Preliminary work on a portable hydraulic power unit was reported
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at the last Dubrovnik Symposium(s) Since that time, efforts have

been directed at making the unit smaller and more efficient. Figs,.4

and 5 show the present arrangement of the power unit.

A 12 V battery pack, consisting of 1.1 Ah rechargeable nickel
cadmium cells, Is used asg a primary energy reservoir sufficient to
meet the anticipated epergy demands for a whole day. The battery
powersa dc permanent magnet Maxon motor rated at 20 W. This drives
a miniature radial pintle pump via a special 3:1 ratio gearbox.

The motor, pump and gearbox are totally immersed in a low pressure
reservolr to give both thermal and accustic insulation. The

fluid in the unit is a vegetable oil, also used in face creams, chosen
to avoid toxic or carcinegenic effects. The pressurized oil at 30 x
105 N/m2 {450 lbf/inz) is supplied via a 10 um filter and non~return

valve, To a liquifiable gas charged accumulator where it is stored.

The accumulator is specially designed to store a large quantity
of energy in a small volume. A mixture of ligquifiable gases, chosen
to have an appropriate vapour pressure at room temperature, is
contained in a reservoir. The gas is separated from the hydraulic
fluid by a rolling diaphragm which 1s reinforced by a sliding piston.
When the accumulator is charged with oil the liquifiable gas is
compressed from the mixture phase to a ligquid which occupies a smaller
volue. The etate of charge of the accumulator is monitored by a
switch which senses the piston position._ In addition a sub-miniature
pressure switch cuts ocut the motor if the pressure should rise too
high. & bursting disé_is alsoc included as a safety device. In this
way the relatively small pump can be driven intermittently at about
11 watts output_and yet, by.stnring energy in the accumulator, peak

power demand can also be met.
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iho advantages associated with the high bulk modulus of -hydranlic
mtmmmlyb.naliudifwurispres@tinthelim. This
is ofparticnluhlportancewlnnthalmmsmemmiorismt
Vented, as small bubblea of gas may be accumulated. Such bubbles
may not only be entrained during assexbly, but can result from
liquifiable gas slowly pasging through the accumulator diaphragm which
acts as & semi-permeable membrane. This probiem has been minimised

by the addition of a gag dleed valve,

Itismvisagedthntmepm:un.ttwinbe located in the
possible, be strapped on the prosthetic harness. The battery pack
is Gesigned to fit on a waist strap,

components could be found. PFor example, the smaliest commercially
available elactrohydranlic valve, the Series 30 Moog has a guiescent
power drain from its flapper-nozzle ﬂx.:ut Stage which exceads the
continucus rated flow of the portable power pack. The design philosophy
bas been to adopt standard, accspted engineering practice and con- |
ventional, pmm systams whersver possible, and tq.develop miniaturised
versions of the required components, thus avoiding lengthy develommant
Programmes. The valve developed was a miniaturisation of a standard
f;:ur-way spocl valve. The spool valwve design is shown schematically

in Fig.6 and can be inzerted in to a bore in the actuatar body and

z2ll the necessary hydfaulic connections mede by internal drillings
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within the composite actuation unit. The only connections required
arme those of hydraulic supply and drain and these can be made to the
actuator body. Miniature screwed connectors have been designed and

made for this purpose.

The resulting actuation unit is very cempact and has the advantage
that valve replacement due to wear or malfunction can be facllitated
without disturbing any hydraulic connection. This design also
eliminates the mechanical feedback linkage norgally required since,
as the actuator responds to spocl displacements, the actuator body
moves and shuts off the wvalve by moving the valve sleeve relative
to its spoal, thus providing a cne-to-one position feedback., Several
types of this sleeved valve were produced, the main wvariations being
in port dimensions, radial location and spool land widths. They all
demcnstrated satisfactory flow, no-load and load test behaviour.

The geometry was varied in an attempt to reduce the effect of dynamic -
pressure imbalance forces to a minimum and hence obtain as low a

spool operating force as possible.

A further problem present in the miniature hydraulic servo-gystem
is that, owing to the relatively low stall capabilities of the
hydraulic actuators suitable for prosthetic use which arise from
energy expenditure criteria, it is possible to subject the prosthesis
to external loads which are far greater than system =tall. These
loads could easily arise from the patient leaning heavily on the arm
or from accidentally falling on the structure. The effect would thus
he to cause large pressure rises in the actuator and would probably
result in linkage distortion or failure, This is unlike pneumatic
svstems, where the low bulk modulus of the actuating media would

vield to considerable external loads by compression of the gas. It



1s therefore necessary to include in the actuator design over-
presgure relief valves which would permit blow off from one side
of the cylinder to the other when external loads become excessive.
Miniature relief valves have been made and tested to be compatible
with the actuation system. Fig.7 givea an exploded view of the

largest actuation unit providing the shoulder elevation function.
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Bach actuation system has been designed to have the same stroke as its

Peumatic couterpart, _thus retaining the same ranges of motion and
overall kinematics. The actuator area determines the load torque
capability and the saturation angular velocity for each articulation
and, for a fixed system pressure and wvalve flow, the relative .
magnitude of each depends on the chosen area, For example, a larger
area at the shoulder provides the increased stall forces required to
lift the whole arm but results in a lower maximgn velocity. A
smalier area is selected for the elbow where a lower stall capability
and faster velocity are desired. The limiting factor is again an

energy constraint from the power pack which iwposes a maximum

available valve flow at the system pressure. The valves and actuators

were designed to obtain similar stall capabilities to the camparable
poeumatic system and some test results are discussed in the section

on sygtem pérformance.

e

TERMINAL DEVICE

The functional requirements for the terminal device are quite
distinct from those of the other articnlations of the prosthasis
Wiereas the main fonetion of the structure cemprising the r, 0, ¢,
aystem is to position the terminal device in space and is therefore

best served by position~control actuatien, the terminal device itself
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is designed to grip ocbjects and is essentially more concernsd with
prehansion force than finger position. The uss of force servo-
mechaniang, i.e. a prehension force proportiomal to the control

site saffort, is known to be effective in facilitating the manipulation
of delicate objects by a device capable of axerting high forces.

The com‘:cpi: has been utilised in gas-powered systems by the use of
pressurae-demand valves, the grip force being proportional to the

force at the control site exerted by the valve '2)  ,nd fn alectrically-
powered systems by the transduction of electromyographic signal

levels or from the muacle bulge at the control site an

The gquestion arises as to whether hydraunlic power ig suited oo
this particular force servo applicaticn. We have available the
elactric power supply which normally drives the power pack and which
could be utilized digect.ly to drive an elect.rically-po-uered terminal
device, The 50% loga of energy in the conversion from electric to
hydranlic power musf be weighed against any adwvantages of a hydramiic
terninal device. However, there are two exploitable aspects of the
hydranlic a.ctm.t.i.cm .in t:h:l.s instance - the higher power/weight ratio
and. the absence of additicnal noise. The former should allow a con-
siderable parcentage welght-saving on p&we;ed hooks where the b b3 4 .
the weight resides in the actuator, but perhaps less on a hand
for which a high proportion of the weight is in the cosmetic struc. =
With regard to noise levels, electrical temrminal devices in gen=.

produce a disconcerting whirring, whereas the hydraulic hand will cause

no lacalised noise.

A survey of avallable electric hands showed two to be suitably
light and powerful, these being the Myobock and the Fidelity. The

Myobock hand weighs 442 g with its cosmetic glove, has a prehension
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force of 90 N (20 1bf] and a closing speed of 70 mm/3 (2.8 Ws)m,;

the Fidelity hand is comparable as

. No power consumption is guoted

for these hands in terms which wouid allow a comparison with hydraulics.
Based on the 0.6 litre/min flow rate at 30 bar (450 1bf/in’) used

for the main valwve/actuator assembly, a few simple calculations indicate that

this performance can be matched with hydraulics.

One further consideration has to be taken into account in the
dasién of any terminal device and that iz the aspect of interchangeability
of cosmetically-pleasing hands with more functicnal hooks or special
purpose applicances. This imposes a problem In hydraulics in that
the power line cannot be disconnected without an unacceptable loss -
of hydraulic finid. In corder to circuwvent this problem, it is
necessary to place the actuation unit inboard on the arm structure
and to transeit the drive through to the terminal device by a
mechanical linkage. 'Ihis proves to have its advantages, for whereas
before each terminal device required its own motor, now only one
actuator is needed. Thus a whole range of normally body-powared
terminal devices can be used with slight modifications to accept the

linkage drive rather than a cable attachment.

The hydraulic hand curremtly attached to the prosthesis is based
on Otto Bock components in order to ba compatible with the extensive
Bock range of terminal devices. Fig.8 shows an exploded view of the
wrist and hand assembly. The wrist block which was used in the
Simpson pneumatic arm, both te transmit gas and to orientate the arm,
has been podified to hwuse the hydraulic actuator praximal to the
wrist adaptor. The wrist adaptor is a Bock design which was modified
by B.R.A.D.U. to reduce weight. The hydraulic actuator piston rod

passes through the centre of the adaptor and is connected to a Bock
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System Pneumatik hand from which the actuator has been removed.
Existing body powered terminal devices could also be readily adapted

to this form of hydraulic actuation.

Prehension is obtained by opening a pressure demand valve so
that oll 1s supplied to one side the hydranlic actuator. The return

gtroke 1is spri:iq powered as in the original Bock hand.

The hand is intended for use by an older child and has been
designed with a maxiimm grip force of 45 N (10 1bf) and clogses at a
rate of 60.m/s (3 in/e).  Although the relationship between the control
sits force and grip force is nou-linear dne to valve hysteresis,
sufficlent sensitivity is cbtained to emable the user to hold a paper

cup without crushing it.

The mechanical drive produces a force of 360 N (80 1bf} through
a stroke of 15 ma (0.6 m} and could be adapted easily to comnect with
wany voluntary opening and closing terminal devices. The total waight
Of the wrist block (50 g); wrist adaptor (44 g] and hand with glove
i3 440 g. This must be compared with an estimated electric syatem
welght of 520 g, comprising 440 g for the hand with glove and an
additional 30 ¢ for the block and adaptor. A weight saving of 15%
has bean gained and this is an iwportant comsideration for the total
mmsuummduugmw-mecuyﬁmmmﬂm
or, conversely, necessitates a proportiomal increase in the size

of all the main actuators for a given lifting capacity.

SYSTEM PERFORMANCE

Several tests have been conducted on the prototype arm, Thesge

include measuring the response of the three main positioning actuators
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of T, 8 ¢, to full sweeps of the input controla. A typical response
of the shoulder elevatiom actuator is presented in Pig.9 and from this
the stfaight line portion of the curve yields a saturation angular
velocity, 1ifting the arm alone, of 2.2 rad/s. This is increased
mB.ZMsmmuhlmxﬁatﬁumwm. Also
the transition from rest to full speed and vice versa is seen to be
mummmimmmmammmmc

stability of the hydraulic servo-mechanisms.

Other tests were designed to investigate ths. stail loads on each!
arm function and, typica.lly, the elbow reach system was capable of
lifting the equivalent of aver 1 kg placed in a prosthetic hand
welghing 0.5 kq. Another important property of any manipulating
device is its positional resolution and tests showed that it was
possible to pomition the hand to within aboot 10 mm on the reach
function (i.e. to about 2%). This Hili nr;it cauae any .ml. problems
to the patient as final accurate positioning is usoally accomplished

by trunk movements.

However, several factors contribute to this loss of accuracy,
sudluthmhoft!mmqm,sﬁmeffemin
the actnators and linkage and the poor characteristics of the Bowden
c:ableI.npm:M.glnl].i::q;rst\ﬂ.t Further positional ilnaccuraciss occur
when the arm is mountsd an a harness of a patient dos to the additional
flexibility \d:ichisiﬂt::odnoﬂ.. Distortion of the shoulder gearbax
due to wear causes a marked logs in torque efficiency as the arm
loading is increased; this was measursd at about 90% at lgw loads,

butfelltobelow_ﬁotfnthalfsunloadatinmt.

Tests have been condncted to exmmine the compatability of the

prosthetic arm system and the portable power unit. These reveal that the



size of the pump and accummlator is adequate to permit coordinated
articulations involving the simmltaneous use of several degrees

of freedem. That is, when the system is operated at the maximum
rate for control of coordinated motions the accumulator is not
drai,ne_d, and the pump maintains the accuemiator in a charged state,
Also the overall efficlency of the system with a2 1.8 Ah, 12 wolt
battery pack is su:-Eficient to provide power for an anticipated day's

activity.

CONCLIDING REMARES

A hydraulically powered total arm system has now been con-tructed
which demonstrates that hydraulic power is now feasible for »-ostheses.
Not only is the hydraulic power unit small emough and light encugh
to be carried in the upper section of a bodly poweredarm, but also
min-iature vailves- a.nd actuators have been constructed which ca.n be
fitted into an m. framework and contrﬁl precisely the positions
of the arm drive linkages. The use of hydraulics has revealed that
there are now problems with the arm framework itself, particularly
the shoulder flexion motion which can be very heavily loaded, which
is susceptible to backlash and has poor mechanical efficienc_‘;r. an
alternative arm framework which may be less prone to these problems is
currently being investigated with a view te powering it hydraulically.
This is the B.R.A.D.U. 'radius vector' arm produced at Roehampton,
England, which has a powered reach motion, wrist rotation and
prehension. However, the design of an am.framewurk could be
simplified further if miniature retary hydraulic actuators were

available, minimising inefficiencies in the transmittion of motion.

It is hoped to investigate such actuators inthe future,
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CAPTIONS

Fig.1 Overall view of arm system with pack.

rig.2 Elbow Joint shbwing reach and shoulder slevation

actpators,

Fig.3  Shoulder joint showing shoulder elevation and rotation

actuators,
Fig.4 = Details n}f the latest power pack..
Pig.5 Block diagram of power pack details,
 Fig.6 Final sleévad valve sd@uc.

Fig.7  Exploded view of components of shoulder elevation
actuator.

Fig.8 Terminal device,

f‘ig.Q Regsponse .of shoulder elevation actuator to a full sweep

of the input control, Scales: 200 per divisi_on,

0.28 per divisionm,






i,

9Ts



517




518

4.

Fig.



519

B

youms
2ins$a )
e =
10101190~ ._Sw*
| i
s _ 4
SA|DA )| Jopoihwnaoy’ H%wﬂw
. el
4
sionsesal /

Ki3110q

31QIx3)} dwnd

an

Joous




320

AIGWISSY

IATIVA 10045

L 4

EERr s



521




522

thaesdirrid




523




523




