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Underactuation as a method of driving prosthetic hands has a long history. The pragmatic "equire-
ments of such a device to be light enough to be worn and used regularly have meant that any mulii degree
of freedom prosthetic hand must have fewer actuators than the usable degrees of freedom. Aesthetics ensures
that while the hand needs five fingers, five actuators have considerable mass, and only in recent years has it
even been possible to construct a practical anthropomorphic hand with five motors. Thus there is an important
trade dtf as to which fingers are driven, and which joints on which fingers are actuated, and how the: forces
are distributed to create a functional device. This paper outlines some of the historical solutions created for
this problem and includes those designs of recent years that are now beginning to be used in the commercial
environment.

This paper was presented at the IFTOMM8ME International Workshop on
Underactuated Grasping (UG2010), 19 August 2010, Montréal, Canada.

the design of an féective prosthetic hand is an important

challenge for engineers, prosthetists and therapists.
The loss of a hand can be a significant impairment to any The requirement that the prosthesis can be derived from
individual. In a society where independence and self deterquestionnaires of the general populatidikins et al, 1996
mination is important, the inability to perform two handed Frasey1998 Heger et al.1985 Kyberd et al, 2007 among
tasks can reduce a person’s capacity to function easily irothers. What is observed it that it must bpractical device.
daily life. This alone is sfiicient motivation to create ef- This creates some severe constraints on the design: It has to
fective prosthetic hands to replace the loss. However, whilebe light enough to be worn all day, easy to control, cheap
the adaptability of homo sapiens means that a loss of a singlenough to be readily available, robust enough to operate in
hand below the elbow can be less a handicap than an incorthe field for months at a time without the need for servicing.
venience, it is the methods by which the person compensateadditionally, it must take high levels of abuse.
for the loss than have a significant impact on their lives. To While the natural hand has its drives in the forearm, for a
place a prosthetic hand, or the end of a remnant limb, in theprosthesis this is impractical. The level at which the loss oc-
correct place to manipulate an object a person may have taurs is unique to the individual, and the numbers of persons
flex, bend or stretch further than they would if they did not with a particular level of loss increase the further down the
have the loss4inck, 2008. With these poorer biomechanics arm (Kyberd et al, 19983. So that any design that uses any
the person may have to use greater forces and larger rangg@rt of the forearm for drives of the hand limits its potential
of motions, these actions are associated with overuse injuriemarket considerably. Any device constructed in this way is
(Kidd et al, 2000 which are observed in long term users not a prosthesis (despite any claims to the contrary), but an
of prosthetic armsJones and Davidsei999 and this ulti-  anthropomorphic robot, and of little clinical use or signifi-
mately may disable the person more comprehensively. Thusance.
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The result of these requirements is that the number of acmoved by a single drive, when one link is stopped the others
tuators is limited to the space in the hand and by the massontinue to move until they all are halted. A similar pro-
of the motors. Hence there is a need to gain function fromcess can be achieved using a geardtedintial, where the
limited actuation, as a result, the use of underactuation irrelative proportions are those of the gear ratios (see Sgct.
prosthetics has long been considered a solutRorg¢hardt  The biggest disadvantage to this form of actuation is to eas-
et al, 1919. Recent years have seen a renewed interest inly return of the system to its start point. While motion in
multi-articulated prosthetic hands and rise in the complexityone direction (the “forward” direction) is balanced between
of commercial devices. This paper outlines some of the sothe diferent branches, all elements move together, but the
lutions that have been suggested in the past and relates theraverse direction tends to channel all the motion from the
to designs that are being proposed currently. It starts with alrive through the branch that is easiest to move. Once it has
review of the constraints on the design. reached the end the second easiest will move and so on. Thus
for a hand, instead of all the fingers extending together, one
moves quickly to fully extended, before the second, etcetera.
In order to balance the branches on the return leg, an external
return force is required, such as springs, which would add
mass and complexity to the hand. The spring also opposes

While appearance is important to some users, it is not esserthe flexion drive, hence weakening the grip.

tial (Kyberd et al, 19983, but the majority of &ort towards

multifunctional terminal devices has been towards fully an-

thropomorphic hands. This means that the device will pos-

sess five digits, but the choice on how they are driven will While there are theoretical considerations as to the minimum

dictate how functionally #ective the device is. number of digits necessary to stably hold an abstract object,

The principle role of the prosthetic hand is to hold objects other matters dominate with a prosthesis. For example; the
stably, and the aim of a complex hand is to be more functiontequirement that the device is natural in appearance ensures
ally capable. The hand must therefore adapt to a wide rangéhat there are five curling fingersffEctive manipulation can
of target objects of dierent size, shape, mass and surfacebe conducted with three digits, but a fourth and fifth increases
finishes. Additionally the world it is used is the one that was the chances of a stable contact. When a hand is used in an
developed by human beings, so the majority of objects haveinstructured environment this level of redundancy and flex-
been made to a particular size, shape and mass to be easilyility is important. Having to adjust the grip or change the
manipulated by the human hand. Thus even an ideal prosthgosture to get diicient contact is not readily tolerated by
sis shape, without any reference to appearance, may well bprosthesis users.
similar to a natural hand.

The natural hand achieves its breadth of capability through
the use of multiple fingers which are loosely coupled to-
gether. The fingers are able to adapt their posture in respons#/ith many fingers dterent grip forms can be created. The
to the way the held object is going to be ugedried. To  hand has a single opposing digit (the thumb) and most grips
keep the physicalffort to a minimum, the hand conforms are controlled by its use. There are numeroukedként ways
round the object and spreads the grip forces across as large classify grasp typesNapier (1956 suggested two: Pre-
an area as possible, and so the grip force required is as lowision (where the tips of the fingers oppose each other) and
as practical $chulz et al.2005. Power (where the fingers thumb wrap around the object and

the hand is able to impart more force). Others have seen six

broad graspsamakura et a).198Q0 MacKenzie and Iber-

all, 1999 (tripod, cylinder, extension, tip, lateral and spher-
While cables create a flexible drive that will fit round cor- ical). While these summarise the grip shapes the hand must
ners and allow the actuators to be distant from the motionperform, Iberall simplified the matter, considering only what
it remains dificult to create robust solutions with cables. part of the hand the tips of the fingers oppose on to: So Pre-
Strong termination is complex, cables tend to stretch and reeision grips are where the finger tips opposed the thumb tip,
quire constant maintenance. So, for example, although th&ower-like grips, when the finger tips oppose the palm, or
MIT /Utah dextrous handlaconsen et al1986 was derived  Lateral grips, when the thumb tip opposes the side of the
from a prosthetics research progragBeérs et al.1988), its flexed index fingerlperall, 1997). This final form of classi-
use of cables meant that it was in constant need of servicindication gives the engineer clear indications as to the required
and adjusting, which would preclude it from a prosthetic so-path the digit tips must move through to create as wider a
lution. Instead rigid links are generally used. The flexibility range of grips (and so function) for the hand. To achieve all
is then created using some form offdrential. One solution these grasps the fingers need to be driven separately to the
is to use links in the form of a whie tree. All elements are thumb and they need to curl to reach the palm. A prosthesis



should be able to perform all of these grips to be truly practi-possible. Some hands require two motors to provide this ex-
cal. When compromises are made it might be imagined thatra motion Kyberd 1990 and the Otto Bock Michelangelo
the most common grips are those which are considered firshand. Others, such as the TouchBionics and RSL Steeper
However, the dterences in the way that a prosthesis is used,hands require external forces from the user to move the
compared with a natural hand means that it is still uncertainthumb across the palnNéwman 2008. A more sophisti-
which grips are most useful. The latest generation of com-cated design is to use opposite ends of a more complex range
mercial hands use the lateral grip more often than the naturabf motion of the thumb to create motion in one plane or the
hand does, (proportions according3ollerman and Sperling other Clawson et al.2010, or Pons et al(2005 who used
(1978) and also for gripping objects not considered for this a Geneva mechanism. Thus getting the two motions from a
grip in natural prehension. single actuator.
Additionally, in the natural hand the motion of fingers and
thumb are dierent Wing et al, 1986, with the thumb mov-
ing more slowly and allowing the fingers to close on to the
An important distinction are the two and three jaw precisionthumb, which acts as a reference for the person grasping. So
grips (tripod and tip). Two jaw opposition dictates which fin- powerful is this need, that in simple prostheses where both
gers are linked to the same drive. Two general solutions havéingers and thumb are linked and move with the same angu-
been investigated; each splits the fingers into two groups: Eifar velocity, users move their forearm in such a way that the
ther two fingers in each group or three in one group and theelative motions of finger and thumb are closer to the natural
index driven separately. Early examples of these two solutesponseWing and Fraserl987). Using this knowledge it
tions are the Belgrade HanBgkey et al. 199Q Iberall et al, is clear that if the speed of the fingers and thumb are under
1996 and the Southampton Hantiodd, 1969 Kyberd et al, the control of the designer, that it is appropriate to allow the
2001). The latter split is similar to the way work gloves are thumb to move more slowly to get closer to the natural solu-
designed for use in cold climates, there the three fingers ardon. This also allows the thumb to be geareffatiently so
set in a mitt for warmth and the index is kept separate for easé can create the power in the grip, in a similar manner to the
of manipulation. In both of these hands the drives passedatural solution Kyberd et al, 1998). Most conventional
through whiile trees to the fingers, with two motors in the prosthetic hands have the same angular velocity for fingers
palm for four fingers. Both formats allow balancing of forces and thumb.
across the surface of the held object with the grasp curving
round the outside of an object.
Both also allowed for two point grips between the index
finger and the thumb. In the case of the Belgrade Hand the'he natural finger has three joints outside the palm. This al-
middle finger needs to close fully once the thumb was op-lows the finger to wrap around an object and spread the grip
posed by the index, to allow the index to grip the object. across a larger surface area (reducing the need for a greater
With the Southampton Hand the three fingers could be heldyrip force for a stable grip). The tip of the finger can then
in the palm (or extended out of the way) and a two point oppose the palm at the base of the finger, allowing power
grip maintained Koore 1980. A second advantage is that grip on a small object. Each natural segment consists of a
repeated grips with the Belgrade format force both of the fin-phalangial bone, linked by a rolling, sliding joint. In a pros-
gers to fully open and close again, while with the Southamp-thetic replacement uses a link between successive phalanges
ton Hand the index finger is fully isolated, so the index only to give a similar motion of the tip of the finger, Fig. This
needs be opened to reapply the grip. increase in complexity from rigid fingers to three separate
A third hand with whifle trees across the palm are the elements, may not provide Sicient functional increase to
Sven hand serieA{mstrom, 1977). All four fingers were  justify the increase in complexity, for example; The Montreal
driven through a single whie tree, providing grip flexibility = Hand {inet et al, 1995 chose to fix the topvophalanxes in
from one motor. Later this gave rise to the ES HaAth(- slight flexion and altered the ratios of the lengths of the pha-
strom et al, 1981), which is the only underactutated pros- lanxes from roughly equal, in the anthropomorphic case, to
thetic hand to be used in the field (albeit in limited numbers).the distal pair being roughly the same length as the proximal
segment, so that with two elements the tips of the fingers still
opposed the base of the finger. There is as yet no evidence
that this compromiseffects the functional capabilities.
In multifunction prosthetic hands the role of the thumb can Alternatively increased grip flexibility can be achieved if
vary considerably. The natural thumb can move in and outthe top joint and the lower joints are linked via a g tree
from the fingers (flex and extend) as well as across the handcross the finger. In this case the tips of the fingers will con-
(abduct and adduct). If the thumb can abduct a small amountinue to close onto an object even when the base of the finger
it can provide both two and three jaw opposition, if it is al- is in contact with the object. This means that the contact area
lowed to move round to the side then the lateral grip is alsois spread more widelyKyberd et al, 2001, Fig. 2.



lightweight hydraulic hand using an electric motor turning at
a constant rate. The power source can still be a battery, with
all the advantages of their ability to be easily recharged, but
the actuator is hydraulic, which is better at low speeds and
from rest. Each finger can be linked via an equalising mech-
anism, but from a single source, with the joints flexing along
the fingers and across the hand. This device was undergoing
clinical assessmens¢hulz et al.2008.

Actuation

Links between the interphalangial joints cause the finger

to flex as it closes. the finger closes_ progres_sively, but if the_ IowerHistoricaIIy, numerous solutions have been proposed for
phalanx is halted by an external object the tips cannot continue to . . .
move. prosthetic hands. Some have been used in the field, but the
limitations on technology has meant that the mass of the de-
signs has restricted their application. With the launch of the
TouchBionics Hand in 2005, a new generation of multifunc-
tion hands with flexible fingers is beginning to enjoy genuine
clinical use. The TouchBionics hand is fully actuat®gbw-
man 2008. The next device to reach the market, was the
RSL Steeper, “BeBionic” hand in spring 2010. This too has
separately driven fingers which curl as they flex and a thumb
with unpowered abduction. However neither of these hands
are underactuated. Yet to reach the market, is the Otto Bock
Michaleangelo handquchhammer2008. The main flexion
power comes from a single brushless motor in the palm, and
a combination of a cam at the opposite ends of the motion
Use of the equalising mechanism across the finger to@nd @ smaller flexion motor for the thumb, allows the hand
allow an adaptive grip. if the proximal phalanx is stopped by an to adopt tip and lateral prehension. The fingers do not curl,
external object. the distal phalanx closes onto the object. for a largemerely flexing from their base and their motions are linked.
object the finger curls similar to the design in Flgf unobstructed, = The hand is statically very anthropomorphic in appearance,
the tip wraps round to the base of the finger. but without some independent clinical testing, it is unclear
if these changes give it any functional advantages over the
more conventional single degree of freedom designs. Fur-
ther from the market is the Vicent hand from Schutz’s team
(Schulz 2010, with individually driven fingers.

The overwhelming choice for power sources has been the The team at the Institute of Biomedical Engineering at the
permanent magnet electric motor. This is again for prac-University of New Brunswick have many years of experi-
tical reasons. For example; batteries are easy to rechargence with novel means to control prosthetic systems, most
in any domestic situation, while the accumulators or pres-recently they have begun to design a hand which will incor-
sure vessels needed for pneumatic and hydraulic systems rgorate their knowledge of pattern recognition with the col-
quire considerable specialist equipment which is unlikely tolected ideas concerning hand design to product a lightweight
be available to the average user, making the maintenance @fompact anthropomorphic hand. It has a three and one fin-
a device using such sources very much mof&atilt. In- ger split with the three fingers driven through two stages of
deed this advantage has increased over the past 20 years differential gears. Each finger is jointed at the lower inter-
the technology has continued to advance, with increasing caphalangial joints. The thumb has a single motor and creates
pacity and peak power output for simple motors, so that al-lateral or tip pinch at opposite ends of its travel. Each finger
ternative systems remain less practical. One drawback withs instrumented so that contact points are recorded and the
motors is that they are mosffieient when they are moving most appropriate grip for the target object can be automat-
at a constant rate and in one direction of rotation. Biologi-ically selected and the grip force applied will beffszient

cal systems tend to move slowly, cyclicly and start and stopto hold the object stably, Fig3. If the object slips within
often. Hence a motor is the poorest choice from the perspecthe grip it will be detected and the hand automatically grips
tive of efficiency. One group in Germang¢hulz et al.2005 tighter to arrest any slide. Using this design the hand can
has taken a dlierent approach. They generate pressure for anatch all six of the basic grip classes.




The use of underactuation in prosthetics is the result of prag-
matic choices to create functional and adaptive hand mecha-
nisms, while reducing size and mass a level that is practical.
This has resulted in @fierent numbers of drives and degrees
of freedom. To obtain a flexible grip the use of underactu-
ation allows greater flexibility with fewer drives. However
few such hands have achieved significant clinical use so far.
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