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Abstract Concept of underactuation makes it possible to create such robotic hands that automatically adapt to the
shape of the grasped object without using a complex control system or a large number of actuators. In underactuated hand
prostheses, depending upon control strategy used, one can get more and more degree of freedoms (DOFs) to make its
prosthetic device more versatile and easy to control. In spite of all the great work done by the researchers on underactuated
prosthetic hands, no one has given any relationship between the number of motors (or actuators) and the number of degree
of freedoms (DOFs). This novel concept named as “Coefficient of UAM” (CoUAM) is “the ratio between numbers of
motors to the number of DOFs”. By reviewing various known studies, COUAM of randomly selected prosthetic hands is
calculated separately and analyzed merits/demerits, cost, weight, appearance, ease of controllability and their functionality
to make this approach more objective and useful for the future researchers. Hence target of this paper is to assess a Coeffi-
cient of UAM (CoUAM) of different types of prostheses available and then classify them into red, green and yellow zones.

Keywords Prosthetic Hand, Underactuated Mechanism, Degree Of Freedom, Myoelectric Prosthesis, Mitten Prosthe-

S1S

1. Introduction

In spite of the availability of various options: starting from
mitten prosthesis to myoelectric hand, the rejection rate for
using the prosthetic device is very high due to the heavy
weight of prosthetic hands, the low functionality of pros-
thetic hands (resulted in single and unstable grasp caused by
few finger's DOFs), the unnatural movements (caused by the
limited DOFs) and the appearance of prosthetic hands is far
from human hand. By seeing the negligence of users towards
the prosthetic device different approaches has been carried
out to fill a gap between prosthetic hand and the real human
hand as in[1]. Due to all or any of these reasons only 30% to
50% handicap persons used their prosthetic hands once in a
while[2].

Traumatic amputations including industrial accidents are
leading causes of hand amputations in human being. Various
efforts in the past few years are being carried out to make
myoelectric hand as close as possible to the real human hand.
Myoelectric prostheses deal with the concept, implementa-
tion and clinical application of utilizing inherent electrical
signals with-in normally innervated residual muscles under
voluntary control of an upper limb amputee. In myoelectric
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prostheses small electric motors are used as actuators[3]. In
myoelectric prosthetic hands these actuators are used to
control number of degree of freedoms (DOFs). According to
the International Federation for the Theory of Machines and
Mechanisms (IFToMM) terminology[4], the degree of
freedom (DOF) of a mechanism is the number of indepen-
dent generalized coordinates required to define completely
the configuration of a system at any instant of time[5,6].

The design of advanced robotic systems is moving from
the “classical” concept of precise and stiff structures, often
heavy and very complex like Robonaut Hand[7], and DLR
Hand I1[8,9,10] to that of light and flexible ones like Cyber
Hand[11], RTR II[12], RTR III[13] and Manus Hand[14]
with the perspectives of increased performances, high me-
chanical simplification and consistent cost reduction[15].
Underactuated mechanisms (UAM) are mechanical systems
with fewer control inputs (actuators) than degrees of free-
doms (DOFs).

Different types of underactuated mechanisms are de-
scribed by different authors but it was properly classified by
He Bin et al.[5] into 4 subtypes i.e. Differential, Compliant,
Triggered and Passive Mechanism. In underactuated me-
chanism, principle of actuation[16] is used to reduce the
control complexity and to imitate grasping behavior of hu-
man hand. Challenges towards the development of a real
underactuated myoelectric hand includes: the use of neural
control signals together with the extraction of intent, the
simple mechatronic implementation[17] having less number
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of actuators than the degree of freedoms, better functionality,
light weight and cosmetic appearance to increase the perso-
nification of the hand.

In order to achieve all the requirements (targets) unde-
ractuated mechanism contributes a lot. Although classifica-
tion of under-actuated mechanism based on mechanism is
available but no one has given weightage to the relation of
actuators with number of degree of freedoms in hand. In this
paper the main focus is to study various available known
prosthetic hands and then calculate a new factor termed as
“CoUAM?” for each of them and then to find the effective-
ness of CoUAM by studying different known approaches
which has been used to minimize the number of actuators.

The dexterous manipulation prosthetic hand should have
all the degree of freedoms just like real human hand. Al-
though lot of effort in the past has been carried out to make
the prosthetic hand near to the human hand but still there is a
huge gap to achieve that target. In past, different approaches
are taken to increase the number of DOFs and to reduce the
number of actuators by considering the cost, controllability,
cosmetic appearance, size and weight of the prosthetic hand.
Some use one motor to control one DOF (which is not an
underactuated mechanism), whereas in some approaches one
motor is used to control multi DOFs. In TUAT/Karlsruhe
Humanoid Hand[18] only one motor is used for the whole
hand. Thus different approaches are there for the underac-
tuated mechanism but to find some factor by which a better
technique of using the number of motors to DOFs is calcu-
lated. By considering different known approaches which
already has been carried out for underactuated mechanisms,
the calculation will be compared with the real human hand.

In section 2 of this paper, the part of the actuators in hand
prostheses and the comparison of the actuators with the
biological muscle discussed. Section 3 explains the optimi-
zation criteria in various studies, a novel factor CoOUAM and
the division of studies in 3 different zones (i.e. Red, Yellow
& Green Zone) on the basis of COUAM value. Section 4
gives the clinical correlation and section 5 brings out the
conclusion.

2. Part of Actuators in Hand Prostheses

Actuators are the key components in any prosthetic device,
one have to be very careful in their selection. Traditional
actuators cannot fulfill the requirements because of their
heavy weight, low power efficiency, large size and imper-
manency. On the other hand the design of prosthetic hand
implies a series of challenging requirements to be fulfilled.
Reducing number of actuators and obtain humanoid dex-
terous hand[19] is one of the basic objective in the design of
prosthetic hand device.

Typically the numbers of actuators are chosen without
considering the muscular anatomy and their number is de-
termined by the presence of weight or space constraint. Later
by studying the different approaches and calculating
“CoUAM?” this research will show that those hands in which
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number of actuators are three or four (equal to three main
nerves Radial, Ulnar and Median i.e. responsible of control-
ling the finger movements) are more flexible option for the
hand prostheses.

In the human body, a vast number of actuators are distri-
buted throughout the body. Even a tiny blood vessel, i.e.
arteriole, has a built-in actuator. There are numerous local
control loops, or autonomy, around the distributed actuators
in the body to fulfill the requirement of human level dexterity.
The number of skeletal muscles is also huge (in human body),
creating a great degree of flexibility and dexterity in its bo-
dily motion. This allows humans and other biological crea-
tures to develop multifunctional behaviors and perform a
rich variety of dexterous tasks[20]. Motor nerves like radial,
ulnar or median nerve control the group of muscles in hand
responsible for different DOF. Therefore these groups of
muscles may be labeled as Median, Ulnar or Radial nerve
actuators respectively. These preferably should be controlled
by one motor for each group of muscles supplied by isolated
nerve. Later this research will show that by using 3 or 4
motors better results are obtained.

Hence to get dexterous manipulation, the actuation me-
chanism of actuators should resemble the biological muscle
and they should also have low power efficiency. Perfor-
mance of actuator depends on their power to weight ratio[21].
“Higher be the ratio better will be the actuation mechanism”
(i.e. near to the biological muscle) and vice versa. Unde-
ractuated mechanism is described by many authors but it was
not made objective by mathematical means, therefore it is
important for all but subjective for everyone. Hence such an
effort is made to make it more objective by the new concept
of “CoUAM” as described in section 3.

3. Optimization Criterion in Various
Studies

Numerous studies have been conducted over the last few
decades to achieve a balance between the aesthetic appear-
ance and functionality of the prosthetic hand. Every one
contributed a lot to make their prosthetic device as close as
possible to the real human hand, although their contribution
is remarkable and efforts of every one placed a benchmark
for the coming prosthetic devices but still there is a huge gap
that has to be filled to make prosthetic hand close to the
human hand. Optimization criteria in various studies have
been reviewed and to make it more understandable, these
studies have been divided in three zones: red, yellow and
green zone.

3.1. Red Zone Studies

By looking at the red zone in Table, it is evident that the
studies included in this zone are unable to fulfill the re-
quirement of the humanoid robotics. Because of their high
CoUAM value, bulky and complex designs, complex con-
trollability etc. these designs are unable to fulfill the basic
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requirement of the user, although they are highly dexterous
and can easily manipulate various tasks but not the best
prosthetic option for the user due to one or more reason.
Gifu Hand I1[22] as shown in Figure 1, has a high potential to
perform the dexterous object manipulations like the human
hand, it has five fingers with 16 DOFs which are actuated by
16 servo motors. This hand can perform various tasks dex-
terously but had a complex control system. Size of the fin-
gers in Gifu Hand II is same as that of the human finger. Due
to large number of motors and several sensors the weight of
the hand is heavy. Later from the calculation of CoUAM, it
will be proved that this hand is not a good option for the
amputee.

Naist Hand[23] is a four fingered hand and each finger has
3 DOFs. Separate motors are used to drive each DOF. Hence
total of 12 motors are used to drive 12 DOFs. Before the
development of the Naist Hand, multi DOF robot hand was
developed but the problem with them is that wire driven
mechanism is adopted for these hands, which requires a huge
actuator unit, thus maintainability is not good for tension
control of the wires.
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Gifu Hand II.

Figure 1.

Later Naist Hand with vision-based tactile sensors solved
this problem which uses gears link mechanism. But still the
requirement of humanoid robotics is not fulfilled because of
the high cost, heavy weight etc. Although this hand can
perform various tasks dexterously but numbers of actuators
are very high and no under-actuated mechanism is used.

B

Figure 2. LMS Hand.

In traditional artificial hands, multiple degrees of free-
doms (DOFs) of motion is obtained by using the several
actuators which consequently the arm becomes too large and
heavy weight and thus it will be a burden for users. One of
the examples of such hand is the LMS Hand[24] as shown in
Figure 2, with four fingers and sixteen DOFs. It can mani-
pulate various objects with finger tips by using force and
position controllers. Each finger is capable to control an

applied force and react consequently. Numbers of motors
used in this hand for the actuation of 16 DOFs are 16, which
is very high and make the hand less anthropomorphic with
complex controllability and bulky weight.

Similarly the BUAA Hand[25], which is highly dexterous
with 4 fingers and 16 DOFs can perform various tasks dex-
terously but the drawback is the cosmetic appearance and
weight of the hand (about 1.4kg) due to several actuators
and sensors.

3.2. Yellow Zone Studies

Studies included in this zone are better than those of red
zone studies. The reason for this is the adoption of unde-
ractuated mechanism to carry out simple tasks and simple
grasping options. The main requirements to be fulfilled for
the amputee is not just the dexterous manipulation of task (as
in red zone) but also the aesthetic appearance to minimize
psychological burden on the user, simple controllability, less
weight, less cost and high power efficiency. For this zone,
four studies have been selected.

GCUA Hand[26], a five fingered hand in which 15 DOFs
are actuated by using 10 motors (actuators) using the concept
of underactuated mechanism. This hand is designed to re-
duce the complex controllability of dexterous hands and to
improve the dexterity of traditional underactuated hands.
The only problem with this hand is the size, which is double
than the adult’s hand. In Table 1, it is found that value of
CoUAM for this hand is 0.667 which is less than the value of
CoUAM of every study in red zone. In 2002,
TUAT/Karlsruhe Humanoid Hand[18] with five fingers and
20 DOFs is developed, which is driven by only one actuator.
This hand can grasp the objects self adaptively according to
the shape of the object. Since only one motor is used to carry
out 20 DOFs, hand controllability is very simple and its
weight is very light but the disadvantage is that it is unable to
perform various daily routine tasks. To avoid the complex
controllability, bulky size and psychological burden on the
user, in 2006, a five fingered anthropomorphic prosthetic
hand was developed and named as FIU Hand[27] with 14
DOFs which is actuated by 11 motors. Planetary gears, nuts
and lead screws of identical types are used to substantially
reduce the cost of the hand. This hand is fully capable of
performing the daily activities of life.

3.3. Green Zone Studies

To reduce the complexity of the multi-fingered hand,
underactuation or the motion coupling mechanism is used to
reduce the number of motors without reducing the number of
degrees of freedoms (DOFs). Studies included in this zone
not only using the same concept of underactuated mechan-
ism as in yellow zone, but also number of motors used to
carry out several degree of freedoms. These studies very near
to the human hand actuation units we will discuss in section
4. Loredana Z. et al.[28] in 2007 developed a three fingered
optimized anthropomorphic hand to obtain the human like
kinematics and dynamics. Hand has the capability to mimic



38 M. Mariappan et al.:

the natural motion of human finger, light weight (of about
250gm). Numbers of DOFs are not very high but still it gives
the good results by using the concept of self adaptation. As
compare to the other studies in this zone, Loredana Z. et al.
Hand is not very versatile. Whereas HIT/DLR Hand[29] is
very promising among the various prosthetic options due to
its handsome appearance, strong capability of grasping
complex shape objects and an additional feature of thumb
movement in 3-D space. For the actuation of 13 DOFs only 3
motors are being used in this design, which makes it anth-
ropomorphic, light weight (of about 500gm) and versatile.
In 2002, a three fingered underactuated prosthetic hand RTR
I1[30] designed with 8 DOF’s. Only two motors are used one
for the flexion/extension of all the fingers (including thumb)
and the other for the abduction/adduction movement of the
thumb. RTR II hand has high grasping functionality as
compared to other commercial prosthetic devices available at
that time. Actuation is intrinsic and simple control algorithm
is used. Jingdong Z. et al. in 2006[31] proposed a five fin-
gered prosthetic hand that is controlled by EMG signals.

Table 1. CoUAM(Ratio & %).
CoUAM
Mystleatric | Ratio) | % Advigree
Hands o/p 91'3'()) Disadvantages
Gifuhand I | o=16 p=16 | Dexterous object manipula-
5 fingered y=1 %=0 | tions. Complex Control
_ _ Changeable finger posture
EaAnIgT o :112 l?, % :102 Vision based highly accurate
i ° sensing
Fine finger control
o=16 p=16 | Manipulation by finger tips
LMS hand =1 %=0 Elastic cables used for mani-
pulation
o=16 B=16 Highly dexterous Non anth-
BUAA Hand ) %=0 ropomorphic. Can be used as
v © test bed for future research
_ _ Self- adaptive grasping
g(ég/:rggnd a:é 0667 0}3 :3135 Nice, valid & low cost but size
& [ 0 is double than adult’s hand.
Human like manipulation
TUATKatls | oy B=20 | abilities. Light weight
5 fingered v=0.050  %=95 | Simple control system &
g Self-adaptive grasp.
_ _ Ability to pick up small ob-
ISSIEHH;I:& a:é 172 "E :212? jects. Aesthetic, Cheaper, Less
g = 0 complex control. Light Weight
TH-1 Hand o=3 p=? Light weight with fewer DOFs
5 fingered y=? %=? & simple controllability.
Loredana Z. a=4 =9 Light weight( 250gm)
et al. Hand —0.445 %=55.5 Self —adaptive grasp
3 fingered = om0 Neglected presence of friction
Light weight (Wt. 500g) &
ggéDLR o=3 p=13 simple constructed multi DOF
5 finoered v=0.317 %=68.3 | hand. Perform nips, grasps &
g complex shapes. Aesthetic
RTR II 0=2 =8 Self-adaptive grasp.
Hand 0250 %=75 | Intrinsic actuation
3 fingered = 0 Simple control algorithm.
Jingdong Z 0=3 p=14 Shape adaptation, Multiple
etal. Hand | v=0214  %=78. Igf"‘sl’mg 0{’.t‘§ns ioh
5 fingered 6 ow cost, light weight, user
friendly.& Less dexterity
AR hand I | a=3 p=14 Spherical, cylindrical, preci-
5 fingered v=0214 %=78.6 sion and lateral grasp, light
weight, dexterous

Three fingers are active and other two fingers are passive
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and by using only few stepper motors (actuators) in his de-
sign several grasping options are possible. So it is user
friendly, low cost, light weight (0.55kg) and automatically
adopt the shape of different objects.

D. Yang et al. in 2009 developed a five fingered myoe-
lectric prosthetic hand named as AR hand ITI[13]. This newly
designed robot hand (i.e. controlled by surface EMG) cannot
have too many actuators, since EMG signals highly influ-
enced by noise, sweat and muscle fatigue. It can successfully
operate different various objects with different sizes.

Significance of coefficient of underactuated mechanism
“CoUAM?” is the “ratio between numbers of motors to the
total number of degrees of freedom (DOFs)” but main ob-
jectives in the design of any humanoid hand are to get
maximum number of degree of freedom by using minimum
number of actuators, to avoid complex controllability, large
size, heavy weight, unaesthetic appearance and psychologi-
cal burden on user etc. Although lot of efforts in the past
have been carried out to make prosthetic hand as close as
possible to the real human hand and to make it more ac-
ceptable but still there is a huge gap between artificial hand
and the real human hand which is highly dexterous and can
manipulate various tasks easily and self adaptive. One of the
simple techniques that maintain the humanistic appearance,
size and weight of an artificial hand without scarifying its
DOFs is by adopting the underactuated mechanism ap-
proach[32]. In the underactuated mechanism electric motors
are replaced by passive elements such as spring and me-
chanical limits. Since underactuated mechanism is based on
minimum number of motors to get the maximum number of
degree of freedoms (DOFs), still there is no study available
to make it more objective. Hence target of this research is to
calculate factor named as CoUAM for some of the available
studies and then compare it with the real hand’s CoUAM
which is defined as the ratio between the number of nerve
unit (considered as actuator) to the total degree of freedom
available.

Table 1 is divided into three zones: Red, Yellow and
Green Zone. Division in three different colours basically
shows the nearness of the prosthetic hand device to the real
human hand. Red colour shows that the prosthetic hand is
quite far from the real hand the reason for this is “very high
value of COUAM” (i.e. maximum or equal to 1) with many
actuators. It may be highly dexterous but on the other hand it
has complex controllability, unaesthetic appearance, heavy
weight and high cost. So the available prosthetic hands in
this zone are not considered to be good option for the am-
putees. Whereas in the yellow zone although it is better as
compared to red zone but still unable to meet the requirement
of humanoid robotics. It may be very light/heavy weight
depending upon the number of actuators used. With mini-
mum number of actuators (i.e. equal to 1) it can be aesthetic
with simple controllability but on the other hand is unable to
perform daily routine tasks and with the maximum number
of actuators (i.e. equal to 10 in that zone) it may be dexterous
but with complex controllability, big size and heavy weight
makes it unable to fulfill the requirements of the users.
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However the green zone in the Table 1 shows the maxi-
mum value of COUAM to be 0.445 and its minimum value is
0.214 which is not very far from the ideal value of CoUAM
(i.e. 0.143 ie. 3/21). Upon analyzing the advan-
tages/disadvantages, size, weight, cosmetic appearance,
controllability, functionality perhaps in every aspect it is
quite clear that the studies included in this zone shows a
much better results.

4. Clinical Correlation

All the hand movements are controlled by 3 nerves i.e.
Median, Ulnar and Radial. By applying the same principle, it
is presumed that all the 21 DOFs preferably should be con-
trolled by 3 motors (ideally in any electrical hand). Therefore,
an ideal hand CoOUAM will be 3/21 (1/7) =0.143. If any hand
system with a CoOUAM of 0.143 (86%) or closer with a good
functional similarity, it will be considered as an ideal hand.
Higher the ratio either by increasing the number of motors or
less no's of DOFs will result in poor quality of hand. Our
current ongoing project titled “Technology Advancement in
Nerve Guided Actuators and Normalizers (TANGAN) in
Myoelectric Hand” is based on anatomical and functional
similarity in anthropomorphic hand in terms of number of
phalanges, joints, nerves, tendons, different pulley and DOF.
Therefore it is possible to be having a stimulant of 1/7 of the
hand in terms of morphology (cosmetics) and physiology
(function).

Muscles in the human body and motors in myoelectric
hands are considered as actuators. Muscles are controlled by
nerves and servo motors are moved by rechargeable batteries
connected with cables. For the sake of simplicity, a group of
muscles supplied by one nerve like ulnar nerve is considered
as Ulnar Actuator Motor Unit (UAMU). Similarly other two
nerves in hand will constitute the Radial Actuator Motor
Unit (RAMU) and Median Actuator Motor Unit (MAMU).
Keeping in view of a single muscle i.e. abductor pollicis
longus muscle, innervated by radial nerve consists of
400-500 motor unit and all these 3 nerves of hands supply
multiple muscles would result into thousands of motor units.
Ulnar nerve supply all interossei muscles (8 in numbers)
might constitute thousands of motor unit. Therefore motor
unit should not be mixed with Actuators Motor Units.

In anatomy of the hand, every nerve (i.e. radial or median
or ulnar) is responsible for the actuation of multi muscles or
in other words each of them is responsible for multi DOFs.
By using the same principle, review of available studies, the
proposed novel concept of coefficient of UAM which avoids
complex controllability, unaesthetic appearance, heavy
weight, and psychological burden on user, it is shows that the
green zone studies are the suitable one.

In case of 21 DOFs in hand is controlled by 21 motors
(actuators) then the underactuated mechanism is not realized.
In contrast, if one motor will be used it will be highly un-
deractuated but its functionally may not be good. Therefore
based upon “3 nerve 3 actuator principal” from the CoUAM

analysis, preferable number of motors in hand should be 3.

5. Conclusions

Underactuated mechanism is based on minimum number
of motors to get the maximum number of DOF’s. Since no
studies are available to make it more objective, the novel
approach for the classification of underactuated mechanism
CoUAM gives a new thought to the researchers to fabricate
such kind of myoelectric prosthetic hands for the amputees
which fulfills the requirements of humanoid robotics.

The CoUAM of randomly selected studies is calculated
separately. On the basis of its value and by analyzing the
various optimization criterion, their merits/demerits, cost,
weight, cosmetic appearance, ease of controllability and their
functionality, these studies are divided in Red, Green and
Yellow Zones. Division in three zones is not only on the
basis of the above factors but also by the clinical correlation
and it is found that the studies included in the Green Zone
gives a very promising results (i.e. they are quite close to the
real human hand).
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