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Shape Memory alloy Actuator System
Optimization for New Hand Prostheses
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Abstract—Shape memory alloy (SMA) actuators have found a The cooling system consists of a heat sink and a

wide range of applications due to their unique prtips such as high
force, small size, lightweight and silent operatidhis paper presents
the development of compact (SMA) actuator and ogoBystem in
one unit. This actuator is developed for multi-Bngd hand. It
consists of nickel-titanium (Nitinol) SMA wires itcompact forming.
The new arrangement insulates SMA wires from thmdnubody by
housing it in a heat sink and uses a thermoelegévice for rejecting
heat to improve the actuator performance. The stuthes
optimization methods for selecting the SMA wiresometrical
parameters and the material of a heat sink. Therarpntal work
implements the actuator prototype and measuressfonse.

thermoelectric (TE) devicée].

The SMA actuator and cooling system unit will bagad in
a separate modular component for the proposed hatist
hand. The design and analysis of that multi-findere
anthropometric prosthetic hand were explained separate
paper by the authors [8]. Herein, the design paramef the
actuation system and heat sink material are deteaniising
optimization. The study implements the actuatotqiggpe and
the experimental work aims at verifying the mathtcaa
modeling and the effect of different cooling system

Keywords—Optimization, Prosthetic hand, Shape memory alloy,

Thermoelectric device, Actuator system

|. INTRODUCTION

MAs are metallic materials having the ability toum to a

previously determined shape when heated to or atheie
transition temperature. This occurs because thedaeses the
material to pass from the weak martensite phagbeanore
rigid austenite phase, which is known as the “shapenory
effect” [1]. One of the most common SMAs is Nitin@®iTi).
The (NiTi) thin wire contracts when a voltage ispkgd to
their ends. The advantages of NiTi wires includeirth

extremely small size, volume etc. [1, 2, 3]. Theiain
disadvantages as prosthetic actuators are: (a) hilga
temperatures required for transition, which resiit a

relatively slow recovery time until cooling occyd, and (b)
the small strains they produce (3% - 8%) requirteresive
lengths of wire for large strains sufficient toXléhe fingers.

Il. SMA CoMPACT ACTUATOR AND COOLING SYSTEM
DESIGN

SMA Nitinol (NiTi) wires (Dynalloy, Inc.) are selésd as
the actuator for their pre-described advantages. challenge
was to propose a design that uses these advantagks
overcomes the drawbacks, which include the smalkstand
the slow cooling. The stroke (4% strain) dictatddreg length
of wire to achieve the tendon excursion neededstificient
finger flexion. This was overcome by designing théial
compact arrangement as shown in Fig.1. The SMAs\are
routed around Teflon rollers to reduce friction ahd spring
is required to provide the SMA bias force that wbh
determined by optimization. This in turn will ditéethe spring
characteristics.

A cooling or recovery time of the SMA increaseshnibhe
increase of the cross-sectional area of the wimvever, the
actuation force also increases with the crosseatiarea

Several prosthetic hands actuated by SMAs have bedis posing the challenge of selecting the optimenwss-

proposed in the literature [1, 5]. These hands esiggl
embedding SMA wires in the palm [5, 6] or in thenaRef.[4]
presented a direct attaching of SMA to the fingarciure.

The proposed SMA actuator uses (NiTi) multiple wine a
compact arrangement, which overcomes the size diioit.
The actuator will be designed to generate a fdne¢ teaches
up to 15 N and a stroke that reaches up to 20miis. fotce is
sufficient to mimic the natural fingertip force. dse SMA
wires will be cooled to improve the actuator resggon

M. A. Ahmed is a PhD candidate with Cairo UniversiEgypt; (e-mail:
mogeebahmed2@ masrawy.com).

M. F. Taher, is with the Department of Biomedicalgiheering Systems,
Cairo University, Egypt (e-mail: taher.mona@gnaaiin).

S. M. Metwalli is with the Mechanical Design andé&uction Department,
Cairo University, Egypt, (e-mail:metwallis2@asme)or

section, which will allow sufficient force within he

constraints of reasonable recovery times. The gaaak
dimensions of the SMA wires will be determined bt
optimization described hereafter. To improve theliog rate,

the cooling system is designed to include a he&t and a TE
device. This particular cooling system is composdda

thermoelectric (TE) device and two aluminium heaaks as
shown in Fig.1. The TE device used is PE127-14-15]S
The first heat sink is used for the housing of 8MA wires

and is cooled by the TE device. The second hedtisirfor

rejecting the heat of the TE device.

In previous studies [9-11], the optimization of heink
design parameters are based on minimization ofrthgs and
maximization of both rejected and stored heat. &hstadies
considered the relevant design parameters inclugiognetric
constraints, heat dissipation and material propeni the heat
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sink [9-17. The SMA actuator in this study uses a heat
with standard dimensions. So, the optimization redesin will
be to determine the optimum material he heat sink in
addition to other system parameters.
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Fig. 1 Compact actuator and cooling system mc

1. ACTUATOR DESIGNFORMULATION

SMA is actuated by resistive heating of the SMAesiwith
step currentl in Ampere. The temperatuT along the wire is
uniform and is obtained from the following relatic

pSMAVnglzRSMA_hA T-T) @)

WhereRgya is the electrical resistance of SMA wilpgya IS
the density of the SMAY is the volume of SMA wireh is the
convection heat transfer coefficiem; is the surface area
the SMA wire, c is the specific heat anT, is the ambient
temperature. The differential equation (Eq.1), aders thal
the heat transmission occurs by air convection @glects the
radiation effect [14].

The cooling system is analyzed using a lumped quinice
get the equivalent thermal resistance circuit [T%js concep
assumes the temperature is varied with time uniform
within the heat sink dimensions. Fig.2 shows thaivedent
thermal circuit of the planned cooling system.
components R R,, and R are the thermal resistances of
heat sink. Ris the thermal contact resistance between ¢
wire and heat sink. Rpis the thermal resistance between
heat sink and the air.,Rs the thermal resistance between
SMA wire and the air. The distribution of thermakistance
on the cooling system is shown in Fig.3sua, and Ggare the
equivalent therral capacitances of the SMA wire and the t
sink respectively. They are related to the spediiat anc
volume.

R is defined by.

2 (2
hcmD SMA LSMA

Whereh, is the thermal conductance of the tact between
SMA and heat sinkq is the number of wireDgy, is the SMA
wire diameter antlgya is the SMA wire length
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Fig. 2 Equivalent thermal resistance circuit for SMAMWRE device
and heat sir
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Fig. 3 Distribution of thermalesistances on the cooling system

R is defined by
-2 (3)
R h7nDgyaLgua
Ri1, R,, and R are the thermal resistances at point 1, poi
and point 3 respectively as shown in Fig.3. Theséstancs
are defined by.

Rl = 2tl y (4)
kAI n ’TDSVIA LS\AA
L, (®)

R,= —3% —
N I(AI I‘2 tl
t, (6)
kalil,
Wherety, t5, Ly, L, andL; are the geometrical dimensions
the heat sink as shown in FigNis the number of fins anij,
is the Aluminum conductivit
Rs.amb is the thermal resistance between the heat sirk
ambient air. The following relation defines
- 1 7
R~"’f*"‘3'h(L2 L+NLt,) “
The cooling system will be analyzed by thumped
concept. The cooling system has both conductive
convective heat transmission. This system is amai®gar
integrator circuit.
The SMA cooling with heat sink system is expredsgthe
following ODE.

R, =

ar a-1) ®
Ca dt =1 "Raun - Ra
Where
_(R+R+R+R+R )R 9
R+TR+R+R+R . tR,
and C = ChsCSMA (10)
G +Cana

10
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The solution of Eq.8 for the heating stage is gikign

T,=T, +%[1—exp(—Dt)] 11)
Where __ 1 .
CaiRen
And for the cooling stage the solution is given by
T=T,+(T,-T,)lexpc-D)] (12)

The initial SMA wire temperature iF(0) =T, and the
steady—state value of the SMA wire temperafigdor a step
current whendT_q is ¢ _W .

dt R,

The cooling with TE device and heat sink is analyby
using superposition. The hot side temperature ofi@ceT,
is determined by.

dT, _ T,-T, 13-a
ChsW—Qﬂz_( Ry ) ( )
WhereQqe is the rejected heat of TE device and
Ry, = (RHAR+ R+ Ry )R, (13-b)
R+R, +Ry+ Ry + R,

From the specifications of the TE device, thereais

temperature differenceT,,

of the TE device. The cold side temperaflyés

T1 =T2 _ATTEM (14)
Therefore, the SMA temperatufes defined by
da __(T-T) (15)
“ dt R

eql

Phase kinetics depends on lkuta’s Model [10,12pktain

the martensite fractioR,. It describes the behaviour of the

major hystersis curve as an exponential curve. rmagensite
fractionRyn for heating and cooling is defined by

1
Rothe = (16)

1+ eKm(h‘c)(T_y(h,c))

WhereK, and K. are related to the slope of the hysteresis

curve through heating and cooling, and y, are related to

the transformation temperatures and additionalbjuithe the

effect of stress on the hysteresis curve. Theyeapeessed at

cooling and heating respectively by
Vo= 5(a,ra) T, +Co0 -0, 17

Vo= 2m,+m)-T,+C (0 -0,) (18)

Wheremg, m, a;, & are transformation temperatures of tht?h

between the hot and cold sides

Therefore the strain at cooling phase is given by.

f=2 (21)
EITI
The stres;, at the heating phase is given by
_F+df (22)
2
A
Wheredf is the actuation force.
The strain at point heating phase is
£, = 92 (23)
Eeff

The model assumes that the SMA is linear in thetenaite
(cooling) and austenite (heating) phase.

The mechanical work density of the SMMsua is
expressed by.

Waua :%(52_51)(01_02) (24)

For the heat sink material selection, the desigthefheat
sink considers the maximization of rejected (distgd) heat
Qe the stored heat Leq and also the minimization of the
heat sink mass.

The mass of the heat sink is defined by

m= p-VhS (25)
Wherep is the density of heat sink material ag is the
volume of the heat sink.

The stored heat capaciy goeq Of the cooling system is
defined by

Qstored: (T'To) -Ceq (26)

The rejected heat,Qfrom SMA is defined by
T-T 27
Q=TT (27)

eql
Table | shows the mass, rejected heat and storadofi¢he
same heat sink dimensions with different materials.

TABLE |
DIFFERENTHEAT SINK MATERIALS ANALYSIS
Material Heat sink Rejected heat Stored heat
mass (g) (W/m?) (W)
Aluminum 12 0.0224 5.8593
Copper 35 0.0425 19.1772
Silver 55 0.046 21.7034

IV. SYSTEMOPTIMIZATION

In this section, the design variables, objectivecfion, and
e constraints of the optimization are definede Tdesign

SMA. C, and g, are the effect of stress on transformatiogariables are SMA wire cross-sectional area, nurobaiires,

temperatures, and the initial stress respectivély [ The

pretension stresg of SMA at cooling phase is given by
s=h (19)
A

WhereA. is the cross-sectional area of SMA wire &ads the
bias force. The resultant effective elastiity is given by

Es =R,(E,)+ A-R)E, (20)
Where E, is the austenite elasticity artg}, is the martensite
elasticity of SMA.

the bias force, and the material of heat sink pitoge
conductivity, specific heat and density. In thisuidst, the
geometrical parameters of the heat sink are kamtaat. The
objective functiorf is defined as:

Mass of théneatsink

28)
(
[Rejectedheat+ Storecheatcapacity][Work densityof theSMA]

The constraints include the following: the yieldesses and
the elastic modules of the SMA at the martensitd Hre
austenite phases. The maximum strain of the SMAhat
martensite phase is less than 4% [3]. The constraane
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related to the property values of heat sink madtefiae

constraints related to the property values of tleathsink SMA actuator

metals are such as densjy specific heatC and thermal

conductivityK. There is another constraint on the diameter o N

SMA wire. )
The heat sink material properties are constrainigtimthe Spring.__|

following ranges.

10000 > p > 2700 K9 (29) LVDT
m

(30)

400> K > ZOOW—'
m K °

J—D (31) Battery
K { Data acquisition card (6V-1.2 A)
The SMA wire diameter is constrained within thegan =

05> Dy, > 005mm (32)

Switch

880 > C > 200

The optimization problem is defined as a classitah-
linear optimization problem with constraints. Thausion is TO COMPUTER
obtained by the Sequential Quadratic Programminghoake Fig. 5 Layout of the experimental setup
(SQP) that is implemented by the functidmincon of
MATLAB Optimization Toolbox [13]. The functiorimincon VI, RESULTS
finds the minimum of a constrained nonlinear maitiable o ] )
objective function f [16] and determines the optimum  Table Il shows optimum design variables of SMA abon.

constrained design variables. To _evalua_lte the effect of forced_cooling on thaxation |_rate
a simulation was performed using Eq.1, which déssrithe
V.EXPERIMENTAL WORK cooling rate in an ambient air. Simulations weneested for

cooling with a heat sink alone using Eq.8, andcfasling with

the heat sink and a TE device using Eq.13. Theilsiions

are carried out for the contraction and relaxatdrthe 400
mm of SMA wire with a diameter of 0.15 mm at anitaton

current of 1.2 A for a duration of 1s. Fig. 6 dfid. 7 show
the simulation results of SMA actuator with variosoling

methods. Fig. 6 is the same as Fig. 7 but witfieshistart to
clarify the outcome. The smooth lines are for shaulation

results and the jiggled or wrinkled lines are fdret
experimental ones. Experimentally, the implemergetliator
has a 10 mm stroke and a lift of 1.3 Kg.

The SMA actuator and cooling system unit as shown
Fig.1 is implemented with the specifications andirojzation
results that is shown in Table I. The prototyp@rplemented
for actuating one finger as shown in Fig. 4. Ire th
experimental work the used SMA wire length is 40Qmifhis
is the available commercial length by Dynalloy [3]he
experimental work measures the response of tha@actwith
different cooling methods and its load capacityhe Tstudy
uses linear variable differential transformer (LVDTData
acquisition card Velleman K8055 and Battery (6 ¥-A) as
shown in the layout of the experimental setup a=fin
schematically in Fig. 5.

TABLE.II

. H ‘ device OPTIMUM SMA ACTUATOR PARAMETERS
%’ s f?)lriz \er':; Heat sink | No. of czla_g:gity Temp | Stroke
_ il (N) (mm?) material wires (N) (C9 (mm)
‘ : 3.2 0.09 | Aluminum 6 15 100 20

B SMA wires

VII. DISCUSSION

The current design proposes a compact solutiontter
required long length of SMA wires. In previousditis, this
length is fitted in the forearm, or routed in thalrp [5] or
finger [6]. Forced cooling in this study using heaks and
the TE device is more suitable for biomedical aggilons
than forced air, oil or water. TE device coolirgstpreviously
been used in prosthetic hand [17] but not in a @ehform
and other works [5, 6] do not use cooling.

Prosthetic hand

Fig. 4 Prototype for actuating one hand prosthésger

12
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Stroke
mm T T T T T T T T T

10 |

Heat sink cooling

Time (s) 10

Fig. 6aComparison between the analytical and experimental results
with shifted start to clarify the outcome

Stroke
In]n T T T T T T T T T

10 t

Heat sink cooling

TE device

Time (s) 10
Fig. 6b Different cooling methods effect with results at the same start
to indicate the effectiveness of cooling

In the developed optimum cooling system design, the ratio
between cross sectional area and surface area of SMA wires
should be large. For this reason a large number of thinner
SMA wires are used. This optimum cooling system improves
the relaxation rate of the actuators than without cooling as
shownin Fig. 6.

Fig. 5 shows the difference between the anaytical and
experimental results. The SMA simulation used the
phenomenological model that assumes the wire resistance is
constant and the éastic modulus is linear in both phases.
Furthermore, the cooling system used the lumped analysis (the
temperature is varied with time only) to simplify the
modelling and assumed the rejected heat of the TE device is
linear with the consumed current. The modelling neglected
the friction effect between the wires and the rollers, that
causes backlash as shown in Fig. 5, and reduces the load

capacity of the implemented actuator than the designed. The
case of ambient cooling is conforming more to the
experiments in the literature [18 and 19]. Forced cooling is
clearly more effective.

VIII. CONCLUSION

The devel oped actuator overcomes the usual SMA wires for
hand prostheses that requires long wire or large space to
generate the sufficient stoke and adequate response. The
optimum actuation module is a compact arrangement of SMA
wires, which is cooled using a heat sink and thermoelectric
(TE) device. The forced cooling improves the actuator
performance by rejecting the SMA heat. The optimum design
minimizes the heat sink weight and defines the optimum
parameters of the actuation system and also provides the
optimum material selection of the heat sink. The prototype
actuator is implemented for actuating one finger. The
experimental work verifies the analytical results of the
prototype with different cooling methods. The optimum
actuating system with forced cooling is clearly advantageous.
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