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Abstract:

This research studied the optimal design of Shape Memory Alloy (SMA) muscle wire bundle actuators. Current
literature describes the use of multiple muscle wires placed in parale to increase the lifting capabilities of an
SMA actuator, which however, is limited to wires of like-diameter. A constrained optimization problem was
formulated, with corstraints on the maximum number of wires, voltage applied, and SMA bundle length and
cross-sectiona area, that explored the use of severa different diameter wires for the development of an gotimal
SMA bundle actuator that will be able to apply maximum force. As a case study, the optimal design of SMA

bundle actuators for the Rutgers robotic hand is presented.

Introduction

The need for lightweight robotic devices has
prompted the use of compact, smart material based
actuators to power the robot joints [1], since
traditional forms of actuators have a mgjor drawback
in that the system necessitates the use of large and
heavy supporting apparatus. The interest in these
types of actuators evolved from the promising results
in force and motion development shown by many of
these materids, specifically in micro-robotic systems
[2, 3]. In this project we studied the optimal design
of Nickel Titanium Shape Memory Alloy (SMA)
based actuators, which possess the ability to urdergo
shape change a low temperature and retain this
deformation until they are heated; at which point
they return to their original shape.

Though SMA muscles have a high force to weight
ratio, the maximum force that each wire can apply is
approximately 0.3 kilograms (this varies according
to wire diameter). Because daily weight lifting
requirements for the robotic hand, used as the case
study here, are grester than 0.3kgs, it is proposed
that many muscle wires be “bundled”, just as muscle
fibers are in humans, to form a muscle with greater
lifting abilities. Bundling wires of like diameter to
reach this goa has been done thus far [4]. Figure 1
shows an example of a like-diameter wire bundle.
Generaly, the construction of the bundle consists of
running the wires in parale atached to a bracket by
crimps at the ends of the wires, to preserve the wire
shape change properties. Since these wires contract
in length, the bundles are then attached to the device
via a small cable or tendon at both ends. One end is
dationary and the other moveable, so that with a
temperature change in the wire (when voltage is
applied) the device is moved.

The main goa here was to design SMA bundle
actuators with various dameter wires (100 um, 150
pm, 250 um, and 300 pm) with the objective of
maximizing the force capabilities under cetain con
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gtraints. In general, while the smaller diameter wires
have a faster cycle time (faster cool time), the larger
diameter wires provide more force. It is proposed
that by combining smaller and larger diameter wires
placed in parallel an actuator could be made that will
berefit from the higher cooling speeds of the smaller
wires while obtaining a higher force from the
actuator. A constrained optimization problem was
formulated where the god is to calculate the number
of wires with different diameters and the applied
voltage, based on a specified wire length, so that the
total SMA bundle force is maximized under
particular congtraints determined by the maximum
number of wires per bundle, the acceptable ranges
for the bundle length, the voltage applied and the
maximum cross-sectional area of the bundle. As a
case study, the optimal design of SMA bundle
actuators for the Rutgers robotic hand is presented.
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Fig. 1. Sructure of a Muscle and its Fibers

Problem Formulation

A SMA bundle actuator, as the one shown in Figure
1, is considered. The actuator consists of severa
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different diameter SMA wires placed in paralé,
attached between two brackets. The number of
SMA wires having the same diameter k is denoted
by N«. Theindex “k” represents the wire diameter
values of, either 100 pm, 150 pm, 250 um, or 300
pm. It is assumed that the same voltage Vi, is
applied to al wires. The god is to cdculate the
number of wires N, and the nput voltage V;,, given
acertain wire length L, so that the total SMA bundle
force F is maximized under constraints determined
by the maximum number of wires per bundle Nz,
the acceptable ranges for the bundle length the
voltage applied, and the maximum cross-sectional
area A« Of the bundle.

The maximum power P, « required to actuate each
wire to its maximum force Fnax, x in Oone secondis
caculated by:

Pmax,k = (imax,k)z* Rk* L (1)

where: imax, kIS the current required for each wire to
attain its maximum force in one second; R is the
resistance in each wire per unit length.
The efficiency ?isdefined astheratio of each wire's
input power Py,  t0 P k. Pin, «iS determined by the
gpplied voltage V,, and the current i,, , needed to
actuate each wire without causing overheating.

h: Pin,k =— \/in Iin.k (2)

Pmax,k (Imax,k)z* RK*L

The efficiercy indicates the fraction of Pma that is
being input to each wire. This in turn indicates the
fraction of the maximum force that is being output
from the wire (one second actuation speed). It is
important to note that given enough time each wire
will attain its maximum force. By multiplying both
sides of Equation (2) with R,a « Equation (3) is
obtained:

Fk :h*Fmax,k :Ck*% (3)
where: F, is the output force from each wire (one
second actuation speed). Constant Cy contains all
known information for eech SMA wire and can
therefore be calculated using NiTi actuator wire
properties tables [5, 6]. The maximum power
requirement per unit length (ine « 2 *Ry) for each
wire, the maximum force achievable by the wire
Frax, o @0d the input current i, make up Cy:

Fooo ¥
.max,k . in, k (4)
(I max,k) * Rk
The total bundle force F is found from:
\VA
F = [NunCioo + NisoCiso *NixoCaso NanCa] *7* ()

C.=

Equation (5) is our optimization objective function.
The minus sign indicates the minimization of
Equation (5), where the god is to find \, and Nk
given the specified constraints listed below:

a) The number of wires N,, which are non-negative:

N30, N30, Ng 30, Ny30 (6)

b) The total number of wires, which is equa to the
sum of dl Ny, and is less than or equa to a
maximum number of wires N, that is selected by
the SMA bundle designer based on the bundle
application:
Nigy + Nigo + Nogy + Ny £ N, )
¢) The bundle length L is constrained between a
minimum and a maximum vaue Lmin and L ma
respectively that are imposed from the geometry of
the application:
L. ELEL,, )

d) Due to power consideratiors and the SMA wire's
fatigue life, there is a maximum acceptable vaue
V max for the applied voltage V; ,:

O£V, £V, ©

€) Thetota area of all SMA wires, which is the sum
of the products of each wir€'s cross-sectional area
A, times N,, should be less than an acceptable
maximum area Ana. Amax Can be found by
considering the application of the SMA bundle
actuator, the area of each wire and the asociated
area needed for crimps (the mechanism used to
attach the wires to the device), and the space for
airflow. It is suggested here that the larger diameter
wires require a greater space between them for heat
dissipation, so an incrementa factor based on the
wire diameter (approximately three times the wire
diameter) was used to determine the area. The final
constraint equation is:

NlOOAl(D + NlEiJAlSO +N250A250 +N3ZDA300 £'A\max (10)

Thus the design of a SMA bundle actuator has been
formulated as a constrained optimization problem
and classical optimization techniques were used to
solve it.

Discussion / Results

To demongtrate the application of the methodology
of the last section, the SMA bundle actuator design
as dictated by the Rutgers Hand prototype currently
being developed in our laboratory [7, 8] was used.
Utilizing the MATLAB® Optimization Toolbox
function CONSTR, which finds the constrained
minimum of a function of severa variables,
Equation (5) was solved using constraints (6) — (10).
Two different values for Ny equa to 10 and 15
wires were considered.  The length L was
constrained to lie in the range from 0.1524m (6") to
0.2032 m (8"). The maximum voltage was selected
to be 7 V, while the maximum acceptable area A,
was calculated as 0.56 cnf (10 wires) and 0.60 ont
(15 wires). Two different possible wire
configurations were considered: Group 1, 100 um,
150 pm, 250 pm, and 300 pm and Group 2; 150 um,
250 um, and 300 pm.



The summary results of the optimization are shown
in Table 1 for just the 0.1524m length, since this is
the ided length for the Rutgers Hand. Note that the
force provided does not increase with the length, but
the power requirement does. The length of the
actuators can be varied depending on the task. Since
the contraction length achieved by these actuators is
based on 4% strain of the wire, the longer the wire
the greater the distance traveled in linear motion or
the greater the rotation in angular motion. See [9]
for tables that show the force and power data for
varying lengths of all the wires for the bundle
actuators. The tables can be used for quick reference
for actuator construction.

Table 1: Summary of Optimization Force and Power
Results for Different Diameter SVIA Bundles
(0.1524 mlength)

Number of Wires/ Type Power | Force
100pm | 250pum | (W) (N)

10 Wires 5 5 583 | 1621
15 Wires 13 2 875 | 2265
| T —

150 um | 250 um
10 Wires 7 3 1248 | 3401
15 Wires 12 0 14.98 | 3881

The optimal solutions for both bundle configuraions
were formed using a combination of the smallest
diameter wires along with the 250 pum diameter
wires. Neither program chose to use the 300 pum
diameter wires, because the force capabilities of
these wires drops due to the mateia properties.
Additionally, the values for the bundles found here
with varying wire diameters were compared with
bundles of same diameter wires (Table 2) [5, 6].

According to the optimization routine, the bundles
that use varying diameter wires produce better
results (i.e, higher force and lower power) than
same diameter wire bundles. A comparison of the
0.1524m (6") length wire sample vaues found in
Tables 1 and 2 will show this. Note that due to the
constraints put on the area, the bundle consisting of
15 wires of the 150 um and 250um diameter, was

Three of the actuators shown in Table 1 were
fabricated and experimentally tested to verify the
computational results. The actuators tested were
those constructed with: 1) 5 — 100 um diameter
wires and 5 — 250 um diameter wires, 2) 13 — 100
pum diameter wires and 2 — 250 um diameter wires,
and 3) 7 — 150 um diameter wires and 3 — 250 pm
diameer wires. The bundles were tested for:
minimum  voltage (power) requirements for
actuation, optimal voltage (power) requirements to
obtain the optima actuator, confirmation of the
optimization routine capabilities, and any possible
excess force attainment. These tests were
accomplished by placing the bundles verticaly in a
test apparatus above a mass tray. Voltage was
applied to both ends of the bundle while the
displacement, force applied, voltage, and amperage
were observed and recorded. The third actuator (7 —
150 um diameter wires and 3 — 250 pum diameter
wire) is shown in Figure 2.

Fig. 22 10 SVA Wire Bundle Actuator
(7-150 pmand 3-250 pm)

The results of the actual experimental tests are
presented in Table 3. The minimum power is what
was required to just actuate all the wires. This test
was run with a minmum mass attached as well as
the amount as dictated by the optimiztion routine.
The maximum power is what was required to
provide a much larger force (approximately double)
than that suggested by the optimization routine for a
contraction time less than one second. The optimal
power is what was necessary to lift a mass above
that given by the optimization routine in a
reasonable amount of time (one second).

Table 3: Summary of Experimental Force and
Power Resultsfor Different Diameter SVIA Bundles
(0.1524 mlength)

formed with only 12 of the 150 um diameter wires, Minimum Maximum Optimal
0 there is no difference in power or force as Power | Force | Power Force | Power | Force
compared with the manufacturers data (Table 2). W) | (N | W) (N) | W) | (N)
1 672 | 7.85 - - 2352 | 19.61
Table 2: Force and Power for Multiple Same 6.72 | 15.69
Diameter SMA Bundles (0.1524 mlength)
2| 1055 | 7.85 | 2226 4119 | 20.20 | 22.56
Number of Wires/ Type Power | Force 1027 | 2256
100pm [ 150pum | (W) (N)
10 Wires 10 - 889 | 1470 3| 1540 | 7.85 | 30.89 6374 | 1297 | 41.19
10 Wires - 10 1422 | 3220 1250 | 34.32
15 W!res 15 ~ 1334 2205 Note: The numbers above refer to the following actuators,
15 Wires - 15 2124 | 4845 1) 5 — 100 um diameter wires and 5 — 250 pum diameter wires,

2) 13 —100 pm diameter wires and 2 — 250 um diameter wires,
3) 7 — 150 pm diameter wires and 3 — 250 pm diameter wires.



From these reaults, it can be seen that the
optimization routine provides the minimum power
requirements to actuate the bundle, which is not
necessarily the optimum power. This is consistent
with previous results found in [9]. Thisis due to
manufacturers data being used in the optimization
routine, which is more conservative in its reporting
of the abilities of the SMAs. The manufacturers take
into account the longevity of the SMAs and it is true
that for longer actuator lifting life, it is best to not
overly stress the wires by using excessive voltage or
having excessive force expectations. However, for
faster response times it is necessary to increase the
power. More importantly, an increase in voltage is
necessary for the smaler diameter wires to fully
actuate.

Some important notes for these actuators are:
actuator #1 required such a high voltage to actuate
al the 100 um wires that it was impracticd, and
since the 250 um wires were primarily providing the
force, it makes more sense to just use a bundle of 5
250 pum wires; actuator #2 was the most impractical
actuator for similar reasons given above, however
adding the 250 um wires did provide higher lifting
capabilities than just the 100 um wires could do
alone; and actuator #3 was the best combination as it
could lift an excess of weight beyond what the
optimization routine gave a close to the power
requirements (however, dower than a maximum
power), which is more force than the 150 pm wires
alone could provide. All the bundles displaced the
expected 4% of the wire length.

For these unlike diameter wire bundle actuators,
exceeding the voltage limits of the bigger diameter
wires to the minimum voltage required for the
smallest diameter wires results in the perfor mance of
the actuator occurring as predicted (i.e., the actuator
lifts more weight faster), provided this voltage does
not over stress the wires. The user will have to
balance the advantages of speed vs. power demand.

Conclusions/ Future Work

The design of SMA bundle actuators consisting of
severa single heterogeneous diameter wires placed
in paralel was presented in this paper. Such SMA
bundle actuators possess high payload to weight
ratios and can be very useful in applications
combining high lifting equirements with small size
constraints.  The specific prdolem studied here was
to caculate the number of wires with different
diameters and the applied voltage, with a given wire
length, so that the tota SMA bundle force was
maximized under certain constraints determined by
the maximum number of wires per bundle, the
acceptable ranges for the bundle length the voltage
applied, and the maximum cross-sectional area of
the bundle. As a case study, the optimal design of

SMA bundle actuators needed for the Rutgers
robotic hand was presented. This optimization
routine is useful for large numbered SMA wire
bundles where the possible configur ations would be
far too many to calculate otherwise.

Acknowledgments

This project is supported by a CAREER grant (DMI-
9984051) from the National Science Foundation and
a National Science Foundation Graduate Research
Fellowship (recipient Kathryn J. De Laurentis). A
NASA Graduate Research Grant funds Avi Fisch.
The New Jersey Space Grant Consortium (NASA)
Summer Fellowship and the Rutgers University
Undergraduate Research Fellowship programs have
provided financia assistance for Jason Nikitczuk.
(Any  opinions, findings, conclusons or
recommendations expressed in this publication are
those of the authors and do not necessarily reflect the
views of the National Science Foundation.)

References

[1] Cadwell, D.G. and P.M. Taylor. “Artificia
Muscles as Robotic Actuators.” IFAC Robot
Control Conference (Syroc 88), Karlsrue,
Germany, pp. 401-406, 1988.

[2] Fujita, H. “Studies of Micro Actuators in Japan.”
Proc. IEEE Int. C. on Rob. Aut., Val. 3, pp.
15591564, 1989.

[3] Kuribayashi, K. “A New Actuator of a Joint
Mechanism Using TiNi  Alloy Wire”
International J. of Robotics Research, Vol. 4, No.
4, Winter 1986.

[4] Modey, M. and C. Mavroidis. “Design and
Control of a Shape Memory Alloy Wire Bundle
Actuator.” Proc. of the 2000 ASVIE Mechanisms
and Robotics Conf., Baltimore, MD, Sept. 10-13,
2000. Paper DETC2000/MECH-14157.

[5] Shape Memory Applications, Inc. (SMA-Inc.)
Dec. 2000 <http://www.sma inc.com/>.

[6] Dynalloy Inc. 2000 <http://www.dynalloy.com/>.

[7] DeLaurentis, K. J and C. Mavroidis.
“Mechanical Design of a Shape Memory Alloy
Actuated Prosthetic Hand.” Technology and
Health Care Jo., 2001 (in press).

[8] Won, J, K. J. DeLaurentis, and C. Mavroidis,
“Fabrication of a Robotic Hand Using Rapid
Prototyping.” Proc. of the 2000 ASME
Mechanisms and Robotics Conf., Balttimore MD,
September 1013, 2000. Paper
DETC2000/M ECH-14203.

[9] DeLaurentis, K. J. Design, of a Shape Memory
Alloy Actuated Robotic Hand. Diss. Department
of Mechanicad and Aerospace Engineering,
Rutgers, The State University of New Jersey,
May 2002.



