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Maximum Attainable Deflections of Shape Memory
Alloy-Layered Microcantilever

P. Majumder and A. Bhattacharyya*

Abstract—Finite element modeling of a shape memory alloy
(SMA)-layered microcantilever is reported herein. It is assumed
that the SMA layer is “two-way—trained,” such that alternate heat-
ing and cooling of the SMA layer will cause a phase transformation
in the SMA layer and deform the cantilever out-of-plane and back.
For a nickel-titanium (NiTi) layer on a glass substrate, computa-
tional results indicate that a uniform 4% two-way strain along the
length of a SMA layer spanning the full length of a 100-um canti-
lever translates to a tip deflection of 29.5 um, and a sweep of ap-
proximately 30° from the flat “rest” state. As well, 40% of the can-
tilever surface (measured from its free end) is flat and can be used
as a flat reflective surface for micromirror applications. A “worse-
case” analysis is presented where only 50% of the SMA length is
able to undergo phase transformation, resulting in deflections of
about 10 pm with a 12° sweep. Finally, it is shown that deflections
are about two orders of magnitude higher than what would be pos-
sible if the SMA layer did not undergo phase transformations (but
underwent pure thermal expansion only). One possible area of ap-
plication could be in the area of continuously rotating micromir-
rors, suitable for surveillance systems.

Keywords—SMA, two-way training, microcantilever, micromir-
rors

INTRODUCTION

wo important applications of micromirrors are in the area of

optical networks and light manipulation systems. In the
former application, arrays of micromirrors are used as optical
switches to transfer data from one optical cable to another in
high-bandwidth telecommunication networks and also protect
networks from disruptions. Two examples of currently available
optical MEMS switches are the OMM optical switch from Op-
tical Micromachines® [1] and the WaveStar™ LambdaRouter
from Lucent Technologies. A more mature and highly success-
ful application of micromirrors is the Digital Micromirror De-
vice (DMD) of Texas Instruments [2] used for light modulation
in digital projection systems. The actuation mechanism for the
micromirrors in both applications is by electrostatic fields. A
microcapacitor associated with each micromirror in the optical
switch array enables the electrostatic actuation of the mirrors. In
the DMD, each micromirror in the array corresponds to a pixel
of the image. Actuation of each mirror is based on a digital sig-
nal, which activates a tiny electrode beneath each micromirror,
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causing it to tilt either toward or away from the light source. This
leads to a complex actuation mechanism associated with each
micromirror. The tilt is only +10° from the reference plane [3].
In both applications, the electrostatic actuation precludes the mi-
cromirror from positioning itself at any other intermediate loca-
tion between the “on” and “off” states. However, the frequency
of actuation can be of the order of thousands of hertz. Certain
applications, e.g., continuous surveillance systems, may not re-
quire as high an actuation frequency but may require the micro-
mirror to take any possible position between the “on” and “off”
states. While gimbaled systems have been widely used in two-
axis MEMS scanners, these take up space and reduce the fill
factor [22]. Thermally actuated shape memory alloy-layered mi-
crocantilevers may form the basis for such an application.

Shape memory alloys are smart materials that undergo a
solid-solid phase transformation due to a change in stress (o)
and/or temperature (7). They exhibit unique properties of pseu-
doelasticity and shape memory [4, 5, 6]. These materials can
exist in two different crystalline states known as austenite (A)
and martensite (M). A schematic of the stress-temperature de-
pendence of the transformation is shown in Fig. 1. A phase trans-
formation from martensite to austenite starts at the austenite start
temperature, 4, and finishes at the austenitic finish temperature,
Ag(where A, < Ay). On cooling from a high temperature at which
the SMA is in the austenite state, the SMA undergoes a phase
transformation into martensite. This transformation starts at the
martensite start temperature, M, (wWhere M, <A,), and finishes at
the martensitic finish temperature, M; (where M, > M,).

Some of the macroscopic features of the phase transformation
are described in the context of deformation of a SMA wire. Con-
sider the wire to be subjected to cyclic heating and cooling under
constant mechanical load. Using Fig. 2, the actuation of the wire
is described. A SMA wire in the martensitic state at room tem-
perature and in absence of mechanical load (position 1) trans-
forms into the austenite phase (position 2) on heating. When the
wire is cooled back to room temperature, it changes back to its
original martensite state (position 1). The microstructural state
at position 1 is referred to as “self-accommodated martensite,”
and macroscopically, there is negligible change in length be-
tween the austenite and martensite states. At this state, the mar-
tensite forms in different orientations (called “variants”), such
that there is no overall deformation (except for thermal strains).
However, if the wire at position 1 is subjected to a mechanical
load, then the material goes to a detwinned martensite state (po-
sition 3). Detwinning is the process by which the different vari-
ants realign along the loading direction, leading to an observable
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Fig. 2. Stress—temperature relationship for SMA wire “training.”

change in length. At this state, the length of the wire is longer
than what it was at position 1. If the wire is now heated to a
temperature above A4, then its phase changes to austenite at po-
sition 4, and a macroscopic decrease in length is observed. A
commonly used commercially available SMA is the nickel—
titanium (NiTi) alloy. A NiTi wire with a length of 10 cm and
diameter of 0.254 mm can extend or actuate by about 1 cm when
a mass of 2 kg is hung at one end (strain of ~10%). Heating the
wire through ~30-40°C can reverse this length change. This is
known as the one-way shape memory effect. Thereafter, re-
peated cyclic cooling and heating “trains” the SMA wire to re-
member its longer length in the martensite phase and the shorter
length in the austenite phase. Once the SMA is “trained” and the
load is removed such that the wire is back at position 1, cyclic
heating and cooling between positions 1 and 3 is accompanied
by strains of the order of 4-5%, regardless of an external load
being applied or not [7]. This is known as the “two-way”
memory effect. Partial phase transformations, where the SMA is
heated beyond A (and below 4;) and then cooled, are accompa-
nied by a change that is a fraction of the maximum that is attain-
able.

SMA thin-film fabrication is a relatively new area of activity.
One of the earliest reported works was fabrication of NiTi thin
films by RF magnetron sputtering in 1994 [8]. More recent ef-
forts have reported NiTi thin-film fabrication approaches using
electron beam evaporation [9], heated target deposition [10],
and robust cosputtering [11]. SMA thin films have been used in
applications such as micropumps for biomedical applications
[12], microbubbles for flow control around air foils [13], micro-
grippers [14], and in optical applications [15]. Gill and Karman
[13] have utilized the stoichiometric two-way memory effect in
NiTi thin films for microbubble actuation. A significant chal-
lenge in fabricating SMA thin films is to ensure uniform stoi-
chiometry. This is crucial because the transformation tempera-
tures are highly sensitive to the stoichiometry [10]. The disad-
vantage of the electron beam evaporation method is that in this
process it is difficult to maintain the uniformity of the film com-
position [9]. The heated target deposition technique [10] is much
less controllable than the cosputtering method. The cosputtering
technique permits control of the Ti sputter rate by adjusting the
power input [11] in contrast to the heated target method, which
relies upon the temperature of the target. This is not a reliable
parameter as it is difficult to predict the temperature to be used
and whether that temperature will produce efficient and repeat-
able results. To the best of our knowledge, the mechanically
induced two-way memory effect in SMA thin film-based de-
vices using a nonintrusive, external, electromagnetic approach
has not yet been reported in the open literature. Although nu-
merical experimentation is no substitute for actual experiments,
it does offer a preliminary assessment of the performance of the
aforementioned device before fabrication and characterization
are attempted.

In this work, we report the finite element analysis of the
steady-state deflections of a SMA thin-film—layered microcan-
tilever for a given two-way phase transformation strain in the
SMA layer. The analysis is carried out using the commercial
finite-element software ABAQUS™. An approximate but
simple method of assigning an average coefficient of thermal
expansion for the SMA that captures thermal expansion as well
as phase transformation is used. The effects of the phase trans-
formation strain, the length of the SMA layer on the microcan-
tilever, and partially transformed SMA layers are studied. This
paper is organized into four sections. In the next section, we
describe the SMA-actuated micromirror, a SMA constitutive
model and the current approach. Finite-element modeling and
the results obtained using this method, are presented in the sec-
tion “Finite Element Method and Results.” Finally, the conclu-
sions, limitations, and the future work are discussed in the sec-
tion “Conclusions, Limitations, and Future Work.”

SMA-LAYERED MICROMIRROR, SMA CONSTITUTIVE
MODEL, AND CURRENT APPROACH

A. SMA-Layered Micromirror

A two-way—trained SMA-layered cantilever is depicted in
Fig. 3; the two-way training approach is described in the Appen-
dix. The two-way—trained cantilever is in the martensitic “flat”
state at room temperature and is expected to change to a high-
temperature austenitic “deflected” state on heating (and vice
versa). Thus, electrical heating of the SMA layer may be used to
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Fig. 3. SMA-layered microcantilever beam.

activate the two-way memory effect to bend the microcantile-
ver. The cyclic increase and decrease in temperature due to elec-
trical heating and subsequent cooling, respectively, will allow
the SMA to switch between the austenite and martensite phase.
Partial phase transformation by appropriate control of the ther-
mal actuation will allow the microcantilever to take any position
between the “rest” state and the fully actuated state. If the can-
tilever is coated with a reflective material, it can act as a mirror
that can be actuated to take two extreme positions (the rest state
and the fully deflected state) as well as the intermediate states in
between. Modeling of the actuation of the SMA-layered canti-
lever will take the two-way—trained cantilever as its starting
point and then determine the steady-state deflections of the can-
tilever when the SMA is heated. In the next section, we summa-
rize the constitutive model based on which finite element com-
putations are implemented.

B. SMA Constitutive Model

Research on constitutive models for SMAs is mature, with a
wide variety of contributions in the literature [16]. In particular,
the 3-D thermodynamic phenomenological constitutive model
for SMAs as proposed by Boyd and Lagoudas [17] is suitable for
engineering applications. Lagoudas and co-workers have devel-
oped their model to a high degree of sophistication. We shall
recapitulate the 1-D version of the model that they first proposed
in 1996 [17]. The crux of their model is the definition of an
internal state variable, &, that represents the volume fraction of
martensite at a given location in the SMA. The parameter, &, can
take any value in the range 0 =< £ = 1, where £ = 0 corresponds
to a fully austenitic state and & = 1 corresponds to a fully mar-
tensitic state. A crucial feature of this model, as of any other
model for SMAs, is to propose an evolution equation that de-
fines how & will evolve with stress, o, and temperature, 7. The
evolution equation for a one-dimensional (1D) state of stress is
given as [17]:

£o T—M{S) (o
(MY —M°) DM - MOy

A — M transformation
(1a)
T- A? o
(AT-AD DA-AY

M — A transformation

€
(Ib)
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where the parameters MY and M? are the stress-free start and
finish temperatures of the A — M transformation (M2 < MY?),
respectively, and 4° and A? are the start and finish temperatures
of the M — A transformation (42 < AD), respectively. Due to the
significant hysteresis in SMAs, the temperature range, MY — M°,
does not usually coincide with 4% — 42. The parameter D repre-
sents the stress needed to shift the transformation temperatures
by 1°C.
The 1-D stress—strain relationship of the SMA in its rate form

(i.e., with respect to time) is given as

L R

s—E(g)O'-i-a(&)T-i-Hg, (2)
where ¢ is the strain, and the dot indicates the first derivative
with respect to time; thus

- de
e=—
dr
where ¢ is time. The parameter, E(§), is the martensite volume
fraction-dependent Young’s modulus of the SMA, a(§) is the
coefficient of thermal expansion, and H is the maximum trans-
formation strain (4 > 0). The time derivatives of eqgs. la and 1b
can be inserted in eq. 2, resulting in

1 .
d=—0+ayT 3)
eff

where, for the A—M transformation

EH -1 H
For= E[ " Dod - MS)] S Ry
“4)
and for the M—A transformation
EH -1 H
(%)

We shall refer to E ¢ and o as an effective Young’s modulus
and an effective coefficient of thermal expansion for the SMA,
respectively. Note that the coefficient of thermal expansion, o,
is always positive. However, because x < M and 4° < 42,
whereas H > 0, there is a distinct possibility that o, < 0. This is
usually the case with most SMAs. The effective thermal expan-
sion coefficient captures the net effect of two different phenom-
ena during phase transformation while undergoing a tempera-
ture increase (or decrease). During a temperature increase, the
material increases in length due to thermal expansion, but there
is an additional effect of a decrease in length due to the phase
change from martensite to austenite (and vice versa with a tem-
perature decrease). The finite element calculations in this paper
rely on the definition of the effective thermal expansion coeffi-
cient, as defined in eq. 5.

C. Current Approach

The finite element calculations in this paper focus on deter-
mination of the deflected state of the cantilever at steady state
after the SMA layer has been heated using a heat source. The
steady-state option in the finite element code simply calculates
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the steady-state temperatures once the thermal problems (heat
sources/sinks, boundary conditions etc.) are specified. In order
to capture the effect of the phase transformation as the SMA is
heated from an ambient state to a given temperature, we define
an “effective” thermal expansion coefficient, a(7), over a tem-
perature range, 7,, and 7, as o(7) =

a(T) = Tf (Toi—‘;o) dr. (6)

Then, using the second of eq. 5 and recognizing that o = o
when 7'< A% and T> 42, we have

a(T) =
a, Ty,=T<A?
(Ag B TO) o+ (T_Ag Qefr o 0
=T<
T-7) LAY =T < AY
(T-Ty)-(AP-AD e+ UF-A) oerr
(T-T,) ot

(7

Here a(7) represents the value of the “effective” thermal expan-
sion coefficient along only one direction. This direction will be
associated with the length of the cantilever and will be referred
to as (7). However, in SMAs, phase transformation is a vol-
ume-preserving phenomenon that occurs due to a shear strain
[5]. If the SMA is an isotropic material, this implies that

1
Hyy=—-5Hy, (8

1
H,,=—=H,, and >

2
(note that H,, is simply “H”). The corresponding a,,(7) and
a35(7) will follow from eq. 7 once the parameter H in o (Via
eq. 5) is replaced by H,, and H;5, respectively.

®) >  TEMPERATURE

[—==]

Stress—temperature relationship for SMA-layered microcantilever “training.”

FiNiTE ELEMENT METHOD AND RESULTS

A. Geometric Model and Solution Approach

The SMA-actuated microcantilever is modeled using the
commercial finite element code ABAQUS™. The specific ge-
ometry we have modeled is shown in Fig. 5. For the finite ele-
ment meshing (see Fig. 6) of our specific problem, solid hexa-
hedral elements have been chosen from the ABAQUS™/
Standard solid-element library. Hexahedral elements provide
good accuracy and have a better convergence rate. Analysis is
carried out to the second order as second-order elements provide
higher accuracy in ABAQUS™/Standard than do first-order el-
ements for problems that do not involve complex contact con-
ditions, impact, or severe element distortions. These capture the
stress concentrations more effectively and are better for model-
ing geometric features. Finally, these are effective in bending-
dominated problems, as is the case with the microcantilever de-
flections here. The element control applied is reduced integra-
tion. The reduced integration elements use a lower-order
integration to form the element stiffness. This reduces the run-
ning time, especially for spatially three-dimensional problems.
Second-order reduced integration generally yields more accu-
rate results than the corresponding fully integrated elements. For
the thermal actuation, the “coupled temperature displacement”
is the analysis procedure chosen in the *STEP option as it really
is a thermomechanical problem and “heat transfer” is selected
for pure thermal analysis. The model is assembled using sepa-
rate parts available in the *PART module. The material proper-
ties for the SMA as well as the beam are included in the *PROP-
ERTY option. ABAQUS™ has the capability to accept tem-
perature-dependent data, as were input for the coefficient of
thermal expansion for the SMA.

In the finite element calculations, we have modeled a NiTi
SMA layer on a silicon dioxide (SiO,) substrate. As the trans-
formation temperatures of a NiTi SMA are highly sensitive to
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Fig. 5. Schematic view of SMA-layered microcantilever device.

Fig. 6. Finite element meshing in ABAQUS™.,

the alloy content [ 18], we have chosen A2 = 60°C and 47 = 90°C.
The phase transformation strain, H, has been taken to be 4% [7]
along the length of the SMA layer. For information on all other
material properties that we have used, please refer to Table I[19,
20]. We can now describe the mechanical and thermal boundary
conditions. The left end of the beam is fixed (see Fig. 5). The
interface between the SMA and the cantilever substrate is as-
sumed to be mechanically and thermally perfect. As well, the
left end of the beam is assumed to be at a constant ambient tem-
perature of 25°C. Heat transfer from the surface of the cantilever
is assumed to take place by free convection, the coefficient of
which is taken as 6.6405 x 10> Jmm ?s ' K ' [21]. We have
used a heat source of 0.8 x 10'> W m ™ in the SMA layer; this
corresponds to an electrical current of 4.714 mA through the
SMA layer. With these conditions, we have experimented with
the geometric dimensions of the SMA-layered cantilever so as to
reduce the stresses in the SMA to realistic levels and also attain
high deflections. The geometric dimensions that we have used to
obtain the results reported in Figs. 7-11 are summarized in
Table II.

B. Steady-State Temperature Field

Fig. 8 shows the steady-state temperature distribution in the
cantilever. As expected, temperatures increase along the length
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Table I
Material Properties for the SiO, Substrate and the NiTi SMA actuator

Young’s Thermal Coefficient of
modulus  Poisson’s conductivity thermal
Material (GPa) ratio (Wm'eC™h) expansion
SiO, [20] 75 0.17 1.25 7x107°¢°C!
NiTi SMA [19] 50 0.33 13 Temperature-
dependent

Fig.7. Thermomechanical response of the SMA-layered cantilever with H,, =
4% and H,, = H;; = —2% with full phase transformation. Shown here are the (a)
deflection, (b) stress, and (c) strain along the x axis upon thermal actuation as
well as the contour distribution over the cantilever.

Table 11
Device Dimensions (um) as Indicated in Fig. 5

a 100 e 2.5
b 40 f 10
c 2 g 100
d 0.5 h 20

ofthe cantilever from the isothermal condition of room tempera-
ture (25°C). The maximum temperature attained is ~202.9°C. It
can be clearly seen that almost 50% of the SMA layer is able to
reach temperatures equal to or higher than 4, (at which the initial
martensite state would start transforming to austenite). This is
the portion of the SMA between 50 and 100 um at the free end.
Based on this estimation, two sets of results are given. In the first
set, the entire SMA layer is taken to undergo a phase change. In
the second set, the model is amended to capture the effects of
partial phase transformations where only 50% of the SMA layer
undergoes phase change. This is done by applying the phase
transformation strain tensor to the SMA layer only between 50
and 100 um at the free end. The layer between 0 (at the fixed
end) and 50 pm is allowed to undergo pure thermal expansion
only.

C. Mechanical Response of the Microcantilever

Figs. 8 and 9 pertain to the mechanical response of the “non-
chipped” microcantilever; the “nonchipped” model is where we
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Fig. 8. Thermomechanical response of the SMA-layered cantilever with H,, = 4% and H,, = Hyy = —2% with full phase transformation. Shown here are the (a)
deflection, (b) stress, and (c) strain along x-axis upon thermal activation as well as the contour distribution over the cantilever.

take the parameter e in Fig. 5 as zero. In Fig. 8(a) is a plot of the mately 30° from the flat “rest” state. Further for micromirror
vertical deflection of the top surface of the cantilever with re- applications, it is desirable to have a significant portion of the
spect to the x coordinate. Notice that the deflection at the tip is  cantilever surface to be flat (or without any curvature). It is also
about 29.53 um, and this corresponds to a sweep of approxi- apparent that the region between 60 and 100 pm (measured from
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Fig.9. Thermomechanical response of the SMA layered cantilever with H,, =4% and H,, = H;; = —2% with partial phase transformation (in 50% length of SMA
layer). Shown here are the (a) deflection, (b) stress, and (c) strain along the x axis upon thermal actuation as well as the contour distribution over the cantilever.

the left end) is reasonably flat (while having a mild curvature).
Thus, almost 40% of the surface of the cantilever can be poten-
tially used as a mirror surface. The stress along the x axis, o, is
plotted with respect to the x coordinate in Fig. 8(b). The solid
line represents the stress along the centerline of the top surface
of the cantilever, while the two dashed lines show the stresses in

the SMA and the substrate, both at the interface. Recall that the

heating of the SMA layer results in a net contraction along the
length of the cantilever. The compatibility requirement of a per-
fect interface between the SMA and its substrate translates into
a tensile stress in the SMA layer and a compressive stress in the
substrate (solid line). The stress in the substrate reaches a peak
of about —1000 MPa (dotted line) at the interface of the cantile-
ver with the SMA layer, whereas the stress in the SMA surface

2202 JoquianoN L0 uo 3senb Aq ypd'zS Z G-268-1SS1/EL9/¥2e/2S/z/S/Hpd-aiue/dawl/woo ssaidus|je uelpusw/:dpy woly papeojumoq



Majumder and Bhattacharyya: Maximum Attainable Deflections of Shape Memory Alloy-Layered Microcantilever: 59

is positive (dashed—dotted line), also reaching a peak at about
1500 MPa. The contour plot of the stresses are also shown in Fig.
8(b). The distribution of the corresponding strain component,
€., 18 shown in Fig. 8(c). Due to the compatibility requirement,
the strains at the interface, both within the SMA and the sub-
strate, are virtually identical. Because the substrate deformation
in the substrate is purely thermoelastic, the stresses and strains in
the substrate are of the same sign. On the other hand, the stresses
in the SMA layer are predominantly tensile whereas the strains
are compressive [compare Figs. 8(b) and (¢)]. A more quantita-
tive explanation can follow from eq. 2. This equation, in its total
form after the martensite to austenite transformation is com-
plete, can be written as in the second equation of eq. 9

Sxx=E710-xx+a(T_ To)—H, (9)
O = E(Sxx +H- OL(T_ T()))

where, we recall, H > 0. The contractile nature of the phase
transformation is captured by the term, —H, in the first of eq. 9.
Rearranging this equation as in the second of eq. 9 and noting
that the term o(7 — 7)) is usually small compared with the rest of
the terms in the parentheses, a negative (or compressive) &,
implies a positive o, (as long as the magnitude of €, is less than
that of H).

Fig. 9 shows the steady-state thermomechanical response of
the “nonchipped” model where only 50% of the SMA layer
(from the free end and midway toward the fixed end) is allowed
to undergo phase transformation. In Fig. 9(a), a plot of the ver-
tical deflection of the top surface of the cantilever with respect to
the x coordinate is shown. It can be observed that the deflection
at the tip is only about 10.67 um compared with the case when
the entire SMA layer has undergone phase change and leads to a
deflection of about 29.53 um. This corresponds to a sweep of
approximately 12° from the flat “rest” state versus the 30° sweep
provided when the transformation happens in the complete
layer. Almost 25% of the cantilever surface, i.e., the region be-
tween 75 and 100 pum (measured from the fixed end), is free of
significant curvature. The stress component, o,,, along the
length of the cantilever as well as the contour plot are shown in
Fig. 9(b), whereas the strain component, &,,, is shown in Fig.
9(c). The trends in these quantities, while being confined pri-
marily to the region where the phase transformation strain is
operative, are otherwise qualitatively similar to those seen in
Fig. 8.

In order to underscore the effect of the phase transformation,
in Fig. 10 we have plotted log(deflection) with respect to the x
coordinate, with and without phase transformation (the latter
case follows from eq. 2 by setting H = 0). For both cases, the
deflections of the “nonchipped” model and the “chipped’” model
(value of e is in Table II) have also been plotted. The maximum
tip deflections for all four cases are indicated to the right of the
figure. By comparing the results of the nonchipped model (sec-
ond and fourth curves from the top), it is clear that the effect of
the phase transformation results in cantilever deflections that are
about two orders of magnitude higher than the deflections with-
out the phase transformation; at the tip, deflection with phase
transformation is 29.53 um whereas deflection without phase
transformation is 0.212 um. This underscores the fact that, over
a given temperature range, the occurrence of phase transforma-
tion, introduces a far higher sensitivity in the deflection of the

3
non-chipped model
2 «  chipped model
33.57 ym

= . . 29.53
g 1 With phase transformation wm
=
Q
Q
%
< 0
k=2
o 0.243 ym
=
§° -1 Without phase transformation 0.212 ym

0 10 20 30 40 50 60 70 80 90 100
Distance along the length of cantilever ( pm )

Fig. 10. Comparative study of the deflections of the SMA-layered microcan-
tilever with (H,, =4% and H,, = H;; = —2%) and without phase transformation.

microcantilever to a temperature change as compared with the
sensitivity that follows from pure thermal expansion. Similar
trends are seen for the chipped model, with marginally higher
values compared with the nonchipped model. Finally, Fig. 11
(for the nonchipped SMA model with full phase transformation
of H=4% in the entire SMA layer) shows that the tip deflection
monotonically increases as the length of the SMA layer on the
cantilever is increased. The minimum length of the SMA layer
below which there is practically no deflection of the microcan-
tilever is about 40 um. It is also apparent that as the length of the
SMA layer is increased from 40 to 70 um, the tip deflection
increases by about 23 um. A further increase in length from 70 to
100 pm increases the microcantilever tip deflection only by
about 7 um. In closing, we recall the conservative assumption in
setting H at 4%. Materials and device fabrication as well as in-
novative training procedures for the two-way actuation may per-
mit higher strains and, thus, higher deflections of the microcan-
tilever.

CONCLUSIONS, LIMITATIONS, AND FUTURE WORK

A finite element model using the commercial finite element
code, ABAQUS™, was developed to study the steady-state de-
flections of a thermally actuated SMA thin-film layered micro-
cantilever. The model used the concept of an effective coeffi-
cient of thermal expansion approach to capture the nonlinear
thermoelastic behavior of the shape memory alloys. For a nick-
el-titanium (NiTi) layer on a glass substrate, computational re-
sults indicate that a 4% two-way strain along the length of a
SMA layer undergoing a volume-preserving phase transforma-
tion and spanning the full length of a 100-um cantilever trans-
lates to a tip deflection of about 30 um and a sweep of approxi-
mately 30° from the flat “rest” state. As well, 40% of the canti-
lever surface (measured from its free end) is reasonably flat, and
may be used as a flat reflective surface for micromirror applica-
tions. Because the onset of phase change is highly dependent on
the temperature distribution in the SMA layer with respect to the
critical phase transformation temperatures (which also depends
on the stresses in the SMA), a “worst-case” analysis is presented
based on the pure thermal response of the cantilever. Here, only
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Fig. 11. Variation of tip deflection with change in the length of the SMA layer.

50% of the SMA length is allowed to transform, and this still
results in deflections of about 10 um with a 12° sweep. Finally,
deflections are about two orders of magnitude higher than what
it would be if the SMA layer did not undergo phase transforma-
tions (but did undergo pure thermal expansion only). One pos-
sible area of application could be in the area of continuously
rotating micromirrors, suitable for surveillance systems. The fu-
ture work will involve studying the transient response of the
SMA-actuated cantilever and determining its frequency re-
sponse.

Now we discuss two important assumptions: (i) The entire
SMA layer need not necessarily have undergone the two-way
training to an identical extent. Assuming otherwise is an ap-
proximation. It is possible that, during the training process,
stresses at every location in the SMA layer may not have at-
tained the critical value for the two-way training to occur. In
addition, wherever the stresses do attain the critical value, there
is no guarantee that the stress state would be identical in those
locations. (ii) Recall the assumption made that the transforma-
tion temperatures are not dependent on the stresses. In context of
these two assumptions, the results of the present work are pri-
marily to be interpreted as the “maximum possible” deflection
that may be attained by the cantilever. This, in other words, is the
upper bound in the cantilever response. The lower bound of
course can be computed by neglecting the two-way phase trans-
formation during the thermal actuation of the SMA layer. We
propose to address the limitations in future contributions.
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APPENDIX: PROPOSED TWO-WAY TRAINING PROCESS OF THE
SMA-LAYERED CANTILEVER

A schematic ofa SMA-layered cantilever is depicted in Fig. 3.
The cantilever can act as a mirror if it is coated with a reflective
material. When an electric current (I) is passed through the SMA
trace in the presence of an external magnetic field (B), the re-
sulting Lorentz force (F) deflects the cantilever from its rest po-
sition. This nonintrusive approach of application of an external
force coupled with heat treatment can lead to two-way training
of'the SMA-layered cantilever. A scenario of the SMA-actuated
cantilever is now described using Fig. 4, where the vertical axis
represents the expected predominantly compressive stress state
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in the SMA layer. Transformation temperatures of an SMA are
highly sensitive to the alloy content. For our application, we will
consider the SMA to have transformation temperatures that are
all above the room temperature, 7, (~25°C), i.e., M > T. It is
then expected that the SMA will be in the martensitic state after
the SMA-layered microcantilever has been fabricated. The
training of the SMA-layered microcantilever can now proceed
using a sequence of annealing first while in a deflected position
using the Lorentz force, F (the loop ABCD). This is followed by
repetitive thermal cooling and heating in the presence of the
Lorentz force in the direction indicated in the figure (the loop
EFGH). After this training procedure, the room-temperature
martensitic “flat” state is expected to change to a high-

temperature austenitic “deflected” state on heating (and vice
versa). Thus, electrical heating of the SMA layer may be used to
activate the two-way memory effect to bend the microcantile-
ver. The cyclic increase and decrease in temperature due to elec-
trical heating and subsequent cooling, respectively, will allow
the SMA to switch between the austenite and martensite phases.
Partial phase transformation by appropriate control of the ther-
mal actuation will allow the microcantilever to take any position
between the “rest” state and the fully actuated state. The mod-
eling of the actuation of the SMA-layered cantilever will take
the “two-way”—trained cantilever as its starting point and then
determine the steady-state deflections of the cantilever when the
SMA is heated.
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