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Chapter

Optimization of MEMS Actuator
Driven by Shape Memory Alloy
Thin Film Phase Change
Cory R. Knick

Abstract

At the microscale, shape memory alloy (SMA) microelectromechanical system
(MEMS) bimorph actuators offer great potential based on their inherently high
work density. An optimization problem relating to the deflection and curvature
based on shape memory MEMS bimorph was identified, formulated, and solved.
Thicknesses of the SU-8 photoresist and nickel-titanium alloy (NiTi) was identified
that yielded maximum deflections and curvature radius based on a relationship
among individual layer thicknesses, elastic modulus, and cantilever length. This
model should serve as a guideline for optimal NiTi and SU-8 thicknesses to drive
large deflections and curvature radius that are most suitable for microrobotic actu-
ation, micromirrors, micropumps, and microgrippers. This model would also be
extensible to other phase-change-driven actuators where nonlinear and significant
residual stress changes are used to drive actuation.

Keywords: shape memory alloy, thin film, microactuators, MEMS, optimization,
radius of curvature, phase change

1. Introduction

In certain applications for MEMS microactuators, large deflections would be
desired such as the case of micro-robotics [1–3], micromirrors [4–6], and
microgrippers [3, 7]. Using a shape memory alloy (SMA), a material that undergoes
large changes in stress during a temperature cycle due to a solid-solid phase change
can be used to generate large, nonlinear deflections. We aim to find a relationship
between deflections of a SMAMEMS actuator, and maximize the deflection of SMA
MEMS bimorph. Shape memory alloy films based on sputtered NiTi have been
exhaustively characterized in previous decades, leading to a wealth of information
about the intricate interplay between Ni/Ti ratio, annealing temperatures and
times, and thickness [8–31]. Bimorphic actuators can impart reversible deflection
shape memory microactuators as previously demonstrated [32, 33].

To date, optimization of parameters for improving shape memory-induced
actuation has not been explored. We chose for our candidate system an SU-8
patterned on top of NiTi SMA bimorph actuator. In this case, residual strains
develop during the processing of MEMS actuators, and upon release from substrate,
the device curls upward to relieve these strains. Thermal input converts the material
into austenite, and shape memory effect drives the actuator into a more flat
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position, a process that is reversible upon subsequent thermal cycles. Thermal
effects can be delivered to the SMA MEMS using laser irradiation [34], and joule-
heating [35], at frequencies up to at least 1 kHz. SU-8 is an ideal material due to its
relative ease of use in MEMS, low modulus of elasticity enables more flexible
devices with large deflection, and good chemical stability.

Much literature exists for thin film development and characterization of nickel-
titanium shape memory alloy [1–4]. Although many demonstrations of SMA MEMS
actuators have been shown [9, 34–43], none of these citations perform design
optimization studies to maximize deflection or curvature radius due to residual
stress changes due to phase change. When the nitinol is thermally cycled between
martensite and austenite phases, there is a corresponding change in residual stress,
which is used to drive the nonlinear deflections. This nonlinear and large change in
stress is defined as the recovery stress, and is a principal factor influencing the
deflection and curvature radius. Our novel contributions take a realistic SMA
MEMS bimorph design based on SU-8 on NiTi, and determine optimal thickness
combinations to yield maximized deflections, which would be desirable in certain
applications were large strokes are desired. We feed into the model the Young’s
modulus values for NiTi thin films that have been determined previously using
nanoindentation techniques [44, 45].

2. Building and characterizing the SMA MEMS actuators

The nickel-titanium alloy (NiTi) would be co-sputtered onto a 4″ silicon wafer
based on the methods reported in previous works [8, 34–36]. The substrate is
rotated and heated during deposition to ensure crystallization of the film. The wafer
stress vs. temperature measurements are performed, using Stoney’s equation to
determine recovery stress, hysteresis, and residual stress in the NiTi film. After
verification of good shape memory alloy properties in the film at wafer level, a
photomask is used to pattern bimorph actuator. Ion milling is used to remove
portions of the NiTi film on the wafer. The SU-8 2000.5 is spin coated (where the
RPM is used to control SU-8 thickness) and another mask plate is used to pattern
SU-8 on top of the NiTi cantilever. Finally, the device is released by etching the Si
substrate away in xenon difluoride (XeF2) gas. In practice, SU-8 thickness would be
controlled by varying spin speed, and NiTi thickness based on sputtering time.

2.1 Problem identification

The design problem is to maximize the deflection of a MEMS bimorph cantilever
beam based on the nonlinear shape memory alloy (SMA) as the actuating mecha-
nism. The deflection is dependent in large part on the parameter called recovery
stress. The larger the recovery stress, the larger the deflection. We may also wish to
decrease the overall mass or volume of the actuator, of minimize the curvature
radius. The objectives are competing in that reduction in the shape memory alloy
thickness, generally leads to reduction of the recovery stress. The bimorph actuator
could consist of SU-8 on top of NiTi thin film, but this optimization model would be
easily extensible to other cases of interest.

We should consider that the equation describing the recovery stress-induced
deflection in shape memory alloy MEMS actuator is (Eq. 1).

Initially, the contour plots of SU-8 and NiTi thickness showed that the optimi-
zation problem was not interesting for the simplest case of constant recovery stress
over the range of NiTi thickness. To our advantage, the NiTi recovery stress is a
parameter that depends on NiTi thickness, which makes the optimization problem
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more interesting. The equation describing the recovery stress-induced deflection in
shape memory alloy (SMA) MEMS actuator is:

d ¼
3ENiTiσrectNiTitSU‐8 tNiTi þ tSU‐8ð Þl2

E2
NiTit

4
NiTi þ ESU‐8ENiTi 4t

3
NiTitSU‐8 þ 6t2NiTit

2
SU‐8 þ 4tNiTit

3
SU‐8

� �

þ E2
SU‐8t

4
SU‐8

(1)

where σrec ¼ recovery stress of the SMA MEMS actuator; d ¼ deflection of the
SMA MEMS actuator; l ¼ total length of the SMA MEMS actuator; ENiTi ¼ elastic
modulus of NiTi layer; ESU‐8 ¼ elastic modulus of SU-8 layer; TNiTi ¼ thickness
modulus of NiTi layer; TSU‐8 ¼ thickness modulus of SU-8 layer.

Figure 1 shows stress vs. temperature curves for NiTi on Si wafer. These curves
are experimentally generated, and indicate the recovery stress (difference between
highest and lowest stress values), and the thermal hysteresis. Here, as an illustrative
example, the NiTi thickness is 900 nm, and the temperature cycle is performed
using a heating and cooling rate of 1°C/min.

Assumptions: we assume operating temperatures go between RT and 100°C to
ensure full phase change. In all calculations, for simplicity we use Young’s modulus
of NiTi as a fixed value. In reality, the Young’s modulus changes curing the phase
change. Martensite (lower temperature phase usually has a lower elastic modulus
compared to the higher temperature austenite phase).

Figure 2 shows the process used to build the SMA MEMS bimorph actuator
comprised of the NiTi shape memory (SMA) layer underneath the SU-8 elastic
layer. In step (a) deposition of SMA onto Si wafer and pattern using photolithogra-
phy. In step (b) ion milling is performed to transfer the pattern into the SMA layer.
In step (c) we spin on SU-8 and pattern it with mask plate and photolithography. In
step (d) we release the MEMS bimorph by etching Si substrate with xenon
difluoride (XeF2) gas. In step (e) we thermally actuate the two-way shape memory
MEMS device between curled and flat states.

Figure 1.
Stress vs. temperature curves for NiTi on Si wafer. These curves are experimentally generated, and indicate the
recovery stress (difference between highest and lowest stress values), and the thermal hysteresis.
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3. Methods, results, and discussions

3.1 Single-objective optimization

Regarding NiTi recovery stress, there would appear to be an optimal thickness
range for which recovery stress reaches max values as depicted in Figure 3, below
which there is a sharp drop off. Therefore the tendency for increased deflections for
thinner materials reaches a point of diminishing returns due to the effect of
decreasing recovery stress. Below 100–150 nm, shape memory properties have been

Figure 2.
SMA MEMS fabrication process for SU-8 on NiTi bimorph.

Figure 3.
Relation between recovery stress (MPa) and NiTi film thickness (nm).
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shown to drop off completely, so we impose constraints for NiTi thickness to vary
between 150 and 1300 nm.

Based on the curve fitting equation (third-order polynomial), the single-objective
optimization problem can be written as following:

maximize :

d ¼
3ENiTiσrectNiTitSU‐8 tNiTi þ tSU‐8ð Þl2

E2
NiTit

4
NiTi þ ESU‐8ENiTi 4t

3
NiTitSU‐8 þ 6t2NiTit

2
SU‐8 þ 4tNiTit

3
SU‐8

� �

þ E2
SU‐8t

4
SU‐8

(2)

subjected to::

100 μm≤ l≤ 300 μm (3)

150 nm≤ tNiTi ≤ 1000 nm (4)

200 nm≤ tSU‐8 ≤ 2000 nm (5)

σrec ≥0 (6)

σrec ¼ 5:36E26tNiTi
3 � 2:15E21tNiTi

2 þ 2:45E15tNiTi � 2:58E08 SI unitsð Þ (7)

Covert to standard form in SI units:

minimize :

f ¼
�3ENiTiσrectNiTitSU‐8 tNiTi þ tSU‐8ð Þl2

E2
NiTit

4
NiTi þ ESU‐8ENiTi 4t

3
NiTitSU‐8 þ 6t2NiTit

2
SU‐8 þ 4tNiTit

3
SU‐8

� �

þ E2
SU‐8t

4
SU‐8

(8)

subjected to::

g1 : 100� 10�6 � l≤0; (9)

g2 : l� 300� 10�6
≤0; (10)

g3 : 150� 10�9 � tNiTi ≤0; (11)

g4 : tNiTi � 1300� 10�9
≤0; (12)

g5 : 200� 10�9 � tSU‐8 ≤0; (13)

g6 : tSU‐8 � 2000� 10�9
≤0; (14)

g7 : �σrec ≤0 (15)

h1: σrec � 5:36� 1026tNiTi
3 þ 2:15� 1021tNiTi

2 � 2:45� 1015tNiTi þ 2:58� 108 ¼ 0

(16)

3.2 MATLAB optimization toolbox (fmincon)

According to the toolbox (and as shown in Figure 4), optimal solution is:
tNiTi ¼ 359 nm, tSU‐8 ¼ 824 nm, l ¼ 300 μm.

3.3 Multi-objective optimization

The curvature of a bilayer elastic material [46] is given as

K ¼
�E0

SU‐8tSU‐8E
0
NiTitNiTi tNiTi þ tSU‐8ð Þ

G E0
SU‐8tSU‐8 þ E0

NiTitNiTi

� � Δε (17)
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G ¼ E0
SU‐8t

2
SU‐8

tNiTi

2
�
tSU‐8

6
� θ

� �

� E0
NiTitNiTi tSU‐8 tSU‐8 þ

tNiTi

2

� �

þ
t2NiTi

6
þ θ 2tSU‐8 þ tNiTið Þ

� �

(18)

θ ¼
tNiTitSU‐8 E0

NiTi � E0
SU‐8

� �

2 E0
SU‐8tSU‐8 þ E0

NiTitNiTi

� � (19)

Δε ¼ αSU‐8 � αNiTið ÞΔT (20)

ρ is the curvature radius generally expressed in units of μm. Δε is a strain
differential term resulting from CTE mismatch and temperature difference experi-
enced during the processing. θ is a correction factor used in the placement of neutral
plane. E0 is the biaxial modulus defined as E/(1� v) where v is Poisson ratio and E is
Young’s modulus. Poisson ratios are assumed to be 0.22 for SU-8 and 0.33 for NiTi.
α_SU-8 is reported to be 52 � 10–6/°C. α_NiTi (depending on austenite or martens-
ite phase) is reported to be 6.6 or 11 � 10–6/°C. For simplicity sake, we assume an
intermediate value of α_NiTi = 9 � 10–6/°C. Units for theta term is nm or m. Units
for G term is Pa � nm3 or Pa � m3. Therefore units for curvature is in nm or m. Δε
term is unit less.

The objective number 2 is to maximize curvature radius. We determine the
pareto frontier and strong pareto points using the epsilon constrained method. In
this epsilon constrained method, we minimize f1 while keeping f2 less than or equal
to different values of epsilon. As a first step for objective function 2 (curvature of
bimorph) we coded MATLAB script to generate contour plots as a function of the
two main design variables (i.e., thickness of NiTi and SU-8). The problem formu-
lation for objective function 2 is as follows (and contour plot is shown in Figure 5).

Curvature is:

K ¼ �
E0
SU‐8tSU‐8E

0
NiTitNiTi tNiTi þ tSU‐8ð Þ

G E0
SU‐8tSU‐8 þ E0

NiTitNiTi

� � Δε (21)

Figure 4.
Optimization contours for the case where SU-8 elastic modulus is 2 GPa. Variables considered are individual
layer thicknesses: NiTi (x-axis) and SU-8 (y-axis).
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Maximize:

ρ ¼
1

K
¼ �

G E0
SU‐8tSU‐8 þ E0

NiTitNiTi

� �

E0
SU‐8tSU‐8E

0
NiTitNiTi tNiTi þ tSU‐8ð ÞΔε

(22)

Subjected to:

g1 : 150� 10�9 � tNiTi ≤0; (23)

g2 : tNiTi � 1300� 10�9
≤0; (24)

g3 : 200� 10�9 � tSU‐8 ≤0; (25)

g4 : tSU‐8 � 2000� 10�9
≤0; (26)

h1 : G� E0
SU‐8t

2
SU‐8

tNiTi

2
�
tSU‐8

6
� θ

� �

� E0
NiTitNiTi tSU‐8 tSU‐8 þ

tNiTi

2

� �

þ
t2NiTi

6
þ θ 2tSU‐8 þ tNiTið Þ

� �

¼ 0 (27)

h2 : θ �
tNiTitSU‐8 E0

NiTi � E0
SU‐8

� �

2 E0
SU‐8tSU‐8 þ E0

NiTitNiTi

� � ¼ 0 (28)

For multi-objective optimization, the deflection and curvature radius of SMA
bimorph actuator are maximized simultaneously. So, the multi-objective optimiza-
tion problem can be stated as follows:

maximize:

f 1 : ρ ¼ �
G E0

SU‐8tSU‐8 þ E0
NiTitNiTi

� �

E0
SU‐8tSU‐8E

0
NiTitNiTi tNiTi þ tSU‐8ð ÞΔε

(29)

Figure 5.
MATLAB-generated contour plot of curvature radius (m), against the primary design variables (i.e., tNiTi
and tSU-8). Curvature radius is maximized for the thickest values of NiTi and thinnest values of SU-8. The
result is intuitive because this is the stiffest beam (from the perspective of thickest NiTi with much larger Young’s
modulus compared to SU-8). Thinner SU-8 means the effect from strain differential and CTE mismatch is
minimized and contributes less to curvature radius. Overall, this means that upper bound on NiTi thickness
and lower bound on SU-8 thickness are active constraints for objective function 2.
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f 2 : d ¼
3ENiTiσrectNiTitSU‐8 tNiTi þ tSU‐8ð Þl2

E2
NiTit

4
NiTi þ ESU‐8ENiTi 4t

3
NiTitSU‐8 þ 6t2NiTit

2
SU‐8 þ 4tNiTit

3
SU‐8

� �

þ E2
SU‐8t

4
SU‐8

(30)

Subjected to:

g1 : 100� 10�6 � l≤0; (31)

g2 : l� 300� 10�6
≤0; (32)

g3 : 150� 10�9 � tNiTi ≤0; (33)

g4 : tNiTi � 1300� 10�9
≤0; (34)

g5 : 200� 10�9 � tSU‐8 ≤0; (35)

g6 : tSU‐8 � 2000� 10�9
≤0; (36)

g7 : �σrec ≤0; (37)

h1 : σrec � 5:36� 1026tNiTi
3 þ 2:15� 1021tNiTi

2 � 2:45� 1015tNiTi þ 2:58� 108 ¼ 0;

(38)

h2 : G� E0
SU‐8t

2
SU‐8

tNiTi

2
�
tSU‐8

6
� θ

� �

� E0
NiTitNiTi tSU‐8 tSU‐8 þ

tNiTi

2

� �

þ
t2NiTi

6
þ θ 2tSU‐8 þ tNiTið Þ

� �

¼ 0;

(39)

h3 : θ�
tNiTitSU‐8 E0

NiTi � E0
SU‐8

� �

2 E0
SU‐8tSU‐8 þ E0

NiTitNiTi

� � ¼ 0: (40)

Due to the conflicting nature of the two objective functions, the contour plot for
the multi-objective function has changed substantially. Maximizing the radius is
favored by a larger tNiTi as opposed to a smaller thickness required to maximize

Figure 6.
Optimal solution for simultaneous multi-objective optimization of deflection and curvature radius.
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deflection. The optimal solution of multi-objective function as shown in Figure 6
has a larger tNiTi.

Once we have established the optimal objective values for deflection and curva-
ture, we perform a sensitivity analysis regarding the following variables, for which
experimentally could be varied with relative ease. These thickness values x1 and x2,
corresponding the NiTi and SU-8 thicknesses, can be changed by varying the spin
speed for SU-8 coating: faster spins corresponding to thinner films of SU-8 and vice
versa. For NiTi, longer sputter time would be used for thicker films and vice versa.
Young’s modulus can be varied by deposition conditions for NiTi and curing/baking
temperatures and conditions for SU-8. To perform the sensitivity analysis for
Objective 1, we keep fixed the optimal thickness for SU-8 and vary the NiTi thick-
ness to see how it changes, and plot a function (as shown in Figure 7) and generate
a table of values. Similarly, we keep fixed the optimal value of NiTi thickness and
recovery stress, and plot the deflection over a range of SU-8 thicknesses.

4. Conclusions

In conclusion, an interesting optimization problem was identified whereby the
deflection of shape memory MEMS bimorph actuator was maximized. Original
calculations showed that reductions in the thickness of the bimorph layers would
yield maximized deflections (for the simplest case assuming constant values of
recovery stress in NiTi layer). In the literature, a more complex relationship among
recovery stress and the NiTi thickness was identified. A curve fit to this data yielded
a much more interesting optimization problem, which was solved graphically
(contour plots) and using the Optimization Toolbox in MATLAB. Optimal NiTi and
SU-8 thickness were determined to be for the case where SU-8 modulus was 2 GPa
to be tNiTi = 359 nm, tSU-8 = 824 nm. After solving the single-objective optimization
problem using fmincon, Excel solver, and a hand-coded algorithm, we formulated a
second objective function to maximize curvature radius (i.e., to maximize the

Figure 7.
Maximum bimorph deflection with a variation of Young’s modulus of NiTi and SU-8 layer.
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flatness of the beam because larger curvature radius is a flatter beam). We used
fmincon to solve for the optimal values of NiTi and SU-8 to maximize the curvature
radius. We determined that the objective functions were conflicting (i.e., there was
clearly a tradeoff in order to satisfy both conditions simultaneously), and therefore
suitable for multi-objective optimization. We formulated a multi-objective
optimization method and solved it using fmincon. Finally, a parametric study or
sensitivity analysis was performed pertaining to NiTi and SU-8 Young’s modulus.

Acronyms and abbreviations

αNiTi CTE of NiTi layer
αSU‐8 CTE of SU-8 layer
Bimorph composite cantilever beam consisting of two materials with different

Young’s modulus and thickness
CTE coefficient of thermal expansion
d deflection of the SMA MEMS actuator (micrometer)
ENiTi elastic modulus of NiTi layer (GPa)
ESU‐8 elastic modulus of SU-8 layer (GPa)
E0

NiTi biaxial elastic modulus of NiTi layer (GPa)
E0

SU‐8 biaxial elastic modulus of SU-8 layer (GPa)
Δε strain differential arising from thermal processing and CTE mismatch
l total length of the SMA MEMS actuator (micrometer)
MEMS microelectromechanical system
ρ curvature radius
σrec recovery stress of the SMA MEMS actuator (MPa)
SMA shape memory alloy (i.e., NiTi)
TNiTi thickness modulus of NiTi layer (nm)
TSU‐8 thickness modulus of SU-8 layer (nm)
θ correction factor term for location of neutral axis
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