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ABSTRACT

In this article, we describe the design of a shape memory
alloy-based system to stretch cells cultured on top of a �exi-
ble membrane in multi-directions (longitudinal and transverse).
Mechanical cues (such as strain and force) can affect the state
and behavior of cells, such as, morphology, the differentiation
process, and apoptosis. Therefore, a thorough understanding of
the effects of mechanical perturbations on cells/tissues will have
a deep impact in the biological sciences. The proposed design
allows application of anisotropic (multi-axial) strain with high-
precision. Certain cells, for example endothelial cells that line
the inside of blood vessels, experience multi-axial (circumferen-
tial and longitudinal) stresses and strains. A cell stretching de-
vice that enables controlled application of biaxial strainwill al-
low for systematic and accurate studies of the effects of externally
applied mechanical perturbation throughout the cell, tissue, or
organ. A preliminary design is proposed that exploits the strain
recovery property of the shape memory alloy (SMA) actuators.
We describe the design of the mechanical system and show exper-
imental results to demonstrate stretching of a thin PDMS mem-
brane in the longitudinal and transverse directions. To account
for the inherent nonlinearity of the SMA, a feedback controller
is implemented to achieve high-precision control of the stretch-
ing process. Additionally, the design can be integrated with an
atomic force microscope (AFM) for high spatial and temporal
resolution studies.

� Corresponding author; Email: kkleang@vcu.edu; Voice: 804.827.7037.

1 INTRODUCTION
Mechanical cues (such as strain and force) affect the state

and behavior of cells, for example morphology, differentiation,
and apoptosis [1–4]. For instance, by simulating fetal breathing
movement using a mechanical stretcher (Flexercell Strain Unit),
the exposed fetal alveolar epithelial cells underwent differentia-
tion and maturation [5]. Likewise, mechanical stimulationfrom
�uid �ow has been reported to activate a speci�c signaling path-
way in bovine articular chondrocytes [6]. Stem cell differentia-
tion has also been linked to mechanical strain [7].

To apply mechanical perturbations, a number of approaches
have been proposed, such as designs that provide uniaxial
stretching, while others provide equibiaxial (isotropic)strain [8];
however, there is lack of a device with the ability for controlled
anisotropic (multi-axial) strain. The contribution of this paper is
presenting the design of an instrument to stretch cells cultured on
top of a �exible membrane in two independent directions – lon-
gitudinal (x) and transverse (y) – for studies in cell biology. The
instrument exploits the strain-recovery ability of shape memory
alloy (SMA) actuators [9] to deform a membrane, and the pro-
posed design realizes high-resolution stretching via a feedback
control system which compensates for the nonlinear behavior of
the SMA actuators.

Controlled biaxial stretching is needed because certain cells,
for example endothelial cells that line the inside of blood vessels,
experience multi-axial (circumferential and longitudinal) stress
and strain. The system of interest is designed to explore thein-
�uence of controlled biaxial stretching on the morphology of hu-
man �broblasts. Additionally, the platform will be used to study
the effects of controlled mechanical perturbations (in conjunc-
tion with other signals) on cell-fate decisions.
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2 OVERVIEW OF THE DESIGN
To achieve controlled biaxial stretching of a membrane, the

proposed design relies on four SMA actuators. Figure 1 presents
the concept of the instrument, where two sets of SMA actua-
tors are arranged in an orthogonal con�guration to mechanically
stretch a membrane. As shown, an actuator is attached to an edge
(four actuator/edge combination total) and the movement ofeach
actuator is independently controlled. The SMA actuators are ac-
tivated and controlled by varying the temperature of the shape
memory material,e.g., by heating the SMA using electric current
(Joule Effect) to cause a phase transformation (from martensite
to austenite) within the material that induces contraction[9]. By
using sensors to measure the deformation in the two directions, a
control system can be augmented to precisely control the spatial
(as well as temporal) precision of the instrument. One unique ad-
vantage of the proposed con�guration is the ability for relatively
large strain, in excess of 10%, simply by varying the ratio ofthe
length of the membrane (L1) to the length of the actuator (e.g.,
L2).
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Figure 1. The shape memory alloy (SMA)-based cell stretching plat-

form. Left: Cells are cultured on an elastic membrane, for example poly-

dimethylsiloxane (PDMS), then the membrane is stretched using SMA

wire actuators. Right: SMA1 and SMA2 strain the membrane along the

longitudinal direction while SMA3 and SMA4 strain it along the trans-

verse direction.

Existing stretching assays utilize a variety of mechanisms
to apply mechanical strain on cells. For example, cells can be
stretched using the micropipette aspiration technique [10, 11],
where two pressurized pipettes pull from opposite sides of the
cell in a uniaxial fashion. In this method the pulling actionis
heavily concentrated on a small area (the diameter of the pipette).
Furthermore, it is dif�cult to stretch a cluster of cells where
each cell in the group experiences essentially the same mechan-
ical perturbation. A similar approach that locally “pokes”a cell
has also been used [12–15]. The laser trap or optical tweezer
is a non-contact approach to cell manipulation [16]. This ap-
proach uses light to trap and move dielectric spheres attached
to the cells of interest, but such a system is better suited toa

small cluster of cells. Membrane-based devices are one of the
most common to stretch cells [3, 8]. One of the advantages of
this method is simplicity – cells are cultured on top of an elas-
tic membrane and then the membrane is stretched to transfer the
mechanical perturbation (provided the shear stress at the cell-
to-substrate interface is negligible). A number of deviceshave
been developed to exploit this concept, for example the commer-
cially available Flexcell (Flexcell Int. Corp), piezoelectric-based
stretchers [17], as well as �uid-based and those using pistons to
deform a membrane [8]. A recently proposed design was based
on a lead-screw – turning the screw by hand caused the mem-
brane to stretch [18]. In general these systems deliver uniaxial or
uniform biaxial strain and they provide limited control of the res-
olution of the applied strain (approximately 0:33% of the range
of motion). Although the piezoelectric-based system can provide
nano-scale resolution, one drawback of using piezos is theyhave
relatively low strain (0:1 to 0:3% [19]) and require large electric
�elds for actuation [20].

In contrast to membrane-based methods used to stretch cells,
the proposed design utilizes SMA actuators uniquely arranged
to stretch a membrane/tissue biaxially. One of the advantages
of SMA-based actuators is they provide relatively large strains
(8%) compared to other smart material based actuators, for ex-
ample piezoelectric (0:5%) [19]. Furthermore, over this range,
their movements can be precisely controlled [21]. Precise con-
trol of the strain over large ranges is needed for accurate studies
of the effects of mechanical perturbation on cells. SMA actuators
can also exert a signi�cant amount of force per unit area, as much
as 600 million Newtons per square meter (approximately 40 tons
per square inch), compared to electroactive ceramics and poly-
mers which deliver roughly one-tenth of this value. (The elec-
troactive polymers such as ionic polymer metal composites [19]
can provide large strain (> 10%); however, they deliver limited
amount of force.) Also, SMA actuators require relatively low
voltage range (tens of volts), whereas piezoelectric actuators op-
erate in the hundred to thousand-voltage range. Furthermore, be-
ing a smart material, SMA have no moving parts which can wear,
and they do not suffer from friction and stiction effects.

3 DESIGN CONSIDERATIONS
3.1 The Mechanical Design

Cells are mechanically stretched by culturing them on top
of an elastic membrane, such as polydimethylsiloxane (PDMS),
then the membrane is stretched to transfer the mechanical per-
turbation to the cells. (This design assumes that an appropriate
interface exists between cells and the membrane to enable the
transfer of strain.) Four SMA actuators (one-way type) — two
in thex-direction and two in they-direction — stretch the mem-
brane biaxially (Fig. 1). In our preliminary design each actua-
tor (e.g., SMA1) is constructed by wrapping a single SMA wire
around small pins, back and forth, as shown in the Fig. 2, to cre-
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ate a parallel set ofn number of actuators with effective length
L2. One important aspect is the number of wraps,n, determines
the total force exerted by the actuator. Wires, as opposed toSMA
springs or plates, were chosen because they are readily available,
inexpensive (approx. $20US per meter, FlexinolR
 ), and rela-
tively easy to work with – that is, they can be cut to any length,
easily bent to accommodate a desired con�guration, and theyare
compact.

As illustrated in Fig. 2, each set of parallel actuators share
a common conductive point at their ends: one point is the �xed
rigid support (A) and the other point is the top of a cantilever
beam (B), where this �xture is also conductive and attaches to
the membrane. Electric current is applied to heat (via JouleEf-
fect) each set of parallel SMA wires. An increase in temperature
(above the transition temperature) causes the wires to contract
(up to 8%), therefore exerting a force to bend the cantilever. Sub-
sequently, the bending of the cantilever transfers the strain to the
membrane which is connected to the cantilever. When the wires
are cooled (either by free or forced convection), the restoring
force in the cantilever stretches the one-way SMA wires backto
their initial length (L2) and the strain in the membrane is relieved.

In the proposed design, the conductive �xture at the end of
the cantilever is designed with considerably more mass com-
pared to the SMA wire actuators to act as a heat sink. This is
done to ensure that minimal thermal energy is transferred tothe
attached �exible membrane – a signi�cant increase in tempera-
ture can potentially affect the specimen.

By using a sensor to measure the behavior of each set of
SMA actuators (e.g., SMA1, SMA2, SMA3, and SMA4 shown
in Figs. 1 and 2), precise strain along the longitudinal (x) and
transverse (y) directions can be achieved using a control system.
Additionally, the control system will enable precise tracking of
user-de�ned strain pro�les for dynamic studies.

One distinct advantage of this design is the ability to amplify
the strain on the membrane by simply varying the ratio of the
lengths of the membrane,L1, and the SMA actuator,L2. There-
fore, relatively large percent strain can be achieved. For example,
in the longitudinal direction, where we considerSMA1 andSMA2
(see Fig. 1(b)), the total distance between the two outermost con-
ducting �xtures,L2 + L1 + L2, remains constant; therefore, strain
in the membranee1 must equal the combined straine2 of the two
SMA actuators,SMA1 andSMA2, i.e.,

DL1 = 2DL2: (1)

Rewriting (1) in terms ofL1 andL2 de�nes the relationship be-
tween the strainse1 ande2:

e1L1 = 2e2L2; ) e1 = 2e2
L2

L1
: (2)

Hence, the strain in the membranee1 is proportional to the ra-
tio L2=L1, and by simply increasing this ratio, we can mechan-
ically amplify the strain in the membrane. For example, if the

membrane and the SMAs have the same length (L1 = L2), then
the strain in the membranee1 is equal to twice the strain of the
SMAs. Assuming a nominal actuator percent strain of 5%, the
membrane will strain 10% when the membrane and SMA wire
actuators are the same length. Therefore, strain in excess of 10%
can be easily achieved by makingL2=L1 > 1. Also, the response
time of SMA is relatively fast – they can contract in less thanone
second.

3.2 Recovery Force Using a Cantilever
Above a critical temperature (typically 70 to 90� C), the one-

way SMA actuator transitions from the martensite to the austen-
ite phase and as a result, the material contracts – the contraction
is exploited to stretch the membrane. However, when the wireis
brought to low temperature a reversal of state occurs (austenite
back to martensite) but a deformation force is required to recover
its original length. Such a force can be generated using a vari-
ety of methods which include springs, counter weights, or can-
tilevers [9]. Because of simplicity, we investigate the useof a
vertically mounted cantilever, as shown in Fig. 3, to provide the
needed recovery force.

For a given cantilever, the number of parallel SMA wires,
n, must be properly chosen to impart suf�cient force such that
the connected SMA actuator exercises its full range (typically
5% of the wire lengthL2). For a prismatic beam with �xed/free
end conditions, assuming small angle de�ections, the maximum
de�ection at the free end of the cantilever beam is proportional
to the applied forceF [22]:

Dx =
Fh3

2

3EI
; (3)

whereE is Young's modulus,I is the mass moment of inertia, and
h2 is the distance measured from the base of the cantilever to the
point of the applied forceF (see Fig. 3). In our design the length
of the SMA actuator isL2. Assuming a typical strain of 5% of
L2 (i.e., Dx = 0:05L2), then the total number of SMA wires,n,
needed for a given cantilever with mass moment of inertiaI is

n , ceil
�

F
frec

�
= ceil

�
0:15
frec

EIL2

h3
2

�
; (4)

where frec is the nominal force generated by a given diameter
SMA wire (value provided by manufacturer as `recommended'
recovery force).

The de�ection of each cantilever beam was measured us-
ing noncontacting infrared proximity sensors (Optek QRB1113).
The sensor has a gain of 106mV=100µm.

3.3 Membrane Design Using Finite Element Analysis
The membrane material of choice is polydimethylsiloxane

(PDMS, e.g., Sylgard 184 silicone elastomer from Dow Corn-
ing), a �exible material commonly used to culture cells because
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Figure 2. Left: Detailed view of the SMA-based cell stretching platform. Four SMA actuators, two in the x-direction and two in the y-direction, stretch the

membrane biaxially. Optical sensors are used to calibrate and measure the de�ection of the cantilever. Also, they are use d in the feedback control system

to achieve accurate stretching of the membrane. Right: Each actuator is made by wrapping a single SMA wire to create a parallel set of actuators of length

L2. Current is applied to heat all the wires simultaneously, and the heat causes contraction, which bends a cantilever and subsequently stretches the

membrane. As the wires are cooled, the restoring force in the cantilever stretches the SMA wires back to their initial state and the strain in the membrane

is relieved.

of its ability to absorb proteins for cell attachment [18, 23]. (We
note that the proposed design is compatible with other types
of membrane material.) Finite element analysis (FEA, Cosmos
package) was conducted to study the strain distribution on the
three example membrane geometries shown in Fig. 4. The ge-
ometries include a square with (I) rectangular, (II) radialcor-
ners, and (III) chamfered corners removed. The membranes
were strained along the longitudinal and transverse directions
by pulling on the edges. The Young's modulus for PDMS
is presented by [24], and it ranges between 3:6 � 105 Pa and
8:7� 105 Pa.

h

Cantilever

Membrane
SMA

Dx
F

h1

2

Figure 3. Cantilever and SMA wire actuator. When heated, the SMA

exerts a force F which in turn de�ects the cantilever by Dx. The de�ection

is transmitted to the membrane attached to the cantilever.

Membrane I Membrane IIIMembrane II

x

y

17  mm

17
 m
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R = 4.25 mm 4.25 mm

Figure 4. Three membranes considered for FEA analysis of the strain

distribution.

The results for the strain distributions for the example mem-
branes area shown in Figs. 5 and 6; in particular, when the mem-
brane is stretched in thex-direction and they-direction is un-
constrained (Figs. 5(a) - (c)), the membrane contracts due to the
nonzero Poisson's ratio (0:49) as expected. We note that there
exists a region at the center of the membrane (roughly 10% of
the total surface area of the membrane) where the strain is uni-
form along thex-direction. Therefore, cells that are attached to
this region will experience a uniform strain in thex-direction and
likewise a uniform contraction in they-direction.

On the other hand, when the membrane is constrained in the
y-direction as it is being stretched in thex-direction (Figs. 6(a)
and (b)), our analysis shows that the contraction due to Pois-
son's ratio can be compensated. For example, Fig. 6(b) shows
nonzero strain in they-direction due to the constraint. There-
fore, the amount of strain in the longitudinal and transverse di-
rection can be controlled by simply controlling the stretching of
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the membrane using the SMA actuators. Hence, controlled bi-
axial stretching can be achieved as indicated by the FEA results.

(a) Membrane I: Strain in x-direction; y unconstrained

(c) Membrane III: Strain in x-direction; y unconstrained

(b) Membrane II: Strain in x-direction; y unconstrained

Uniform

Uniform

Uniform

unconstrained

unconstrained

unconstrained

unconstrained

unconstrained

unconstrained

x

y

Figure 5. Finite element analysis results: strain distribution in the three

example PDMS membranes. Membrane is stretched in the longitudinal

(x) direction. (a) - (c) unconstrained along transverse direction, therefore

the membrane contracts.

(a) Membrane II: Strain in x-direction; y constrained

(b) Membrane II: Strain in y-direction; y constrained

Zero strain in y-direction

Nonzero strain in x-direction

Constrained

Constrained

Constrained

Constrained

Figure 6. Finite element analysis results: (a) and (b) constrained along

the transverse direction, therefore zero strain in the y-direction.

3.4 Control System Design
Although SMA can achieve relatively large strain, one of

the main challenges is loss in positioning precision due to the
effects of hysteresis [25]. To compensate for hysteresis error, a
feedback control system was designed to ensure precise strain-
ing of the membrane. Without control, the open-loop response
(without membrane attached) for the SMA-based system shows
nearly 30% distortion due to hysteresis error as shown in Fig. 7,
plot (e).

A proportional-integral (PI) feedback controller shown in
Fig. 8 was used to compensate for the hysteresis error. In the
Laplace domain, the controller takes the form:

C(s) =
n(s)
d(s)

= kp +
ki

s
; (5)

whereKp andKi are the proportional and integral gains, respec-
tively. The gains were tuned experimentally tokp = 200 and
ki = 0:9 by comparing the step response of the closed-loop sys-
tem for different gain values. A comparison of the performance
of the PI control system with the open-loop response forSMA1
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sis effect.

is shown in Fig. 8. (We note that the other response of the other
SMA actuators are similar and omitted for brevity.) In Fig. 8, plot
(b), the PI controller improved the response time of the actuator
during contraction (i.e., stretching) from 3:60sfor the open-loop
case to 0:76 s. Also, by using the feedback control system, the
SMA actuator can track a user de�ned stretching pro�le with sig-
ni�cantly better precision compared to the open-loop case.For
example, experiments were run to demonstrate tracking of a tra-
jectory that transitions from zero to 1000µm in a one-second
time period. The desired trajectory, the response of the open-loop
system, and the response of the PI controller are shown in Fig. 8,
plot(c). In plot (d), the tracking errors between the open-loop and
closed-loop cases are compared; the error is signi�cantly lower
using PI control, 2:7% versus 93:7% without the PI controller.
We conclude that precision control of the SMA actuator can be
achieved. Although the settling time was improved using PI con-
trol by over a factor of 4 (from 3:60sopen-loop to 0:76sclosed-
loop), additional bandwidth can be achieved by using smaller
diameter wires and a heat sink to improve cooling [26].
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3.5 Considerations for in Vitro Studies
The stretching platform is designed for real time monitor-

ing of cells as they are subjected to controlled stretching con-
ditions. In particular, the instrument's footprint was designed
to be compatible with inverted light microscope (phase contrast)
by allowing light to project from the bottom side of the instru-
ment. Also, the system can be integrated with an AFM system
to enable high-resolution measurement of morphology, changes
in surface stiffness, as well as expression of proteins. Addition-
ally, video-rate AFM [27,28] can be used to capture in real-time
the behavior of cells during the stretching process. The platform
can be housed in an environmental chamber; likewise, the mem-
brane can be submersed in a liquid environment, such as saline
solution, during stretching.

4 EXPERIMENTAL RESULTS AND DISCUSSION
In this section we discuss the preliminary results to demon-

strate stretching of an example PDMS membrane.

4.1 Fabrication of PDMS Membrane
The PDMS membrane [29] for the stretching platform is

made using Sylgard 184 Silicon Elastomer, produced by Dow
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Corning. Sylgard 184 comes in two parts, the base and the cur-
ing agent. They are mixed together using various ratios, forex-
ample, 10 : 1, that is, ten parts base to one part curing agent,by
weight. The ratio determines the stiffness of the membrane.The
membranes are created in three-inch diameter petri dishes.Three
pipettes are used when mixing and measuring the PDMS: (1) one
for the curing agent, (2) one for the base, and (3) another forthe
PDMS mixture. The curing agent is weighed in a 100ml beaker.
Base is then added to the curing agent to obtain the desired con-
centration. The base and curing agent are stirred together using
a glass rod for 3 to 4 minutes to ensure uniform mixture. The
PDMS mixture is then dispensed into the petri dishes using a
sterile pipette. Afterwards, the petri dish is covered and allowed
to cure at elevated temperature (75� C) for 1 hour 15 minutes.

4.2 Uniaxial Stretching of PDMS Membrane
We demonstrate qualitatively biaxial stretching of a PDMS

membrane. These initial experiments do not involve live cells.
After curing, a 1mm thick membrane was cut into a desired
geometry, for example, shape Membrane I (see Fig. 4). Then,
the membrane was secured in the stretching system. A CCD
camera with resolution of 2µm was used to capture video and
still-images of the stretching process. These results wereused to
qualitatively assess the initial performance of the instrument.

The �rst experiment was to demonstrate uniaxial stretch-
ing (along thex-direction) of the membrane. The membrane
was stretched using two SMA actuators,SMA1 andSMA2. The
membrane was unconstrained in the transverse direction (along
y-axis). To simulate cells attached to the membrane and also
to provide a visual mark for estimating the amount of stretch,
black ink was placed on the membrane and monitored by the
CCD camera. Figure 9 shows the uniaxial test. The ink marks
are shown as vertical lines, and a small 37µmdiameter wire was
positioned on top of the membrane for size reference. From the
images, the estimated strain was 6:25%. This value was obtained
by comparing the relative spacing between the vertical ink marks
before and after stretching. These preliminary results suggest
the possibility that cells cultured on top of the membrane can be
stretched.

4.3 Biaxial Stretching of PDMS Membrane
In the second experiment, we demonstrate biaxial stretching

(along thex and y directions). Similar to the previous experi-
ment, black ink was placed on the membrane and monitored by
the CCD camera. In this experiment, the round ink marks were
used as shown in Figure 10. Also, a small 37µmdiameter wire
was positioned on top of the membrane for size reference. The
images shown in Figure 10 were acquired at approximately 1s
intervals. The arrows indicate which SMA actuator was acti-
vated. As shown the �gure by the relative positions of the ink
marks with respect to the �xed camera between frames (a) to (i),

Ink marks

37 mm diameter
wire for reference

6.25% stretch

No stretch

Figure 9. Experimental results: uniaxial stretching of PDMS membrane.

there is evidence of the membrane being stretched in two direc-
tions. We also note the ink marks elongated as the membrane as
stretched. In this case, the maximum percent strain (along the
longitudinal direction) was estimated to be over 6% by compar-
ing before and after images.

5 CONCLUSIONS
The design of a biaxial cell stretching system based on SMA

actuators was presented along with experimental results. The de-
sign utilizes four SMA actuators arranged in an orthogonal direc-
tion to stretch a �exible membrane with cells cultured on topin
the longitudinal and transverse direction. We showed the applica-
tion of a feedback controller to enable high-precision stretching
by compensating for the nonlinear hysteresis behavior in SMA
actuators. Preliminary results wer presented to show over 5%
uniaxial and biaxial stretching of an example PDMS membrane.

6 FUTURE WORK
The preliminary experiments provide encouraging results

and future work includes stretching of �broblast cells and moni-
toring the effects using both optical microscopy (phase contrast)
and the atomic force microscope. For example, we will consider
human foreskin �broblasts cultured on the PDMS surface that
is coated with 10µg=ml human �bronectin (Sigma, MO) to sup-
port cell adhesion. The platform will be used in long-term studies
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Figure 10. Experimental results: biaxial stretching of PDMS membrane. Arrow indicates the direction of strain.

the effects of controlled mechanical perturbations (in conjunction
with other signals) on cell-fate decisions.
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