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Superelastic metal microsprings fabricated by deterministic rolling of nanomembranes have been
anisotropic-strain-engineered via glancing angle deposition. The advantageous applications of metal
microsprings in liquid flow rate sensors and chemical-stimulated actuators due to their reliable
superelasticity are demonstrated. Theoretical calculation of microspring elongation as a function of
flow rate agrees with our experimental observation and reveals that the sensitivity can be well tuned
by the geometrical design of the microsprings. Such outstanding mechanical properties of rolled-up
metal microsprings should find important applications in future fluidic micro-/nano-devices.

Introduction

Motivated by enormous progress in the miniaturization of
mechanical, electronic, and opto-electronic devices, researchers
in micro-/nano-sciences have put great effort into the fabrication
and characterization of novel micro-/nano-structures.' Typical
structures in the forms of dots,* wires,” tubes,®” ezc. have been
intensively investigated in recent years and their potential
applications in drug-delivery,® sensing,”!® optics,!! micro swim-
mers,'? and data storage'® are being widely explored and
developed. Among various micro-/nano-structures, springs or
helices have drawn extensive research interest due to their unique
three-dimensional geometry. Compared with simpler shapes,
their structural complexities are more attractive because such
geometry may have a remarkable effect upon their physical and
chemical properties.'*'® The excellent performance of devices
consisting of micro-/nano-springs has already led to advanta-
geous uses in micro-/nano-electromechanical systems,'” targeted
delivery,'® sensing'®* and microelectronics.?!

During the past few years, micro-/nano-springs have been
fabricated from various materials, such as ZnO,?* Si;N,,>* C,>*
and SiO»* via bottom-up methods e.g. solid—vapor process and
chemical vapor deposition.??>?32¢ These structures are formed
entirely through a self-assembly process and thus exhibit slightly
less controllability. Recently, rolled-up nanotechnology, which
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exploits both bottom-up and top-down methods,”” has been
employed to fabricate three-dimensional structures by the
rolling-up of pre-strained nanomembranes upon release from a
sacrificial layer. In the beginning, this strain was introduced to
bi-layered nanomembranes with a crystal lattice mismatch.?%%°
These materials systems such as InGaAs/GaAs bilayers and
SiGe/Si bilayers were grown by chemical vapor deposition or by
molecular beam epitaxy onto sacrificial layers.*'*** For single-
crystal semiconductor nanomembranes, Young’s modulus is
strongly anisotropic and nanomembranes with well-defined
geometries will roll along the direction where Young’s modulus
is the smallest.’® If the orientation of a nanomembrane strip
deviates from this rolling direction, a helical structure is thus
formed, which is in fact a special case of the rolled-up tube.!
Researchers have demonstrated perfect helical structures using
this method, and physical properties of obtained coils were
carefully investigated.®'7'%?13% Tt is noted, though, that the
helicity angle cannot be smaller than 45° due to the constructive
limitation of the Si crystal?! This restriction can only be
overridden in very narrow strips due to the edge effect or with an
additional isotropic Cr layer.’® On the other hand, rolled-up
nanotechnology can also be created by strain-engineering of
nanomembranes on a polymer sacrificial layer, and a broad
range of materials have been rolled.>’ However, metal nano-
membranes fabricated by vapor deposition (e.g. evaporation and
sputtering) are generally believed to be isotropic,’®3*3% and
thus it is difficult to obtain helical structures from pure metal
nanomembranes since no preferential rolling direction can be
precisely defined. In this work we report, for the first time, a
convenient and robust methodology for fabricating pure metal
microsprings via deterministic rolling of anisotropic strain-
engineered nanomembranes deposited by evaporation on a
polymer sacrificial layer. The mechanical behaviors of the
obtained metal microsprings and their applications in fluid rate
sensing and chemical-stimulated actuators have been studied in
detail. We also reveal a superelasticity behavior (shape mem-
ory)*? of our metal microsprings which is not observed in
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previous helical semiconductor structures. The outstanding
mechanical and electrical properties of microsprings made of
metal undoubtedly appear to be more suitable for potential
applications in future micro-/nano-devices.

Experimental
Fabrication of metal microsprings

A poly(methyl methacrylate) (PMMA) sacrificial layer was
deposited on the top of a Si substrate by spin-coating of 5%
PMMA solution in toluene at a speed of 1800 rotations per
minute, which was then patterned by photolithography or using
adhesive tape as a shadow mask, and thus a step of sacrificial
layer was formed on the substrate. Ti nanomembranes were
subsequently deposited by e-beam evaporation under high
vacuum (<10~* Pa) with glancing angles. The Ti nanomem-
branes were patterned into rectangles or strips by photolitho-
graphy, using a shadow mask during the deposition, or even
scratching with a sharp blade. Acetone was used for the etching
process to release the Ti nanomembranes. The intrinsic stress in
the anisotropic-strain-engineered Ti nanomembranes made them
roll up and self-assemble into microtubular or microspring
structures.

Fabrication of hybrid microsprings

A polyvinyl alcohol (PVA)-poly(acrylic acid) (PAA) nanomem-
brane with thickness of approximately 150 nm was spin-coated
on the top of SiO,, followed by a heating process for
crosslinking reaction. Subsequently, a 50 nm thick Cr nano-
membrane was deposited on the top of the polymer layer by
e-beam evaporation under high vacuum (<10™* Pa) with
glancing angles. Then, the hybrid bilayer nanomembrane was
patterned by a sharp blade. A 5% HF solution was used to
selectively remove the sacrificial SiO, layer releasing the hybrid
nanomembrane. The microspring was then thoroughly rinsed
by DI water. The PVA-PAA nanomembrane can swell in water
which introduces additional isotropic strain/stress at the Cr/
PVA-PAA interface.

Microscopy

The morphologies of rolled-up microtubes and microsprings
were checked using optical microscopy (Olympus BXS51)
connected to a camera for high resolution color images.

Flow rate sensing

To investigate the mechanical behavior of microsprings in flow
water, the Ti microsprings fixed on the top of Si substrates were
placed into a glass conduit with a rectangular cross-sectional
area of 2 x 4 mm® The morphologies of microsprings under
flow rates ranging from 0 to 0.5 m s~ ! were recorded by the real-
time optical microscopy.

Characterization of chemical-stimulated actuator

The as-prepared hybrid microspring in water was fixed on the
bottom of a petri dish. The solution in the petri dish was changed
to check its influence on the geometry of the microspring, and

the morphological evolution of the microspring was recorded by
real-time optical microscopy.

Results and discussion
Fabrication of metal microsprings

Fig. la illustrates a general process for producing pure metal
microsprings.>* The basic scientific principle behind it is
essentially the same as that of previous helical semiconductor
structures, where the orientation of the strip must be misaligned
with the direction of the anisotropic strain/stress.!>?!° In the
present work, a sacrificial polymer layer is first deposited on the
top of an Si substrate by spin-coating. It is noteworthy in panel i
of Fig. la that only part of the substrate is covered by the
sacrificial layer through patterning (e.g. by photolithography or
using a shadow mask), which forms a step on the substrate. An
anisotropic metal nanomembrane is then deposited onto the
substrate and the sacrificial layer. In order to obtain micro-
springs after removal of the sacrificial layer, the metal
nanomembrane needs to be patterned into strips beforehand,
as demonstrated in panel ii of Fig. la. It is important to make
sure that the orientation of the metal strips is intentionally
misaligned to the anisotropic strain/stress direction (the x axis in
Fig. la) with an angle of «. The misaligned metal strips are
finally released from the sacrificial layer via an under-etching
process.®> As shown in panel iii of Fig. la, the organic solvent
effectively removes the polymer sacrificial layer releasing the
metal strips, and the stress in direction x simultaneously leads to
microspring formation by causing anisotropic strain. One may
note that the metal nanomembrane directly deposited on top of
the substrate remains unaffected during etching, and thus the
formed metal microsprings are fixed to the substrate at one end.

(a) (b)

B

incident deposition
angle

)

evaporation source

- metal

sacrificial layer

- substrate

Fig. 1 (a) A general process used to fabricate metal microsprings. (b)
Schematic diagram of glancing angle deposition. (c) Optical microscope
image of a Ti microspring.
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We should stress that the fixing of microsprings onto a substrate
is quite useful in the accurate positioning and integration of
microsprings on a single chip, and this is also of benefit to the
applications discussed later.

Obviously, the most important part of the process is to
introduce strain anisotropy in the metal nanomembrane
deposited by evaporation, which was previously considered to
be a serious stumbling block.*® We successfully solve this
problem by engaging glancing angle deposition (GLAD) which
has been used to obtain films consisting of nanopillars/nanorods
with dimensions measuring tens of nanometers due to an atomic
shadowing effect under limited adatom mobility conditions.***’
Fig. 1b schematically shows the configuration corresponding to
GLAD employed in our work. The sample is fixed on the sample
holder and the normal direction of the sample surface is set to an
angle f with respect to the direction of material flux during
deposition (see Fig. 1b). We have found this approach can
effectively introduce anisotropy into the nanomembrane, and the
strips cut from the nanomembrane deterministically roll up into
microspring structures.’* An optical image of a typical Ti
microspring fabricated using the above approach is shown in
Fig. 1c, which validates the feasibility of our method.

To demonstrate anisotropic-strain-engineering of pure metal
nanomembranes deposited by GLAD in a distinct way, we have
carried out the verification experiment shown schematically in
Fig. 2. After fabrication of the sacrificial polymer layer, Ti
nanomembranes were deposited with an incident deposition
angle f = 60°. The thickness of the nanomembrane is set to be
40 nm with a uniform deposition rate of 4 A s~!. The strain
gradient in the Ti nanomembranes is induced due to the
difference in thermal expansion between the sacrificial layer
and the Ti nanomembrane during GLAD, as we have demon-
strated in previous work.?! In order to test the rolling direction
determined by anisotropic-strain-engineering of the Ti nano-
membrane, the original nanomembrane is patterned into
rectangular shapes with orientations perpendicular to each other
(see Fig. 2a). The short sides of the rectangles of the first pattern
(upper row in Fig. 2a) are parallel to the x-axis, which is
perpendicular to the incident direction as depicted in Fig. 1b. In

@ (b)

X y
[ substrate il metal

sacrificial layer

Fig. 2 (a) Schematic diagram illuminating the experiments used to
demonstrate anisotropic-strain-engineering of the metal nanomembrane
deposited by GLAD. Optical microscope images of Ti microtubes rolled
up from the long side (b) and the short side (c) of the rectangles. See main
text for more details.

contrast, the short sides of the rectangles of the second pattern
(lower row in Fig. 2a) are perpendicular to the x-axis. It is shown
experimentally that upon release, nanomembranes in both cases
rolled up along the x-axis, forming microtubes aligned to the
same direction (Fig. 2b and 2c), despite the significant
geometrical difference between the two patterns. It was
previously reported that the geometry of the nanomembrane
affects the rolling direction for a rectangular-shaped membrane
with isotropic strain/stress, and that long side rolling always
produces the lowest energy state.’® However, in the current
experiment the rolling behavior of the Ti nanomembranes
deposited by GLAD is proven to be independent of geometry.
The rolling direction is exclusively dominated by the incident
direction during GLAD, ie. the rolling direction is always
vertical to the incident direction, which strongly suggests the
anisotropy of strain in the produced Ti nanomembranes. It is
worth noting that a directional rolling behaviour has also been
observed before by introducing a slight surface modulation to
the nanomembranes.”® However, in our present experiment,
post-treatment is not engaged after e-beam evaporation and
morphological characterization did not show any surface
modulation, indicating the anisotropic strain/stress was intrinsi-
cally introduced during nanomembrane deposition. The detailed
mechanism corresponding to this unique anisotropic property in
the Ti nanomembrane is so far not clearly specified, nevertheless,
anisotropy in Young’s modulus and strain/stress are believed to
be intimately connected with the structural asymmetry produced
by the shadow effect in GLAD.3%7

Design of metal microsprings

Since the nanomembranes can be anisotropic-strain-engineered
by the flux direction during GLAD, we can easily design
microsprings with varied helicity angles as long as a misaligned
angle o (see panel ii in Fig. la) between the orientation of the
strip and the “soft” direction exists.>!*® To better evaluate the
geometrical structure of the obtained microspring, several
parameters such as the radius R, the pitch p, and the helicity
angle 6 were chosen for characterization purposes. The defini-
tions of these parameters are graphically illustrated in the inset
of Fig. 3b, and their values are Ry, py, and 0, respectively, when
the microspring is relaxed. The relationship of these parameters
is determined by the geometry restriction:

2nR tanf = p @)

Thus the helicity angles 0y can be calculated using eqn (1) and
compared among different microsprings. We prepared a number
of microspring samples with different geometries in our
experiment by tuning the misaligned angles from 20° to 75°.
Fig. 3a shows the optical microscope images of three typical Ti
microsprings with different calculated helicity angles of 20°, 50°,
and 75°. The perfect geometry of the microsprings is clearly
visible. Fig. 3b illustrates the relationship between 6, and o
derived from our microscopy observation (see Table S1, ESIY),
and we found that 0, is always equal to ¢ with small experimental
uncertainty. This further proves the deterministic rolling along
the direction of the x-axis (see the inset of Fig. 3b for more
details). It is worth noting that when the misaligned angle is 0° or
90°, the strips can roll into microtubes (as exhibited in Fig. 2b
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Fig. 3 (a) Optical microscope images of Ti microsprings with helicity
angles of (i) 20°, (i) 50°, and (iii) 75° (b) Helicity angle of the
microspring (0y) as the function of the misaligned angle (x) between
the orientation of the strip and the x-axis. The results corresponding to
the structures shown in (a) are labelled. The inset illustrates the definition
of the parameters of the microspring structure.

and 2c, or into microrings if the strips are narrow enough) rather
than microsprings. In previous helical semiconductor structures,
the helicity angle is inherently larger than 45° due to equivalent
<100> directions of silicon crystal, and smaller angles could
only be achieved by using a narrow strip or adding an additional
Cr layer.>'*° Such limitations do not exist in the present case
because there is only one preferred rolling direction, ie. along
the x-axis, which makes it possible to fabricate microsprings of
single materials with 6, in a large range, independent of the strip
width. In addition, our approach of microspring fabrication also
demonstrates good controllability in geometry tuning compared
to previous work.?® For instance, the diameter and the chirality
of the microsprings can be controlled by altering the thickness
and the orientation of the original metal strips (see Fig. S1 and
Fig. S2 for more details, ESI¥).

Application in liquid flow rate sensing

The mechanical properties of Ti microsprings in flowing water
were studied using a device illustrated in the inset of Fig. 4, where
the microspring fixed on the substrate is placed in the center of a
glass conduit filled with flowing water. The real-time geometrical
change of the microspring can therefore be observed and recorded
by optical microscopy. The experimental relationships between

A SP1
0.5 m SP2 n )
e SP3
m | n °
L 04 . o
€ °
N [ ] [ J
> 0.3 o®
Q [ ]
)
T 0.2
: . _
™ 0.1 ° E———
- WV
0.0 —r —
0 20 40 60 80 100 120 140 160

Elongation x (pm)

Fig. 4 Relationship between the flow rate (v) and the elongation of the
Ti microsprings (x). The triangles, squares, and circles are experimental
results from three different Ti microsprings (SP1: n = 2.0; SP2: n = 3.5;
SP3: n = 4.8) and the solid lines in different colors are from theoretical
calculations fitted to corresponding experimental results. The inset shows
the schematic illustration of the device used to investigate the mechanical
properties of Ti microsprings in flowing water.

the elongation (x) and the flow rate (v) for three different Ti
microsprings with Ry of ~10 pm are shown in Fig. 4 using
triangles, squares, and circles, respectively. One can see that the
elongation increases with the flow rate when the elongation is
relatively small, but gradually becomes saturated at large
elongations, where the microsprings have been stretched to shapes
close to their original morphologies ie. strips. This will be
discussed later to show the superelasticity of the Ti microsprings.
In the following part, we will try to understand the mechanical
properties of the microspring by theoretical calculations based on
its unique geometry. In flowing water, the microspring is subjected
to the drag force (Fp), which is balanced by the elastic force (Fg).
The drag force applied onto the microspring is rather complicated
and for simplification purposes, we assume that the spring is a part
of circular cylinder. Thus Fp is considered to be parallel to the
surface and proportional to the surface area. In the case of a
cylindrical structure, the drag force Fp cyiinder is in the form of

2nuly
FD,cylinder = +
In —)—0.72
T

where p is the viscosity of the fluid, ~0.001 Pa s for water in the
present case, and L and R are the length and radius of the
corresponding cylinder, respectively.*® Correspondingly, Fp, on a
microspring can be expressed as:

(@)

Siori
Ip :FD,cylinder S T =
cylinder
3)
2nuLy 2w 2ulw

= v
2L 2nRL 2L
()02 [u(Z) -o7]x

where Sgpring 1s the surface area of the microspring (two sides),
Seytinder 18 the side area of the cylinder (one side), and / and w the
length and the width of the original metal strip, respectively.

This journal is © The Royal Society of Chemistry 2012
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T G( 1+ UPoisson)t3
V= X

Assuming that the spring is rolled from a metal strip with a
rectangular cross-section and considering that the geometry of
the spring is symmetric, we thus write the spring constant k for

one cycle of the microspring as follows:*
1_ 4n®
k Gtwl
0 pg > ) 5[ 7+60poisson ~ 12R? @
{8n2(1 + Upoisson )12 (F+12R)+ R 6(1 + Vpoisson) t2+w2} }

where G is the shear modulus, ¢ and w represent the dimensions
of the cross-sectional area of the original strip as illustrated in
the inset of Fig. 3b (i.e. the thickness and the width of the strip,
respectively), /o is the total length of a unit cycle of the
microspring (the number of cycles n = //ly), and vpyisson the
Poisson’s ratio. As the thickness of the metal strip is 40 nm,
which is far smaller than R, p and w, the spring constant kg, of a
single cycle of the microspring can be simplified as:

I 4n? P’ 2R = 6p> R?
ko B Grwly 8752(1 + UPoisson)tz B G(1+ UPoisson)t3 wly

(©)

and the spring constant k for a spring with n cycles can be
expressed as:

1 6np>R>

= P 6
k G(1+ UP()isson)t3 wlo ©

Similar to previous work,*! the spring constant k is defined as
the elastic force divided by the x:

FE = kx (7)

Obviously, if the microspring is stationary in the flowing
water, Fp and Fg are equal, thus combining eqn (3), (6), and (7),
we obtain:

x 12un’p*R
) _ M sz ®)
G (14 vpoisson) {ln (F) —0.72} &

Considering the geometrical relationship of the microspring
(see ESIt for more details), we finally get the relationship
between v and x by assuming n is a constant during the
deformation process:>

4n(npy + x)

2
npo+x
%"‘2’*5 I

2
(npo -+ x)2 |42 RE 4 — PO
P+ X) R+ p; P

In —0.72

x (9)

6u

The solid curves in Fig. 4 showing the increase of v as a function
of x are derived from eqn (9), where the values of G and vp,jsson Of
the Ti nanomembrane are assumed to be the same as those of bulk
Ti, i.e. 44 GPa and 0.33,** respectively. Details concerning the

theoretical calculation can be found in the ESILf The three
theoretical curves show good agreement with the experimental
data (See Fig. S3, ESIt). However, a small deviation was observed
for large v and corresponding large x. The inconsistency between
the experimental and theoretical results is believed to be due to the
gradual decrease of n, especially for extremely elongated micro-
springs since 7 is taken to be a constant in our calculation.

The elongation of the microspring in the flowing water
suggests a potential application in flow rate sensing since the
elongation can be easily detected by optical or electrical means.
Here, we can calculate the sensitivity (S) of this kind of flow rate
sensors by

dx

SZ%

(10)

According to eqn (9) and (10) and the curves in Fig. 4, the
highest sensitivity our microspring-based flow rate sensor
achieved is ~500 pm/(m s~ '). Correspondingly, the detection
limit of this sensor is determined to be 0.002 m s~ !, from the
1 um resolution of the optical microscopy. The geometry of the
microspring has an important influence on its mechanical
properties and sensitivity. We calculated the elongation, x, of
microsprings with different pitch, poy, and number of cycles, 7, in
flowing water (Fig. S4, ESIt). The results demonstrated a
significant influence on x from n whereas a change in p, has little
effect. With the same flow rate, v, the microspring with a big n
will be largely elongated, indicating a better sensitivity.
Therefore, the microspring with more cycles is more suitable
for smaller flow rates since the consequent larger elongation can
be more easily detected.

Superelasticity of rolled-up metal microsprings

A superelasticity behavior (shape memory) of Ti microsprings
was found in our experiment (see the video in the ESIf). Fig. Sa
records the sequential large extension and superelastic recovery
process of the Ti microspring in different flow rates. The Ti
microspring was first stretched from its original relaxed state
(panel i in Fig. 5a, v=0m s~ ') to its maximum extension (panel
ii in Fig. 5a, v = 0.3 m s~ '), and then completely recovered after
the flow rate was decreased to 0 (panel iii in Fig. 5a). One can see
that the recovered microspring shows identical dimensionality
including pitch and radius, suggesting a superelasticity beha-
vior.?>?* A reliability test of the superelasticity behavior of Ti
microsprings was carried out in flowing water with the flow rate
altered periodically. Fig. 5b shows the length of the microspring
as a function of the flow rate in 12 cycles. The microspring is still
completely recoverable to its original geometry without any
deterioration, indicating a good reliability of the superelasticity
behavior. An obvious advantage demonstrated is the excellent
mechanical properties of the present metal microsprings, which
are mainly ascribed to the good ductility of metal and thus
cannot be easily obtained from semiconductor microsprings.

Application in chemical-stimulated actuators

To further demonstrate that the superelastic metal microspring
can be used to detect the concentration alteration in the liquid
(i.e. as a chemical-stimulated actuator), we prepared hybrid
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Fig. 5 (a) Optical microscope images of a Ti microspring during one
cycle of extremely large extension and superelastic recovery with different
flow rates: (i) 0, (ii) 0.3, and (iii) 0 m s~ '. (b) Experiment illustrating the
reliable superelasticity of the microspring in 12 cycles.

microspring from Cr/hydrogel. The hydrogel used here is
PVA-PAA, which has a strong swelling ability and thus can be
used as a sensing material to detect certain molecules due to its
sensitive volume change.**** However, the quantitative analysis
of the volume change directly is challenging. The combination of
this material with the Cr microspring thus provides a convenient
way to reflect the volume change distinctly because the volume
change introduces additional isotropic strain/stress at the inter-
face and consequently contributes to morphological evolution of
the microspring. That is to say, the hybrid microspring was used
as a simple transducer to transform the volume change into a
geometrical change of the microspring which was then probed by
optical microscopy. Fig. 6a and the video in the ESI{ show the
corresponding experimental results. One can see the hybrid
microspring starts to unroll when being transferred from water
to ethanol at 0 s and the number of rotations gradually decreases
from ~2 to ~1 along with the radius increasing from 22 to
45 um (20 s in Fig. 6a). The morphological evolution is due to
the deswelling behavior of the PVA-PAA which removes the
influence of the additional strain/stress introduced when the
microspring was immersed in the water. It is worthwhile to note
that the bilayer stripe keeps its helical shape instead of a stripe
with prolonged immersion time in ethanol, which is considered
to be due to the anisotropic-strain-engineered Cr nanomem-

10 s

0sh 3sh

N

number of cycles -
|
|

N S

o
T
|
||

=N
o]
T
|
|

16 5
"n water adding ®
14+ .

12+ %

1.0F " E E =

0 10 20 30 40 50
time (s)

Fig. 6 (a) Optical microscope images of a Cr/PVA-PAA hybrid
microspring used as a chemical-stimulated actuator. Upper row:
unrolling of the microspring in ethanol. Lower row: rolling of the
microspring in water : ethanol mixture (1 :10 in volume). (b) The
number of rotations of the microspring as a function of time. The value is
obtained from the real-time video, ESL.{

brane, as we have discussed previously. After water was added to
the ethanol at 36 s (volume ratio of water to ethanol is 1 : 10),
the microspring rolled tighter with decreasing radius, and the
original geometry is ultimately restored within ~15 s (video in
the ESIt and the plot in Fig. 6b), suggesting such a hybrid
microspring can be used as a chemical-stimulated actuator.**
The present results demonstrate excellent flexibility of our metal-
based microspring, and the approach can be easily combined
with other techniques to obtain micro-/nano-structures for a
broad range of applications.

Conclusions

In conclusion, we have demonstrated a convenient and robust
method to fabricate pure metal microsprings with helicity angles
varied from 20° to 75° by deterministic rolling of anisotropic-
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strain-engineered nanomembranes prepared by GLAD. The
microsprings are found to stretch in flowing water due to the
drag force, and the elongation as a function of flow rate is
observed experimentally and can be well predicted by theoretical
calculations, indicating potential applications of the metal
microsprings in flow rate sensing. The superelasticity behavior
of Ti microsprings and the corresponding reliability was
demonstrated after more than 10 cycles of extremely large
extension and superelastic recovery (shape memory). We further
disclosed the water—ethanol chemical-stimulated actuators appli-
cation of the Cr/PVA-PAA microspring. The excellent mechan-
ical and electric properties of metal itself, as well as the
superelastic property, suggest a great number of potential
applications for metal microsprings in micro-/nano-electrome-
chanical systems.*
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