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ed metallic microsprings†

Tao Huang,ab Zhaoqian Liu,‡ab Gaoshan Huang,b Ran Liu*a and Yongfeng Mei*b

We fabricate grating-structured metallic microsprings with well-defined helical angles and diameters,

which are self-rolled from strained nanomembranes patterned with gratings. The grating structures on

the metal membrane, replicated from the imprinted polymer layer beneath, give rise to the controlled

rolling direction after selective etching of the underlying sacrificial layer. The rolling direction of the

grating-structured thin metal film is always perpendicular to the long side edge of gratings, offering a

good way to roll up strained strips into well controlled three-dimensional (3D) microsprings simply by

altering the dimension and orientation of the structured strips. The mechanical elasticity of these

grating-structured metallic microsprings is verified for the potential application as a flow rate sensor. Our

work may stimulate rigorous synthesis of highly functional and complex 3D helical micro and

nanostructures, and hint a broad range of applications such as environmental sensors, micro-/nanoscale

robots, metamaterials, etc.
1 Introduction

Design and synthesis of a rich variety of two or three-dimen-
sional structures with some intriguing shapes like tubes,1 rods,2

helices,3 and cones4 at micro- and nanoscale have triggered a lot
of research excitement for decades. These unique micro-/
nanostructures display fascinating optical, mechanical, elec-
trical, and catalytic properties,5–9 which basically accelerate
their applications in elds such as energy harvesting,10 bio-
sensing,11 optoelectronics,12 and integrated circuits.13 Three-
dimensional micro-/nano-springs with tunable chirality and
periodicity, emerging from these aforesaid structures, are
envisioned an irreplaceable place in the miniature devices. To
date, a number of materials have been exploited to synthesize
various kinds of micro-/nano-springs or helical structures at
different ordered dimensions for predictable utility, such as
carbon nanocoils,14 zinc oxide nanosprings,15 InGaAs/GaAs
nanohelices,16 and Si spirals.17 They have been found with
benets for the potential applications of electromechanical
sensors and actuators,18 bioengineering,19 microrobots,20 and
electromagnetic wave absorbers.21

Though the complex structure of micro-/nano-springs endows
themselves with unique characteristics, the fabrication methods
are inevitably limited by the traditional planar processes, even
with the state of art techniques in recent days. Two general
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approaches, namely ‘bottom-up’ and ‘top-down’, which are also
called template-assisted and template-free methods, are simul-
taneously and separately proposed to address this challenge.
Typical ‘bottom-up’ examples, including chemical vapor deposi-
tion (CVD),15 glancing angle deposition (GLAD),22 and template
method,23–25 are experimentally proved to be less controllable and
less uniform for desired applications. Two alternative ‘top-down’
methods: focused ion beam (FIB)26 and direct laser writing
(DLW)19 exhibit highly accurate topology control, but commonly
suffer from the drawbacks of high cost of the instrument and
time consumption. Recently, a convenient and robust method-
ology, namely rolled-up technology, opens new fabrication paths
for micro-/nano-springs with high accuracy and good controlla-
bility by employing both ‘bottom-up’ and ‘top-down’
approaches.27Upon the release of internal strain aer the etching
of the underlying sacricial layer, the patterned ribbons
comprising of a single material or a combination of different
materials will roll up into tubes or springs depending on the
orientation of the strips with respect to the preferential rolling
direction where the released lms prefer to bend up. Generally,
the preferential rolling direction can be generated in the lms
through technically designing and introducing anisotropic
properties into the pre-rolling material layers such as the aniso-
tropic Young's modulus on GaAs or Si substrate,16,28 anisotropic
sacricial's etching behavior,29 elastically isotropic lm with
geometrical anisotropy (high aspect ratio),30 and glanced angle
deposited (GLD) anisotropic metal lm,31,32 to name but a few. A
case in point is that the well-controlled superelastic metal
microsprings,31 fabricated by introducing Young's modulus
anisotropy to the strained metal lms during the glancing angle
deposition (GLD) process, inherently possess a wide range of
designed helical angles from 20� to 70� without any additional
treatments compared to other work.28
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 (a) A basic process flow of fabricating the grating-structured
metallic microsprings. (b) SEM image of typical imprinted grating
structures on PMMA. Inset shows the gratings with a period of�3.4 mm
at higher magnification. (c) SEM image of the grating-structured
metallic microsprings. (d) Close-up SEM image of a part of the grating-
structured microspring in (c).
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So far, most approaches that can dene and control the
rolling direction as well as the position of as-fabricated micro-/
nano-structures in strained engineering have been involved in
lithographically dened etching window,29,33–35 shadow effect
induced by GLD,36 and geometry effect.37 Unlike the previous
approaches to determine the preferential rolling direction via
the anisotropic geometry effect,37,38 a novel strategy was recently
put forward to manipulate the rolling behavior by simply
introducing periodic wrinkles to initial rectangular nano-
membranes.39 These wrinkled nanomembranes preferred to
bend up from the at edge and the rolling direction was prac-
tically perpendicular to the long side edge of the wrinkles
because bending from the wrinkled edge requires a large
amount of additional energy to atten the wrinkled lm. As
theoretically predicted, this effect can be maintained and
enhanced by altering wrinkles' parameters such as the ampli-
tude and the wavelength. Taking advantage of this robust and
predictable control over the rolling direction, we thereaer
demonstrate a reproducible route to fabricate the grating-
structured metallic microsprings rolling from the imprinted
sacricial layer with grating structures, which play a determin-
istic role in deciding the rolling direction. The mechanical
performance in ow rate sensing of the grating-structured
metallic microsprings has been tested and analyzed. It can be
anticipated that such a novel approach to synthesize these ne
textured metallic microsprings may broaden the way to fabri-
cate highly functionalized and complex 3D structures in a
controlled and parallel manner and make them potential
candidates for applications in miniature electromechanical
devices and metamaterials.

2 Experimental section
2.1 Fabrication of grating-structured microsprings

Silicon grating moulds of different periods for nanoimprint
lithography (NIL) were fabricated by the combination of laser
interference lithography (LIL) and reactive ion etching (RIE).
The moulds were cut into pieces of a square area of about
1 cm � 1 cm. Both the moulds and Si substrates were cleaned
by ultrasonication in piranha solution (98% H2SO4 : 30%
H2O2 ¼ 3 : 1 at T ¼ 90 �C) and acetone for 10 min respectively,
then rinsed abundantly with deionized water (DIW) and blown
dry with N2 gas ow. A �200 nm thin layer of PMMA was spin
coated onto the substrate and so baked at T ¼ 180 �C for 10
min. Nanoimprinting with moulds facing against the PMMA
layer was performed at T ¼ 180 �C, i.e. about 75 �C above its
glass transition temperature (Tg ¼ 105 �C), under an imprint
pressure of about 25 MPa.40 Aer demolding, the grating
structures were transferred from the mould to the PMMA layer.
Sequentially, a step between the PMMA layer and the substrate
was created as discussed in previous work.31 A shadow mask
with ne designed rectangular apertures was covered closely
onto the surface of the PMMA layer, and Ti lms were deposited
and patterned through the rectangles at a vacuum of about 2 �
10�4 Pa via electron beam evaporation. Once immersed in
acetone, the rectangular Ti nanomembranes were released and
rolled up into microsprings by selectively underetching the
This journal is © The Royal Society of Chemistry 2014
PMMA layer,31 and meanwhile the grating structures were
precisely transferred to microsprings' walls. The as-fabricated
grating-structured metallic microsprings were then dried in a
supercritical point drier (Leica CPD030) followed by character-
ization using an optical microscope (Olympus BX51) and a
scanning electron microscope (PHILIPS XL30 FEG).

2.2 Characterization of ow rate sensing

By placing this sensing system into a glass conduit with a
rectangular cross-section of 2 cm � 4 cm, the entire part of the
grating-structured microspring was oating in the uid with
one end xed on the Si substrate. The images of grating-struc-
tured microsprings at different uid rates were recorded and
collected using an optical microscope (Olympus BX51) con-
nected to a high speed camera.

3 Results and discussion
3.1 Fabrication of grating-structured metallic microsprings

Fig. 1a schematically illustrates the fabrication process of
the grating-structured metallic microsprings combining
thermal imprinting and rolling up. It should be noted that the
Nanoscale, 2014, 6, 9428–9435 | 9429
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spin-coated PMMA layer (as shown in panel I of Fig. 1a) serves
as both the thermal resist in the NIL process and the sacricial
layer in the self-rolling, strongly suggesting that these two
techniques are indeed compatible in our present experiment.
The grating structures were initially introduced on the PMMA
layer by the nanoimprinting process as shown in panel II of
Fig. 1a. It is worth noting that to guarantee a complete pattern
transfer and simultaneously avert the metal deposition onto the
bare grooves (i.e. exposed substrate between the grating lines)
induced by direct contact between the mould and the substrate,
a suitable imprint pressure should be carefully applied. More-
over, opposite to the case of a general li-off process,41 the
imprinting-mediated tapered prole of gratings (as schemati-
cally shown in Fig. S5(a), ESI†) is rather suitable for depositing a
continuous thin metal lm from the top to the bottom of
gratings, which is essential for the following formation of the
rolled-up grating-structured microsprings. Fig. 1b shows the
SEM image of the imprinted grating structures with a period of
�3.4 mm on the PMMA layer (see the enlarged image in the
inset). In order to form microsprings, it is of crucial importance
to make the long side of the deposited rectangular metal strips
deviate from the direction of the long side of gratings (this
direction is proved to be perpendicular to the preferred rolling
direction in our later discussion.) For the purpose of immobi-
lizing microsprings on the substrate, a step between the
substrate and the PMMA layer was necessary for the direct
attachment of metal lms on the substrate aer deposition and
thus preventing the complete release of the lms aer the
PMMA removal. We might notice that the deposited metal
nanomembranes (excluding the part on the top of the bared
substrate for spring immobilization) were patterned into rect-
angles with a grating-structured topology transferred from the
imprinted PMMA layer and a misaligned angle b with respect to
the gratings as depicted in panel III of Fig. 1a. Aer the gradual
removal of the PMMA layer (i.e. the sacricial layer) synchro-
nized with the release of the upper metal strips in acetone, the
grating-structured metallic microsprings with one end xed on
the substrate (see panel IV of Fig. 1a) will get into shape in the
fashionable manner, namely self-rolling. An SEM image of
typical as-fabricated grating-structured metallic microsprings is
shown in Fig. 1c. The close-up SEM image in Fig. 1d reveals that
the grating structures were successfully transferred from the
PMMA layer to the walls of the microsprings. It was experi-
mentally found that the etching rate of the sacricial layer
became much slower compared to our previous work,31 which
can be attributed to the low solubility of the sacricial layer in
acetone triggered by the cross-linking reaction of PMMA mole-
cules occurring at high temperature during nanoimprinting.42

The slower etching rate in this case efficiently suppressed the
violent interaction from the solution and bubbles or even a lm
peeling-off case,30 conducing to the positioning and immobi-
lizing of microsprings.
Fig. 2 (a) Schematic drawings illustrating three different cases before
(left panel) and after (right panel) self-rolling to verify the exact rolling
direction on the imprinted area. (b) Corresponding experimental
observation: (I0 0) a 4 � 4 array of long-side rolling tubes on the un-
imprinted area; (II0 0) a 4� 4 array of short-side rolling grating-structured
tubes; and (III0 0) a 2 � 4 array of grating-structured microsprings.
3.2 Verication of the preferential rolling direction

To study how the gratings inuence the rolling direction of the
strained rectangular nanomembranes, we have contrastively
9430 | Nanoscale, 2014, 6, 9428–9435
performed proving experiments at three different scenarios
depicted in Fig. 2a. Two shadow masks with different aspect
ratios were used: one has an array of high aspect-ratio rectan-
gles with a dimension of 80 mm � 500 mm, the other with a
dimension of 20 mm � 600 mm. The rectangular strips repli-
cated from the rst mask were deposited onto both the un-
imprinted area (panel I of Fig. 2a) and the imprinted area (panel
II of Fig. 2a) on the same substrate at the orientation of the long
side of rectangles perpendicular to the long side of grating
structures. The second mask was covered solely onto the
imprinted area with the rectangles deviating off the gratings to a
certain degree (see panel III of Fig. 2a). As illuminated in the
right panel of Fig. 2a, all the metal nanomembranes rolled up
from their long sides in panel I0 whereas those in panel II0 rolled
up from their short sides and formed the grating-structured
tubes without exception. The misaligned rectangles (see panel
III of Fig. 2a) rolled up into microsprings in panel III0. As
experimentally presented in Fig. 2b, it is evident that the long-
side rolling is preferred in this typical length to width ratio
(�6 : 1) of the rectangles in the present experiment (see panel
I0 0) and this rolling preference continues for a higher aspect
ratio due to the geometry effect.37 In contrast, the strips
deposited on the grating structures showed a different rolling
behavior, i.e. the rolling occurred from the short side (see panel
II00). No rolling from the long-side was observed aer varying
aspect ratios from 2 to 10 with a constant width of the strips (see
Fig. S1, ESI†), agreeing well with the previous work39 which has
already proved that the rolling from the at side is favorable in
this regime. Herein, similar to the wrinkle mediated rolling
process, this rolling behavior can be explained by the fact that
the long side rolling of rectangles suffers from an elastic energy
barrier required to atten the grating structures. Given that no
external force is engaged,43 the elastic energy barrier adequately
restrains the rolling tendency from the long side of rectangles
since the self-rolling is basically an energy release or energy
minimization process. Consequently, to minimize the elasticity
energy of the membranes as much as possible, the rolling
kinetically favors the direction perpendicular to the gratings,
This journal is © The Royal Society of Chemistry 2014
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which is accordingly dened as the preferential rolling direc-
tion. On the other hand, a 4 � 2 array of the grating-structured
microsprings aligning themselves along the direction of the
gratings in panel III0 0 were fabricated at the condition that the
dimension of the rectangles belongs to the geometric regime for
tube formation.30 This also persuasively indicates that the
anisotropy property has been introduced to the metal lm by
remodifying the topology of the sacricial layer before evapo-
ration, because the spring or coil can hardly be formed by self-
rolling an isotropic nanomembrane at a tube-formation
regime.30
3.3 Arbitrary helical angle design

Strained rectangular nanomembranes with anisotropic elastic
properties have been engineered by introducing the imprinted
gratings, yielding a preferential rolling direction perpendicular
to the gratings. In the following, we have investigated whether
the microsprings in different geometrical shapes could be
dened and fabricated via misaligning the initial rectangular
nanomembranes. In analogy to our previous work,31 experi-
ments were carried out in an expectation to get microsprings
with arbitrary helical angles and further verify the preferential
rolling direction perpendicular to the gratings. By simply
varying the misaligned angle of the rectangles relative to the
gratings (grating period l ¼ �3.4 mm), which is denoted as b in
both panel III of Fig. 1a and inset of Fig. 3b, microsprings with
different geometries can take shape aer selectively undercut-
ting the PMMA layer. On the basis of the empirical relationship
for spring geometry, we have:
Fig. 3 (a) Optical images of the grating-structured metallic micro-
springs with a helical angle of 18� (III), 38� (IV), 56� (V), and 70� (VI); the
grating-structured microtubes (I and VII); and the grating-structured
microscrew (II) (detailed geometry parameters are summarized in
Table S1, ESI.†). (b) 2D plot of the calculated helical angle (a) as a
function of the angle between rectangles and gratings (b). The func-
tion solid line of a + b ¼ 90�

fits the experimental data. Inset sche-
matically shows the configuration of the as-fabricated microspring
and the residue initial metal nanomembrane. (c) Fabrication and
immobilization of microsprings integrated on one step: upper panel is
a schematic diagram of rectangles patterned with an increasing mis-
aligned angle in a step of 10�; lower panel is corresponding optical
images of microsprings with a helical angle of 83� (1), 73� (2), 63� (3),
53� (4), and 43� (5).

This journal is © The Royal Society of Chemistry 2014
pD tan a ¼ p (1)

where D is the diameter, and p is the pitch.28 The helical angle a
can thus be obtained by substituting the values of D and p
calculated from the observation by optical microscopy. Panels
III–VI of Fig. 3a display a series of optical images of grating-
structured metallic microsprings with a helical angle of
approximately 18�, 38�, 56�, and 70�, and the corresponding
misaligned angle 72�, 52�, 35�, and 17�, respectively, measured
directly from the observed angles between the rectangles and
the gratings. We also note several extreme situations: the rect-
angles rolled into multi-turn grating-structured microtubes (see
panel I) with a tube length equal to the width of the initial
rectangles when b ¼ 90�; the grating-structured microscrews
(see panel II) formed due to the overlapping of adjacent turns
when the value of b approaches 90�; and the long microtubes
(see panel VII) with a length equal to the length of the rectangles
when b ¼ 0�. In addition, it is obvious that the grating struc-
tures on the walls of the 3D microstructures (i.e. microspring,
microtube, and microscrew) were all parallel to their axial axis,
suggesting that these structures self-aligned themselves to the
orientation of the gratings, which is similar to the case
demonstrated previously that the as-fabricated helices aligned
themselves with the most close h100i direction.16 All these
statistics were plotted and linearly tted well with the solid line
of a + b ¼ 90� in Fig. 3b, which is another strong proof that the
preferential rolling direction is perpendicular to the gratings.
Additionally, from the synthetic standpoint of view, our
approaches have the ability to synthesize both microsprings or
helical structures with a helical angle varying from 0� to 90� and
microtubes with an expected length to radius ratio in a more
controllable and feasible manner. Moreover, to exploit the
anisotropic elasticity and further demonstrate the good control
of helical angles, we have designed a lay-out composed of
rectangles with misaligned angles increasing from 7� to 47� in a
step of 10� relative to the gratings as schematically illustrated in
the upper panel of Fig. 3c. The counterparts aer removing the
sacricial layer are presented in the lower panel of Fig. 3c, and
the optical image evidently shows that the array of ve grating-
structured microsprings marked from ‘1’ to ‘5’ with a helical
angle of 83�, 73�, 63�, 53�, and 43�, respectively, have been fully
released and anchored to the step with one end. It is alluring
that all the microsprings coincidently orientated parallel to
each other and perpendicular to the preferential rolling direc-
tion, except for the deviating spring ‘5’ owing to the external
force from “the anchor” that resembles the kinked trench.35
3.4 Control of the diameter and the chirality

Other important properties like the diameter and the chirality
of the grating-structured metallic microsprings can also be
precisely tailored by this grating-directed rolling method. Two
governing factors in the present experiment have been found to
play a role in determining the microspring diameter (D): the
lm thickness (t) and the grating period (l). Therefore, to study
the dependence of D upon t and l, systematic experiments were
performed under two conditions: one at a constant grating
Nanoscale, 2014, 6, 9428–9435 | 9431
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period (l ¼ �2.4 mm) with varying lm thickness; and the other
at a constant lm thickness (t ¼ 40 nm) with varying grating
periods (see Fig. S2, ESI†). The deposition rate was kept at 4 Å
s�1 for all samples. Collected optical images are summarized in
Fig. 4a. It is noteworthy that the non-uniform cross-section of
the grating-structured microsprings (see the inset of Fig. 4a)
caused by the grating transfer can be ignored in this diameter
calculation because the amplitude of gratings was too small
compared to the total diameter. The dependences of the spring
diameter on the lm thickness and grating period are plotted as
blue and red lines, respectively, in Fig. 4a. It can be seen that the
diameter of the microsprings increases almost linearly with the
lm thickness, consistent with the trend of rolled-up tubes and
with the theoretical radius calculation.44 To some extent, this
similar rolling trend suggests that the approaches capable of
tuning tube diameters can also be employed to acquire the
desired geometry of microsprings. On the other hand, the red
curve suggests that the diameter of grating-structured micro-
springs also tends to increase with l. The possible explanation
is that the inner strain may be inuenced at different levels by
varying l. Furthermore, the chirality of the microsprings have
been studied by orientating four strips labeled as ‘I’, ‘II’, ‘III’,
and ‘IV’ respectively with a misaligned angle (relative to the
gratings) of �45�, �25�, 25�, and 45� (see Fig. 4b). The SEM
images in Fig. 4c imply that ‘I’ and ‘II’ formed right-handed
microsprings with a helical angle of 45� and 65�, respectively,
whereas ‘III’ and ‘IV’ formed le-handed microsprings with a
helical angle of 65� and 45�, respectively. Therefore, a prefer-
ence to either right-handed or le-handed chirality can be
simply determined by varying the orientation of rectangles.
Overall, our approaches present a good control over the
Fig. 4 (a) Microspring diameter as a function of Ti film thickness
varying from 20 nm to 60 nm and a function of grating period
varying from 2.3 mm to 9 mm. Inset is the projection of the cross-
section of the grating-structured microspring, illustrating the
diameter measured from the outer walls. (b) Schematic diagrams
illustrating the layout of four rectangles with a misaligned angle of
�45�, �25�, 25�, and 45�, respectively, to control the chirality of the
grating-structured microsprings. The arrows indicate the rectangle
rolling direction. (c) Corresponding SEM images of the grating-
structured microsprings with a helical angle of 45� (I0), 65� (II0), 65�

(III0), and 45� (IV0) respectively.

9432 | Nanoscale, 2014, 6, 9428–9435
diameter and the chirality of the grating-structured metallic
microsprings.
3.5 Properties of owing rate sensing

As stated above, the advantages of utilizing grating structures to
fabricate microsprings are two folds: creating a preferential
rolling direction for strained nanomembranes and modifying
the microsprings with grating structures. In the following, the
performance of the grating-structured metallic microsprings in
ow rate sensing31 has been investigated. Since no additional
assistant manipulation at micro-/nanoscale45 was used, it is
worth noting that the direction of the gratings before or aer
rolling should be parallel to the uid owing direction in the
sensing system to guarantee that the as-fabricated microsprings
are stretched by the dragging force exactly along the helical axis.
As the uid owing rate increases, the microsprings extend
longer in response, displaying a capability of detecting the uid
owing rate as the smooth microsprings.31 As presented in
Fig. 5, the relationships between the uid owing rate and the
elongation of four typical grating-structured microsprings (i.e.
SP1, SP2, SP3, and SP4) are plotted using green squares, pink
circles, purple triangles, and blue stars, respectively. The cor-
responding solid curves are from theoretical calculation
engaging geometry parameters of the as-fabricated micro-
springs (see below and Table S2, ESI†). A good t between the
experiments and theory is noticeable in Fig. 5.

To investigate the mechanical elasticity of the grating-
structured microsprings in uid, the periodic S-shaped cross-
section of the grating-structured metallic nanomembranes
(see Fig. S5(a), ESI†), which is distinguished from the general
rectangular, square, or circular cross-section of previous micro-/
nano-springs or coils,7,31,45–47 was carefully studied. Theoreti-
cally, the drag force of a smooth microspring Fd-smooth, counter-
balanced by the “anchor force” from the xed end, can be
expressed by the following equation:31
Fig. 5 Flowing rate (n) versus elongation (x) (solid curves) based on
theoretical calculation (i.e. eqn (5)) fits the experimental data for SP1
(m ¼ 2.0, plotted by green squares), SP2 (m ¼ 2.7, plotted by pink
circles), SP3 (m ¼ 4.0, plotted by purple triangles), and SP4 (m ¼ 5.5,
plotted by blue stars), respectively.

This journal is © The Royal Society of Chemistry 2014
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Fd-smooth ¼ 2mlw

ln
2L

R

� �
� 0:72

� �
R

v (2)

where m represents the viscosity of the uid (i.e. water); l and w
are, respectively, the length and the width of the initial rect-
angles; L and R are, respectively, the length and the radius of the
microspring; and n is the real-time owing rate. Note that the
drag force Fd is proportional to the surface area, the applied
drag force on the grating-structured microspring Fd-structured can
therefore be derived from:

Fd-structured ¼ Fd-smooth

Sstructured

Ssmooth

¼ 2mlw

ln
2L

R

� �
� 0:72

� �
R

v

�
1þ 8pRh

l2

�
(3)

where Sstructured and Ssmooth are the total surface area of the
grating-structured microspring and that of the smooth micro-
spring, respectively; and h and l are the amplitude and the
period of gratings, respectively (the deduction of the relation-
ship between Sstructured and Ssmooth is available in the ESI†).
According to the classical elasticity theory, on the other hand,
the spring constant K for a grating-structured microspring with
m turns is given by:

1

K
¼ 6mp2R2

Gl0ð1þ nÞ 1þ 6h

l
� 12h2

l2

� �
t3 þ 3h2 þ 2h3

l

� �
t

� �
w cos b

(4)

where n and G are the Poisson's ratio and the shear modulus of
the rolled material (i.e. Ti), respectively; and l0 is the length of
the initial nanomembrane before rolling into the grating-
structured microspring (details on the deduction of eqn (4) are
available in the ESI†). From eqn (4), one may note that the
spring constant of this structured microspring changes greatly
compared to that of the smooth microspring.31 By assuming
that the stretched microspring is under the state of equilibrium
at an arbitrary owing rate (i.e. Fd-structured ¼ Kx), the owing
rate v as a function of the elongation x is hence expressed as:
v ¼
pGð1þ nÞ 1þ 6h

l
� 12h2

l2

� �
t3 þ 3h2 þ 2h3

l

� �
t

� �
p0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4p2R0
2 þ p02

q

6m

4h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4p2R0

2 þ p02 �
�
mp0 þ x

m

�2
s

l2
þ 1

0
BBBB@

1
CCCCA

ln
4pðmp0 þ xÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4p2R0
2 þ p02 � mp0 þ x

m

� �2
r

2
664

3
775� 0:72

ðmp0 þ xÞ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4p2R0

2 þ p02 � mp0 þ x

m

� �2
r x (5)
where R0 and p0 are the radius and the pitch of the microspring
at relaxed state (detailed deduction of eqn (5) is also available in
the ESI†).

This relationship has been calculated by substituting
numerical parameters, such as m¼ 0.001 Pa s�1, G¼ 44 GPa, n¼
This journal is © The Royal Society of Chemistry 2014
0.33 and other relative parameters described in Table S2 (see
ESI†), and plotted using a solid line in Fig. 5. The theoretical solid
lines agree well with the respective experimental data in spite of a
small deviation discussed in our previous investigation,31 indi-
cating that the theoretical model can predict the elastic behavior
of the grating-structured metallic microsprings in uid.
Furthermore, the dependence of the owing rate sensing prop-
erties upon the geometry of the gratings (i.e. the grating ampli-
tude) was theoretically studied. Fig. S6 (see ESI†) reveals that the
microsprings can achieve a longer elongation range with
decreasing grating amplitude, demonstrating another route to
well control the mechanic elasticity of the metallic microsprings
by adjusting the nanoimprint-tailored geometry of the gratings.
Taking the potential applications into account, another advan-
tage is appreciable that the roughmorphology induced by grating
structures is believed to show more striking optical properties
such as the surface plasmon resonance (SPR) if the grating
structures could scale down to an agreeable dimension. These
optical properties may also facilitate the optical detection of the
microspring elongation in the near future. Overall, the mechan-
ical properties of the grating-structured metallic microsprings
such as the elasticity can be affected and tuned by introducing
grating structures, which are desirable for the potential applica-
tion in bio-delivery and MEMS/NEMS devices.
4 Conclusions

In summary, we have demonstrated a controllable and rigorous
technique to fabricate grating-structured metallic microsprings
by rolling up strained rectangular nanomembranes deposited
onto the nanoimprinted sacricial layer in a xed and structure-
guided direction. The microsprings were found to be fabricated
via misaligning the rectangular nanomembranes to the prefer-
ential rolling direction that derives from the grating induced
anisotropic elastic energy state. This route also allows accessible
tuning of the chirality and the diameter of the microsprings
which shows a promising candidate for the synthesis of other
complex three dimensional hierarchical micro-/nanostructures.
The ow rate sensing property of the grating-structured
microsprings was investigated and the sensing ability could
be well tuned by the imprinting-controlled geometry of the
gratings. The grating-structured micro-/nanostructures with a
tailoring geometry and mechanical/optical properties may
Nanoscale, 2014, 6, 9428–9435 | 9433
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pave the way for their applications in the MEMS/NEMS
component and/or superlens.
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D. Grützmacher, Nano Lett., 2006, 6, 725.
17 Y.-P. Zhao, D.-X. Ye, G.-C. Wang and T.-M. Lu, Proc. SPIE,

2003, 5219, 59.
9434 | Nanoscale, 2014, 6, 9428–9435
18 L. X. Dong, L. Zhang, D. J. Bell, D. Grützmacher and
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