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O
ver the past decade, both semi-
conductor and metallic nanowires
(NWs) have been actively explored

as building blocks for next-generation elec-
tronics, optoelectronics, and sensors,1-3 in-
cluding flexible and transparent devices4-8

aswell as stretchable devices9. A critical step
in constructing NW-based devices is assem-
bly (including transfer, alignment and den-
sity control) of NWs on a substrate for device
fabrication. Scalable and controlled assem-
bly of NWs synthesized with diverse meth-
ods (e.g., wet or dry methods) on diverse
substrates (e.g., silicon, plastics, and rubbers)
presents a major fabrication challenge that
must be overcome if NWs are to be utilized
in practical applications. Methods for con-
trolling the assembly and alignment of NWs
include those that utilize electrical-fields,10,11

Langmuir-Blodgett troughs,12,13 microflui-
dics,14,15 blown-bubble-films,16,17 “knocking-
down”motion,18 and contact printing.19-21

While significant progress has beenmade,22

large-scale assembly of NWs still remains a
challenging task.
In this paper, we present a simple strat-

egy for NW assembly. The NWs were as-
sembled on top of elastomeric substrates;
when a strained substrate was released, the
NWs aligned in the transverse direction and
the area coverage of the NWs on the sub-
strate increased. We find that the large-
strain elasticity of the substrates and the
static friction between the NWs and the
substrates play key roles in the NW align-
ment. This method can be applied to NWs
synthesized by different methods or pro-
cessed in different conditions (e.g., wet or
dry methods). In addition, it can be com-
bined with the other reported methods to
improve the alignment. Controlled assem-
bly of silver (Ag) and silicon (Si) NWs on
poly(dimethylsiloxane) (PDMS) substrates
were demonstrated. This paper starts with
an analysis of NWmotion in response to the

release of a strained substrate, followed by
demonstrations of controlled assemblywith
Ag and Si NWs.

RESULTS AND DISCUSSION

Figure 1 shows schematically how a NW
on strained PDMS moves when the PDMS is
released. The NW motion is due to the
geometric compatibility with the PDMS
and the static friction between them. It is
well-known that PDMS is an elastomeric
material that can undergo large, nonlinear
elastic deformation. For a NW with initial
length L0 and skew angle θ0, the width,
height, and area of the rectangle bounding
the NW are L0 sinθ0, L0 cos θ0 and A0 =
L0
2 sin θ0 cos θ0, respectively (Figure 1a).
When the strain is released, assuming linear
elasticity, the width, height, and area of the
rectangle change to L0 sinθ0/(1 þ εpre), L0
cos θ0/(1þ vεpre) and A1 = A0/((1þ εpre)(1-
vεpre)), respectively, where εpre is the strain
and ν is the Poisson's ratio. Note that the
Poisson's ratio is defined in the linear elas-
ticity model, which is only valid for a small
deformation. The Poisson's ratio of PDMS is
approximately 0.5.
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ABSTRACT A simple yet effective method for assembly of highly aligned nanowires (NWs) on

stretchable substrates is reported. In this method, NWs were first transferred to a strained

stretchable substrate. After the strain was released, the NWs aligned in the transverse direction and

the area coverage of the NWs on the substrate increased. This method can be applied to any NWs

deposited on a stretchable film and can be repeated multiple times to increase the alignment and

density of the NWs. For silver (Ag) and silicon (Si) NWs on poly(dimethylsiloxane) (PDMS) substrates,

the probability of NW alignment increased from 29% to 90% for Ag NWs, and from 25% to 88% for Si

NWs after two assembly steps; the density increased by 60% and 75% for the Ag and Si NWs,

respectively. The large-strain elasticity of the substrate and the static friction between the NWs and

the substrate play key roles in this assembly method. We find that a model that takes into account

the volume incompressibility of PDMS reliably predicts the degree of NW alignment and NW density.

The utility of this assembly method was demonstrated by fabricating a strain sensor array composed

of aligned Si NWs on a PDMS substrate, with a device yield of 95%.
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In the case of no static friction (i.e., no bonding)
between the NW and the PDMS, the NW would not
move at all (Figure 1b). In the case of static friction (i.e.,
no sliding) between the NW and the PDMS (Figure 1c),
the new NW length and skew angle are L10 = ([sinθ0/(1
þ εpre)]

2þ [cos θ0/(1- vεpre)]
2)1/2L0 and θ1 = arctan(((1

- vεpre) tanθ0)/(1 þ εpre)), respectively. The length
ratio (L10/L0) and the new skew angle are plotted in
Figure 2 panels a and b as functions of the strain and
the initial skew angle. The NW density is inversely
proportional to the associated area (i.e., the total
number of NWs is equal to the NW density times the
area). Thedensity increase is givenby ((1/A1)- (1/A0))/(1/
A0) = (1 - v)εpre - vεpre

2 and plotted in Figure 2c as a
function of the strain.
If the strain involved in the alignment process is very

large, the linear elastic treatment of the substrate
becomes inaccurate. Instead the nonlinear elasticity
should be used,23 where a term called stretch (λ) is
used in place of strain (λ = 1þ εpre). A key assumption
in the nonlinear elasticity of elastomeric materials is
that the volume does not change during the deforma-
tion; in otherwords, when thematerial is stretched by λ
(or 1/λ) in the axial direction, it shrinks by λ-1/2 (or λ1/2)
in the two transverse directions. In our case, the length,
height, and area of the rectangle change to (L0 sin θ0)/
λ, (L0 cos θ0)λ

1/2, and A1 = A0λ
-1/2, respectively. The

new NW length and skew angle are L10 = ([sinθ0/λ]
2 þ

[cos θ0λ
1/2]2)1/2L0 and θ1 = arctan(λ-3/2 tanθ0), respec-

tively. The density increase is given by λ1/2 - 1.
It can be seen in Figure 2 that the formulas for the

linear elasticity and nonlinear elasticity give rise to
similar results at a small strain, but differ significantly
at a large strain. As shown in the Supporting Informa-
tion and the NW alignment experiments, the formula
for nonlinear elasticity predicts the degree of NW
alignment and density increase in the experimental
results, while the assumption of linear elasticity over-
estimates alignment but underestimates density. The
largest strain used in our analysis was 160%, the
reported fracture strain of PDMS.24 It can be seen from
Figure 2 panels b and c that a larger strain leads to
better alignment and higher density of NWs.

If the static friction is large, the NW could be
stretched or compressed depending on the
(substrate) strain and initial skew angle, as shown in
Figure 2a. With the assumption of a uniformly distrib-
uted static friction, the axial stress on theNWdue to the
static friction is given by

σ(x) ¼ τwx

A
(1)

where τ is the shear strength (static friction per unit
area), w is the contact width between the NW and the
substrate, x is the Euler coordinate ranging from 0 to L0,
and A is the NW cross-sectional area. The total length
change of the NW is

ΔL ¼
Z L0

0

σ(x)
E

dx ¼
Z L0

0

τwx

EA
dx ¼ τwL0

2

2EA
(2)

where E is the Young'smodulus of theNW. The average
axial strain of the NW is

ε ¼ ΔL0
L0

¼ τwL0
2EA

(3)

For a typical hexagonal Si NWwith a lengthof 10μm,a
diameter of 40 nm (contact width is 20 nm) and a
Young's modulus of 187 GPa,25 a shear strength of 19.3
MPa is required in order to accomplish an axial strain
(either tension or compression) of 1%. The real static
friction is too small to accommodate this strain. The
shear strengths of InAs NW on both silicon oxide and
silicon nitride substrates ranged from 0.1 to 5 MPa.26,27

Various nanostructure/substrate systems also gave rise
to shear strengths of 0.1-1 MPa.28-30 Our recent work
found that the shear strength between Si NWand PDMS
ranged from 0.08 to 6.05 MPa depending on the ultra-
violet/ozone (UVO) treatment of PDMS. Details on the
study of static friction will be reported elsewhere.31 As
the static friction is not large enough to hold the axial
strain as predicted in Figure 2a, we conclude the NW
slides on top of the PDMS, giving rise to a negligible axial
strain (Figure 1d). On the other hand, if the tensile or
compressive strain in the NWs is desired (e.g., to tailor
their electrical or optical properties),32 the above analysis

Figure 1. Schematics showing the mechanism of NW alignment: (a) a NW transferred to a strained PDMS with a rectangle of
PDMS bounding the NW; (b) a virtual NW after release of the strained PDMS, assuming no static friction between the NW and
the PDMS; (c) a virtual NW after release of the strained PDMS, assuming a large static friction between the NW and the PDMS;
(d) the real NW after release of the strained PDMS.
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suggests this can be achieved bymodifying the surfaces
of the NWs or the PDMS in order to increase the static
friction between them.

To demonstrate the general applicability of the
proposed alignment method, Ag33 and Si25,34 NWs
were selected as two model materials to represent

Figure 2. (a) The length ratio (L10/L0) (assuming a large static friction betweenNWs and PDMS) and (b) the new skewangle (θ1)
as functions of the strain and initial skewangle. (c) The density increase as a functionof the strain. In panels a-c, the dash lines
represent the linear elastic analysis and the solid lines represent the nonlinear elastic analysis.
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NWs grown in solution or on a substrate, respectively.
Figure 3 is a schematic illustration showing the process
of the alignment method. A mechanical testing stage
(Ernest F. Fullam) was used to mechanically stretch the
PDMS substrate to a desired level of strain, as shown in
Figure 3a. Then, two different strategies based on
contact line deposition35 and contact printing19 were
adopted to transfer Ag and Si NWs, respectively, to the
PDMS substrate. For Ag NWs, the NW solution was first
dropped on the strained PDMS substrate, and a glass
tube was brought into contact with the drop and the
PDMS substrate. A contact line formed between the
solvent and the substrate (Figure 3b); the capillary flow

sorted the NWs along the contact line during the
rolling process.35 Gradually rolling the tube moved
the contact line across the PDMS substrate, and the
NWs deposited along the contact line. As a result, a
roughly aligned film of Ag NWs was obtained. For Si
NWs, the growth substrate was placed upside down on
top of the strained PDMS substrate. A gentle down-
ward pressure was applied on the growth substrate,
and it was moved perpendicular to the stretching
direction (Figure 3c).19 After the growth substrate
was removed, the PDMS was coated with a roughly
aligned film of Si NWs. For both the contact printing
and contact line deposition techniques, when the

Figure 3. Schematic illustration showing the process of NW assembly. (a) PDMSwasmechanically stretched to a desired level
of strain. (b) AgNWswere deposited by the contact line deposition. (c) Si NWswere deposited by the contact printingmethod.
(d) The strain of the PDMS substrate was released. (e) The NWs were transferred from the first PDMS to the second (strained)
PDMS substrate to further increase alignment and density. (f) The strain of the second substrate was released.

Figure 4. Optical images showing the alignment process of Ag NWs (a) after the contact-line deposition and (b) after the
strain on the PDMS substrate was released. (c and d) Images before and after strain release of the second PDMS substrate.
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PDMS substrate was released, the alignment and
density of the NWs increased (Figure 3d).
Subsequent transfers of the NWs can be performed

to further increase the alignment and density. Adhe-
sion between NWs and PDMS is critical to the yield of
NW transfer. To increase the adhesion, subsequent
PDMS substrates were radiated under a UV lamp
(BHK, Inc.) for ∼5 min with the assistance of UV-
generated ozone.36-38 As shown in Figure 3e, the first
(released) PDMS sheet withNWswas then brought into
contact with the second (strained) one that had been
treated by UVO. After a short contact (e.g., a few
minutes), the first PDMS was slowly peeled from the
second one, and the NW film was left on the second
PDMS substrate. Releasing the strain of the second
PDMS substrate further increased the NW alignment
and density (Figure 3f). These transfer/release steps
can be repeated multiple times as needed to further
improve NW alignment and density.
The alignment process of Ag NWs is shown in

Figure 4. Initially, the NWs were roughly aligned on a
strained PDMS substrate (εpre = 80%) by contact-line
deposition35 (Figure 4a). NWs are considered to be
aligned if the skew angle is less than 5�with respect to
the transverse direction; 29% of Ag NWs were aligned
in this initial step (similar to the reported one-step
contact-line deposition).35 After the strain on the PDMS
substrate was released, the alignment of NWs was
improved to 56% and the NW density was increased
by 33 ( 5% (theoretical value: (1.8)1/2 - 1 = 34%)
(Figure 4b). Figure 4c shows the NWs after they were
transferred to the second PDMS substrate (also with a
strain of 80%). By comparing Figure 4 panels b and c,
we determined that 92% of the Ag NWs were trans-
ferred to the second PDMS substrate. The orientation
of the NWs on the second substrate is themirror image
of those on the first. Releasing the second PDMS
yielded a NW alignment of 90% NWs (Figure 4d).
Meanwhile, the NW density increased by 60 ( 10%
(theoretical value: λ1λ2ξ - 1 = (1.8)1/2 � (1.8)1/2 �

92% - 1 = 66%, where λ1 and λ2 are the respective
stretches in two PDMS substrates and ξ is the transfer
rate of NWs from the first to the second PDMS) after the
second transfer/release step, compared to the NW
density before the first strain release. To account for
the inhomogeneous distribution of NWs, five images of
different locations were used to count the number of
NWs per unit area before and after release of the PDMS
substrate.
Figure 5a shows an optical image of the Si NWs

transferred to a strained PDMS substrate using the
contact printing method.19,20 Only a small percentage
(25%) of NWs were straight and aligned initially, which
was typically the case in our work when contact
printing was used for the initial alignment step. Most
others were either skewed with respect to the trans-
verse direction or buckled (likely caused by the kinetic
friction force during the sliding process). The align-
ment was improved to 53% and 88%, respectively,
after the first release and second transfer/release; 99%
of the Si NWs were transferred from the first to the
second PDMS substrate. The NWdensity was increased
by 33 ( 3% (theoretical value: 34%) and 75 ( 7%
(theoretical value: 1.8 � 99% - 1 = 78%), respectively,
after the first and second transfer/release step.
The initial step using the contact printing method19

yielded a degree of alignment less than that which was
previously reported. Possible reasons for this include
(1) the substrate used here is PDMS instead of silicon or
a different plastic.19 As the NW-substrate interaction
(adhesion and friction) plays an important role in the
NW alignment,22 the different interaction with the soft
PDMS substrate could be responsible for the poor
alignment.18 (2) Some parameters in the contact print-
ing, such as the contact pressure and sliding force,
might have not been optimized. (3) A lubricant, which
was found to improve the alignment considerably in
previous work,19 was not used in our process. Never-
theless, even though we did not optimize the contact
printing process, we could apply strain-release assembly

Figure 5. Optical images showing the alignment process of Si NWs (a) after contact printing and (b) after the strain on the
PDMS substratewas released. (c andd) Images before and after strain release of the secondPDMS substrate. Thewhite arrows
indicate how the curved NWs were straightened, and the black arrows indicate how the skewed NWs were aligned.
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to improve the alignment of the NWs. Additionally,
when the initial step resulted in a good degree of NW

alignment, the present method can further improve the

alignment quality, for example, as shown in Figure 7a.
The new skew angles from a number of Ag and

Si NWs after the release of a strain of 80% were
measured and plotted in Figure 6 together with the
nonlinear elastic analysis. It is seen that the nonlinear
elastic predictions agreed with the experimental
results remarkably well. Referring to Figure 2b, the
linear elastic analysis overestimated the degree of
NW alignment.
A two-terminal piezoresistive sensor array was fab-

ricated using the aligned Si NWs on a PDMS substrate
to demonstrate how the strain-release assembly tech-
nique can be incorporated into a fabrication process to
produce a functional device. Thin layers of Ni (20 nm)/
Au (80 nm) were evaporated through a shadow mask
onto the aligned NWs to serve as electrodes. To
improve the electric contact, the devices on PDMS
were annealed at 280 �C for 3 min.39,40 Figure 7 panels
a and b show the optical images of the Si NWs before
and after the electrode deposition, respectively. Owing
to their high-degree of alignment, a large percentage
of the NWs bridged the 6 μm gap between the
electrodes, even though the length of the NWs was
only ∼40% greater than the gap.
Tensile and compressive strains were applied to the

PDMS in the direction parallel to the aligned NWs by
the Fullam mechanical testing stage loaded in a probe
station (Micromanipulator). The current-voltage (I-V)
response of a Si NW device was measured simulta-
neously using tungsten probe tips. Figure 7c shows the
I-V response as a function of the applied strain,
indicating that the conductance of the Si NWs de-
creases under tension and increases under com-
pression. The sensing principle is based on the
piezoresistivity of Si.41 Our measured response is simi-
lar to the that of Si NW-based strain sensors reported
previously,42,43 but the density of our working devices
is orders of magnitude higher than those reported.42,43

Figure 6. Analytical and experimental results relating the new skew angle to the initial skew angle after release of a strain of
80% in PDMS. The analytical result is from the nonlinear elastic analysis.

Figure 7. Optical images of the Si NW array (a) before and
(b) after the electrode deposition. Inset shows an SEM
image of the Si NWs between two metal electrodes. (c)
I-V curve of a NW device as a function of the applied
strain ((3%).
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Importantly, the conductance of the Si NWs returned to
its original value once the applied strain (up to (3%)
was released, confirming the robustness of the NW
devices. The high-degree of alignment and high den-
sity of NWs on the substrate guaranteed that nearly
every electrode was connected to neighboring elec-
trodes by multiple NWs, ensuring that this process
produced a high yield (95%) of working devices. Here
we define working devices as those with repeatable,
measurable I-V response within the strain of (3%. A
common challenge of NW devices on polymer sub-
strates is the contact between the NW and the evapo-
rated electrodes; the contact resistance can change
under stretching or bending.6,7,42,43 Indeed, if a tensile
or compressive strain greater than 3% was applied to
the sensors, the I-V curve did not return to its original
state, likely due to change in the contact resistance at
the NW-electrode interface.

CONCLUSIONS

Wehave demonstrated strain-release as a simple yet
effective strategy for production of aligned NWs on
stretchable substrates. This method can be applied to

NWs synthesized by different methods or processed in
different conditions (e.g., wet or dry methods). For
instance, the alignment of Ag and Si NWs on PDMS
substrates increased from less than 30% to∼90%, and
the density increased by 60-75%, after two assembly
steps when the substrates were relaxed from a strain of
80%. The success of this method relies on the large-
strain elasticity of the substrates and the static friction
between the NWs and the substrate. This met-
hod, combined with other alignment techniques, can
be applied to a wide variety of nanostructures,44-46

and the aligned nanostructures can be transferred to
other rigid or flexible substrates with the PDMS as a
stamp to fabricate multilayered NW devices.47,48 The
highly aligned NWs were instrumental in producing a
strain-sensor array with a device yield of 95%. This
assembly method can be integrated in the fabrication
of NW-based flexible devices (e.g., biosensors and thin-
film solar cells), stretchable devices,9 transparent elec-
tronics and electrodes for organic electronics. Further-
more, the fundamental mechanics learned from this
work might provide valuable guidelines for other
applications involving NW/substrate interfaces.

METHODS
Preparation of NWs and PDMS. Ag NW ink was prepared follow-

ing the procedure developed by Wiley et al.33 The obtained
solution is then diluted in water with the ratio of 1:10 in volume.
Boron-doped (p-type) Si NWs were synthesized on Si substrates
by chemical vapor deposition (CVD) using gold nanoclusters as
catalysts and silane (SiH4) as a vapor-phase reactant, following
the method reported by Wu et al.34 PDMS substrates with
thickness of 2 mm were prepared using “Sylgard 184” (Dow
Corning) by mixing the “base” and the “curing agent” with a
ratio of 10:1. The mixture was first placed in a vacuum oven to
remove air bubbles and then thermally cured at 65 �C for
12 h. Rectangular slabs of suitable sizes were cut from the cured
piece.
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