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T
he understanding of the unique prop-
erties of colloidal nanoparticles and
their exploitation for the develop-

ment of innovative functional devices is
advancing rapidly.1�4 Many of the emerg-
ing applications of colloidal nanoparticles
are based on interparticle electronic, optic,
or magnetic coupling effects in hierarchical
assemblies comprising a large number of
these.5�8 One of the recent applications
based on interparticle electronic coupling
is sensing of strain.9�13 Resistive strain
gauges have been fabricated from assem-
blies of colloidal gold nanoparticles on flex-
ible substrates. The high sensitivity of these
devices is due to the exponential depen-
dence of tunnel resistance on the separa-
tion between adjacent nanoparticles in the
assembly.14,15 The deposition of gold nano-
particles on flexible substrateswas achieved
by techniques such as airbrush spraying11

and layer-by-layer deposition,12 which yield
large-area planar nanoparticle films. Re-
cently, our group developed strain gauges
made of arrays of parallel gold nanoparticle
wires obtained by convective self-assembly
(CSA) based on “stick�slip” mechanism, on
flexible polyethylene terephthalate (PET)
films, and demonstrated that 2D nanopar-
ticle assemblies make more sensitive strain
sensors than 3D ones.13

In this work, we report on the fabrication of
the smallest strain sensors developed to date,
which are based on single wires of 14 nm
colloidal gold nanoparticles. These wires, a
few micrometers wide, were made by a
variant of CSA called stop-and-go convective
self-assembly (SG-CSA), which we describe in
this paper. The sensitivity of these strain
gauges made of single nanoparticle wires

wasestimatedunder compressive and tensile
bending for strain values in the range�0.8%
to þ0.8%. The repeatability of electrical re-
sponse and the robustness of theseminiature
strain gauges under cyclic strain loadingwere
also evaluated. Finally, uniaxial stretchingwas
performed to assess the efficiency of these
sensors at higher strain values (0�10%).

RESULTS AND DISCUSSION

Stop-and-Go Convective Self-Assembly. Con-
vective self-assembly involves the transla-
tion of the meniscus of a drop of colloidal
suspension across a substrate. Under ade-
quate experimental conditions, particles
in the colloidal suspension are deposited
along the straight meniscus of the suspen-
sion drop due to particle flux toward the
substrate�liquid�air contact line caused by
solvent evaporation in this area.16�20 A ma-
jority of literature reports deal with the con-
vective self-assembly of large (hundreds of
nanometers to fewmicrometers) colloids for
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ABSTRACT High-sensitivity strain gauges based on single wires of close-packed 14 nm colloidal

gold nanoparticles are obtained by a novel variant of convective self-assembly (CSA). This CSA mode

named stop-and-go CSA enables the fabrication of nanoparticle wires only a few micrometers wide,

separated by distances that can be easily tuned over tens to hundreds of micrometers. Nanoparticle

wires are obtained in a single step by direct deposition of nanoparticles from suspensions onto

flexible polyethylene terephthalate films, without any lithographic prepatterning. When connected

between two electrodes, such single nanoparticle wires function as miniature resistive strain gauges.

The high sensitivity, repeatability, and robustness demonstrated by these single-wire strain gauges

make them extremely promising for integration into micro-electromechanical systems or for high-

resolution strain mapping.

KEYWORDS: convective self-assembly . colloidal gold nanoparticles . flexible
polymer substrate . strain gauge
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the fabrication of planar films.19�22 Recently, a few
groups have reported the creation of regular arrays of
electrically conductive wires of e20 nm colloidal gold
nanoparticles on rigid (Si, GaAs)23�25 or flexible (PET)13

substrates by CSA, thanks to the so-called stick�slip
mechanism, which involves the periodic pinning and
depinning of the moving meniscus.23�27 The width
and the thickness of the nanoparticle wires obtained
by CSA operating in the stick�slip mode can be
controlled by manipulating the substrate temperature
and themeniscus translation speed. However, with the
stick�slip motion, the distance between the nanopar-
ticle wires cannot be controlled independently of the
width and thickness of the wires.22,27

The new stop-and-go mode of CSA, which is pre-
sented here allows a precise control over the distance
between nanoparticle wires by deliberate periodic
triggering of the “stick” and “slip” steps. SG-CSA was
implemented on a homemade CSA setup in horizontal
configuration, in which the temperature of the sub-
strate and its translation speed are regulated. In this
variant of CSA, a straight meniscus is obtained by
confining the colloidal suspension along the edge of
a rectangular glass slide brought in the proximity of the
substrate (Figure 1). The fast moving meniscus is
deliberately stopped at a desired position on the
substrate and confined there for a chosen time interval
δtStop (Figure 1, step (i)). This represents the imposed
stick step, during which particles form a linear deposit
along the meniscus. The slip step is controlled by
translating the meniscus at speeds v, 10�100 times
larger than those at which the stick�slip mechanism
operates (Figure 1, step (ii)). This high speed ensures
that only the nanoparticle assembly formed during the
meniscus dwelling is left on the substrate and avoids
the formation of nanoparticle assemblies during me-
niscus translation. The meniscus may then be stopped
at the next desired position (Figure 1, step (iii)), and the
process can be repeated as many times as required.
The width w and the thickness h of the fabricated
nanoparticle wires are determined by the dwelling
time δtStop and are interdependent. On the contrary,
the distance D between the wires can be defined at

will, independently of the wire cross-section. As in the
stick�slip CSA, the length of nanoparticle wires can
typically be several centimeters and is limited only by
the physical dimensions of the substrate and the fixed
glass slide. Moreover, SG-CSA can be applied on any
kind of rigid or flexible, smooth, wettable substrates.

For the current work, 14 nm bis (p-sulfonatophenyl)
phenylphosphine dihydrate dipotassium salt (BSPP)
functionalized colloidal gold nanoparticles were used,
and nanoparticle wires were fabricated by SG-CSA on
flexible PET substrates. Optical microscopy images of
three different arrays of wires are presented in Figure 2.
The arrays in Figure 2a and b are both composed of
nanoparticle wires separated by the same regular
distance D = 0.05 mm and were obtained with the
same v = 0.1 mm s�1. The only difference between
these two wire arrays is the dwelling time δtStop used
during SG-CSA, which leads to nanoparticle wires of
different lateral dimensions: the wires shown in Figure
2a obtained with a δtStop = 15 s, have a widthw = 6 μm
and a thickness h = 55 nm, while those in Figure 2b,
obtained with a δtStop = 30 s, have a width w = 9 μm
and a thickness h = 92 nm. The nanoparticle wires in
Figure 2c were obtained under identical conditions to
those in Figure 2b, and hence have the same geometry,
but are separated by a distance D of 0.2 mm, chosen
at will. The length of the wires is 1 cm in each case.
These results prove that SG-CSA is indeed a powerful
and flexible method that allows fabricating parallel
nanoparticle wires separated by a tunable distance
independently of their cross-section. There are only a
few examples in the literature for fabricating wire-like
assemblies of colloidal metal nanoparticles, with con-
trol over the internanoparticle wire distance. These are
based on dip-coating29,30 or more complex techniques
such as nanomolding in capillaries.31 Although pro-
grammed dip-coating appears rather promising, it
does not provide as precise a control over themeniscus
position as in the case of a colloidal droplet confined
between the substrate and a deposition plate.

Closer inspections of thewires by scanning electron
microscopy (Figure 3) reveal that in all cases the gold
nanoparticles form a close-packed assembly inside the

Figure 1. Principle of convective self-assembly in the stop-and-go mode: (i) the fast moving meniscus is stopped at the
desired position and remains for a given time interval δtStop; (ii) the meniscus is translated with high speed v, leaving a
deposited nanoparticle wire of width w and thickness h; (iii) the meniscus is stopped after a chosen distance D. This process
can then be repeated as many times as required.
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wires. The observed packing and organization are the
same as observed for nanoparticle wires obtained by
CSA based on stick�slip.13

Strain Gauge Fabrication. Single wires comprising
14 nm BSPP colloidal gold nanoparticles made by SG-
CSA on PET substrates, similar to those presented in
Figure 2c, were electrically connected by two gold
electrodes to fabricate miniature resistive strain gauges.
The electrodes, 50 nm thick and spaced by 50 μm,were
made by stencil lithography to avoid any contamina-
tion of the nanoparticle assembly by resists or solvents
used in photolithography.23 An optical microscopy
image of a typical resistive strain gauge based on a
single nanoparticle wire is shown in Figure 4a. The
active area of the sensor ismarked by a rectangle, while
the rest of the nanoparticle wire covered by the ele-
ctrodes is blurred. The black lateral regions correspond
to the drops of conductive epoxy glue used to connect
copper wires to the external measurement devices.

A 3D atomic force microscopy (AFM) image of the
active area of the nanoparticle strain gauge (marked
by a white rectangle in Figure 4a) is presented in
Figure 4b. The AFM cross-section in Figure 4c reveals
that the nanoparticle wire constituting the active area
of the sensor is multilayered, with the thickness gra-
dually increasing from one edge to the other. This
asymmetry is strictly related to the shape of the
meniscus and the direction of its translation during
SG-CSA: the wire starts to grow from its thin side,

facing the dry region of the substrate. This profile is
accentuated by the meniscus continuing to slowly
move at the beginning of the dwelling time, due to a
dynamic contact angle that is slightly smaller than the
equilibrium one.28 The 50 μm long nanoparticle wire
shown in Figure 4 has awidthw of 8 μmat the base and
a maximum thickness h of 85 nm, leading to an active
area of only 4 � 10�4 mm2.

Electromechanical Response of Strain Gauges. Prior to
testing the response of nanoparticle-based gauges to
applied strain, their initial resistances R0 were mea-
sured. The current versus voltage characteristics at
room temperature were linear, yielding a resistance
of 21 � 106 Ω for the nanoparticle-based strain gauge
presented in Figure 4. By taking into account the length
of the nanoparticle wire constituting the active area of
this strain sensor and its cross-sectional area deduced
by AFM, the corresponding resistivity was estimated
to be 0.2 Ω 3m. This resistivity is about 7 orders of
magnitude higher than that of bulk gold, suggesting
that the BSPP capping layer of gold nanoparticles is
indeed effective in imposing a significant tunnel bar-
rier. It has been shown in several studies that the
molecular capping layer is a crucial parameter for
controlling the conductivity of nanoparticle films.32

Transition from metallic to insulating behavior has
been observed for nanoparticle films when the length
of the bifunctional molecules cross-linking them
was increased.33 The tunnel barrier observed for
BSPP molecules is consistent with that obtained for
other molecules that yield comparable interparticle
distances.34

In order to evaluate the performance of the fabri-
cated nanoparticle-based strain gauges, variation of
their electrical resistance ΔR was monitored in syn-
chrony with the bending of the flexible PET substrate.
The sensors were subjected to compressive and tensile
strains by bending them over the inner and outer
surfaces respectively, of cylindrical tubes of different
diameters. The relative resistance variation ΔR/R0 as
a function of applied strain ε, for the nanoparticle
strain gauge shown in Figure 4 is presented in Figure 5

Figure 2. Opticalmicroscopy images of arrays of identical parallel wiresmade of 14 nmgold nanoparticles using stop-and-go
CSA: wireswith awidthw = 6 μm (a) andw = 9 μm (b), separated by the samedistanceD = 0.05mm;wireswith the samewidth
w = 9 μm, separated by a distance D = 0.05 mm (b) and D = 0.2 mm (c).

Figure 3. Scanning electron microscopy image of the
packing of 14 nm gold nanoparticles forming the wires.
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(red circles). The other two data sets (black triangles
and blue squares) correspond to replicates of single
wire strain sensors of similar morphology. An expo-
nential dependence of ΔR/R0 on strain ε is observed,
which is consistent with an exponential dependence of
the interparticle tunnel resistance on the nanoparticle
separation. The experimentalΔR/R0 versus ε curves can
be well fitted with the equation ΔR/R0 = exp(gε) � 1
where g is a constant characterizing the sensitivity of
the nanoparticle-based strain gauge. Similar responses
observed for the replicates of similar morphology
confirm the reproducibility of the SG-CSA fabrication
process. For the examples presented in Figure 5
(continuous lines), g = 35�41, which makes the sensi-
tivity of our miniature strain gauges comparable to
those previously reported for strain gauges based
on nanoparticle films extended over much larger
areas.11,12 Furthermore, these single nanoparticle wire
strain gauges obtained by SG-CSA appear to be as
sensitive as the ones comprising around 50 parallelly
connected wires obtained by stick�slip CSA.13 As seen
in Figure 5, strain gauges based on single nanoparticle
wires are very efficient under both tensile and com-
pressive strains. However, the sensitivity of gauges is
higher under tensile strain than under compressive
strain due to the exponential dependence of relative
resistance variation. The magnitude of relative resistance

variation indicates that they are indeed much more
sensitive than the conventional metal foil gauges and
can reach the performances of the conventional semi-
conductor ones. For example, relative resistance variation
of our nanoparticle-based strain gauge at 0.8% tensile
strain is about 25 times higher than a conventional metal
foil strain gaugewith a typical gauge factor G = (ΔR/R0)/ε
of 2 (see dashed green line in Figure 5).

The physical robustness and the reliability of the
single nanoparticle wire strain gauges were evaluated
by subjecting them to a series of bending cycles under
both compressive and tensile modes. For example, the

Figure 4. (a) Optical microscopy image of a typical resistive
strain gauge based on a single wire of 14 nm gold nano-
particles. (b) AFM topographical image of the active area of
the strain gauge (marked by a white rectangle in (a)).
(c) AFM cross-section of the nanoparticle wire (marked by a
white dashed line in (b)).

Figure 5. Relative resistance variationΔR/R0 as a functionof
induced strain ε for three different nanoparticle-based
strain gauges of similarmorphology. Red circles correspond
to the nanoparticle-based strain gauge presented in
Figure 4. The solid lines are fits with the equation ΔR/R0 =
exp(gε) � 1. The dashed green line corresponds to a
conventional metal foil gauge with a gauge factor of 2. The
insets show schemes of the nanoparticle-based strain
gauge under compressive (left) and tensile (right) strain. For
simplicity, only one nanoparticle layer is represented.

Figure 6. Time-dependent response of the nanoparticle-
based strain gauge presented in Figure 4 and Figure 5 (red
circles) undergoing a series of deformation cycles between
(i) ε = 0 and ε = 0.3% and (ii) ε = 0 and ε = �0.3%.
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nanoparticle-based strain gauge presented in Figure 4
was bent and released repeatedly from 0 to (0.3%
strain values, at a frequency of one cycle each 20 s. The
reproducible temporal dependence of its relative re-
sistance variation is shown in Figure 6, indicating a
stable response of the sensor with a very weak hyster-
esis. This result demonstrates that such strain gauges
based on few micrometers wide single nanoparticle
wires are robust enough to endure multiple bending
cycles at strain values of(0.3%. Apparently, the nano-
particle wire suffers no damage and produces a con-
sistent electromechanical response at this strain
loading. The cyclic responses at larger strain values
((0.6%) were however not completely reversible with
a small progressive upward drift of the resistance at
rest with each cycle, as compared to the initial resis-
tance R0.

Nanoparticle-based strain gauges made of multiple
discrete entities are expected to withstand higher
deformations without degradation than, for example,
semiconductor ones. As strains accessible through our
bending tests are restricted to absolute values < 0.8%,
uniaxial stretching tests were performed to examine
the response of single nanoparticle wire strain gauges
up to a value of 10% tensile strain. Figure 7 presents
characteristic curves for relative resistance variation
along with the force applied on the PET substrate as a
function of the strain. The curve for applied tensile
force versus strain shows the two distinct regimes
characteristic of polymer films: an elastic deformation
regime (up to 2�3% strain in this case) followed by a
plastic deformation one. The relative resistance varia-
tionΔR/R0 increases with applied strain tomore than
400% at a strain of 5% and starts to decrease with a
further increase in strain. Interestingly, the response
of the sensor follows pretty well the exponential law
ΔR/R0 = exp(g 3 ε) � 1 up to about 3% strain, the
region where the plastic deformation regime of the
PET substrate begins. Beyond these strain values,
when the substrate has entered the plastic deforma-
tion regime, the ΔR/R0 curve deviates from the
exponential behavior. It then reaches a maximum
and finally starts decreasing. The electrical response
of the sensor in the plastic deformation regime can
tentatively be attributed to the polymer deformation
in the direction perpendicular to the stretching
direction, which causes a decrease of the internano-
particle distances. This counterbalances the effect of
elongational strain in the stretching direction, caus-
ing deviations from exponential behavior. It is note-
worthy that the sensor responses to tensile strains by
uniaxial stretching and bending are similar in mag-
nitude over the range 0�0.8%. The maximum strain
of 3% up to which the sensor follows the typical
exponential behavior is much higher than the limit of
deformation of semiconductor gauges and equals
that of the metal foil ones. It appears that this strain

value is limited by the mechanical properties of
the PET substrate. In fact, even after an elongation
of 10%, when the PET substrate has been irreversibly
deformed, the single nanoparticle wire sustains
its strain sensing capability and is able to detect
compressive or tensile strain upon bending. Clearly,
these results demonstrate the true potential of
nanoparticle-based sensors, which not only match
the sensitivity of semiconductor gauges but also
withstand much higher strain values, without
breaking.

CONCLUSIONS

We have presented a variant of convective self-
assembly, named stop-and-go CSA, which allowed
the fabrication of miniature strain gauges based on
single wires of 14 nm gold nanoparticles with an
active area of only 4 � 10�4 mm2, on PET substrates
without any lithography patterning. The sensitivity of
these nanoparticle-based strain gauges, which are of
the smallest dimensions developed so far, is more
than 1 order of magnitude higher than that of the
conventional metal foil gauges and approaches that
of semiconductor ones. Their electromechanical re-
sponse was reproduced with replicate samples, and
these strain gauges based on single nanoparticle
wires, a few micrometers wide, are robust enough to
withstand both compressive and tensile cyclic strain
loading. Moreover, uniaxial stretching tests prove that
these nanoparticle-based strain gauges can function
in accordance with exponential laws up to about 3%
strain, and this value appears to be limited by the
mechanical properties of the PET substrate. This value
is much higher than the limit of deformation of
semiconductor gauges and equals that of the metal
foil ones.
These highly sentivitive, miniature strain gauges

based on single nanoparticle wires could have a wide

Figure 7. Relative resistance variation ΔR/R0 (blue
triangles) and applied tensile force (green circles) as a
function of induced strain ε for a single wire strain gauge,
under uniaxial stretching. The red continuous line repre-
sents a fit of the experimentalΔR/R0 versus ε curve with the
equation ΔR/R0 = exp(g 3 ε) � 1.
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range of applications. For example, they could be
integrated into miniature devices such as microelec-
tromechanical systems. Since SG-CSA also allows pat-
terning regular arrays of nanoparticle wires, it
facilitates the reliable fabrication of arrays of strain
gauges based on single wires of nanoparticles, which
could be very useful in mapping strain with

unprecedented spatial resolution. In a more general
perspective, the capabilities of SG-CSA to fabricate
arrays of nanoparticle wires on flexible or rigid surfaces
with a fine control on the array period independently
of the lateral wire dimensions offer ample opportu-
nities for the bottom-up development of other inno-
vative nanoparticle-based devices.

METHODS

Synthesis and Functionalization of Colloidal Gold Nanoparticles. Gold
nanoparticles of 14 ( 1 nm were synthesized by the reduction
of tetrachloroauric acid by sodium citrate in aqueous phase
using the standard Turkevich method.35 The citrate-stabilized
particles were refluxed overnight with bis (p-sulfonatophenyl)
phenylphosphine dihydrate dipotassium salt (BSPP) to facilitate
ligand exchange.36 The BSPP ligandwas used because it confers
long-term stability to the gold colloids at the relatively high
concentrations required for CSA and also serves as an adequate
tunnel barrier between assembled nanoparticles. The BSPP-
capped gold nanoparticles were purified by repeated precipita-
tion with ethanol and finally redispersed in deionized water to a
final concentration of ∼0.004% vol.

Stop-and-Go Convective Self-Assembly. The homemade CSA de-
position system is based on a glass deposition plate placed in the
vicinity (250 μm) of the horizontal substrate, at an angle of 30�
(Figure 1). The substrate is fixed on a copper plate, which was
maintained at a temperature of 27 �C in this study. A 20 μL
droplet of colloidal suspension is injected into thewedge formed
by the deposition plate and the substrate. The meniscus formed
by the colloidal suspension with the substrate is dragged across
the substrate by translating the latter at speeds v ranging from
50 nm/s to 1mm/s. Computer software allows programming the
periodic movement and stopping of the substrate. This CSA
setup ismounted under anOlympus BXFMopticalmicroscope to
allow real-time observations. In the present study, 125 μm thick
PET films were used as substrates. Before SG-CSA experiments,
these films were briefly cleaned with acetone, rinsed with ultra-
high-quality water, and dried in a stream of nitrogen followed by
ultraviolet treatment for 5 min. This rendered them hydrophilic,
with low contact angles between 15� and 20�. The nanoparticle
wires fabricated by SG-CSA on PET films were obtained at an
ambient temperature of 25 �C (samples in Figure 2) and 23 �C
(sample in Figure 4) and a relative humidity of 45�48%.

Characterization by Microscopy. The fabricated nanoparticle
wires and the associated strain gauges were observed by optical
microscopy (Olympus BXFM), atomic force microscopy in tap-
pingmode (Multimode Nanoscope IIIA from Veeco Instruments),
and scanning electron microscopy (Hitachi S-4800).

Electromechanical Tests. Prior to testing the response of nano-
particle-based gauges to applied strain, current versus voltage
curves of the strain gauges were measured within (1 V range at
room temperature. Their electrical resistance variationsΔRunder a
constant voltage of 0.5 V were then monitored in synchrony with
the bending of the PET substrates. To test the gauges both under
compressive and tensile strains, the PET substrates were placed in
conformational contact with the inner and outer surfaces of
various cylindrical tubes of knowndiameters (see insets of Figure 5).
The strain induced in the single nanoparticle wires was deter-
mined from the tube diameter d and the substrate thickness H
by ε =((H/(d( H)), with the plus and minus signs representing
tensile and compressive strains, respectively. A DebenMicrotest
tensile unit was used to perform pure uniaxial stretching tests, to
explore higher strain values up to 10%. The strain gauges used for
these tests were prepared on dumbbell-shaped PET substrates.
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