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 where the parameter  t  is known as the 
critical scaling exponent. In a 3-dimen-
sional random network of conducting 
spheres, the Scher and Zallen criterion [ 4 ]  
predicts  φ * ≈ 15% whereas  t  is expected 
to lie between 1.6 and 2 depending on 
the exact nature of the percolation. [ 5,6 ]  
Percolation theory not only quantitatively 
describes the observed resistance varia-
tions with changes in  φ  near  φ *, but is 
highly intuitive; increases in  φ  correspond 
to an increase in the average size of the 
randomly distributed conducting clusters. 
When the average cluster size is equal 
to the sample size, the composite under-
goes the percolation transition. Near  φ * 
therefore, any external perturbation that 
modifi es the average cluster size will 
signifi cantly modify the resistance. 

 One such force is mechanical stress, 
and resistance changes of several orders 
of magnitude have been observed with 
biaxial strains of several percent in elas-
tomer based carbon black composites. [ 7 ]  
Strains of several percent under hydro-
static pressure [ 7–9 ]  or uniaxial stress [ 10–12 ]  
have also been observed to signifi cantly 

modify the electrical resistance of composites. Consequently 
composite materials near the percolation threshold are now 
widely recognized as being of potential interest as sensitive 
strain gages because they may exhibit a so-called giant pie-
zoresistance. [ 13–19 ]  Piezoresistance is defi ned as the resistance 
change induced by an applied mechanical stress, and its mag-
nitude is quantifi ed by the gage factor,  G , defi ned as the relative 
resistance change per unit strain ( ε ):

 

1 1 d
d0 0

G
R

R R

R

ε ε
= Δ =

  
(2)

 

 where  R  is the resistance under applied stress and  R  0  is the 
reference (or zero-stress) resistance. In addition to a simple 
change of sample geometry or cluster size, applied stress can 
also modify the electronic structure and thus the electrical 
resistivity of solids. This has been studied widely in silicon [ 20 ]  
where  G  ≈ 100, and in metals [ 21 ]  where  G  ≈ 2. Indeed these 
materials are today used as strain gage transducers for a range 
of applications [ 22,23 ]  and there are efforts underway to increase 
 G  via reductions in size. [ 24,25 ]  

 The literature on conducting composites deals generally with 
physical mixtures of insulating particles and particles of either a 
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 The effect of mechanical stress on the electrical properties of Ag/silica nano-
composite sol–gel fi lms, fabricated using an ultra-violet (UV) photo-reduction 
process, is studied over a large range of Ag volume fractions,  φ . The ability to 
fi nely tune  φ  in situ by varying the UV exposure time enables the direct identi-
fi cation of the critical volume fraction,  φ * ≈ 13.1%, around which the resist-
ance changes by 6 orders of magnitude and the average piezoresistive gage 
factor, < G >, peaks at 4330. < G > is orders of magnitude larger than that of 
bulk silicon and  φ * is close to the value expected for percolation in 3 dimen-
sions. It is shown experimentally that this giant piezoresistance is the result 
of a stress-induced change in the average Ag cluster size that signifi cantly 
modifi es the sample resistance when  φ  ∼  φ *. In terms of the potential use of 
any composite material as a sensitive strain sensor, a sensor fi gure-of-merit 
( F ) that accounts for both < G>  and for the measured, expected divergence in 
resistance fl uctuations close to  φ * is defi ned. It is shown that maximum  F  is 
achieved in composites slightly to the metallic side of the percolation transi-
tion. In the case studied here, the maximum value of  F , which is 5–10 times 
larger than that measured on commercial strain gages under the same condi-
tions, is obtained for  φ  ≈ 13.4%. The ability to fi nely tune  φ  in-situ therefore 
suggests that Ag/silica nano-composites could be the basis for a highly 
sensitive, low power, strain sensing technology. 

  1.     Introduction 

 Conducting composite materials consist of a total volume,  V  c , 
of conducting particles distributed throughout an insulating 
matrix of volume  V  m . The electrical resistance as a function 
of the conducting volume fraction,  φ  =  V  c /( V  c  +  V  m ), has been 
widely studied since it reveals a percolative metal-insulator tran-
sition at the critical volume fraction,  φ *. [ 1,2 ]  During this transi-
tion the resistance,  R  0 , can vary by many orders of magnitude 
with changes in  φ  as small as a fraction of 1%. [ 3 ]  In a com-
posite with  φ  approximately equal to but slightly larger than  φ *, 
 R  0  varies as:

 ( *)0R tφ φ∝ − −

  (1) 
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carbon allotropes [ 3,7,9,11,13–15,17,19 ]  or metallic particles. [ 8,10,12,16,18 ]  
Once mixed, the relative volumes of the two components deter-
mine a value for  φ  which cannot be subsequently modifi ed. 
This pre-determined mixing of components limits the scope 
of experimental studies because each value of  φ  requires a dif-
ferent sample. Moreover, since the critical region where perco-
lation occurs corresponds to a narrow range of  φ , it is diffi cult 
with pre-mixed composites to correctly target  φ * since its exact 
value depends sensitively on the spatial distribution and aspect 
ratio of the conducting particles. [ 6 ]  Consequently, while  G  is 
expected to diverge to very large values near  φ * (see below), it 
is diffi cult to fi nd cases in the literature where  G  is signifi cantly 
larger than 100. 

 Here we explore the percolative piezoresistive properties of 
an Ag/silica nanocomposite thin fi lms in which Silver nanopar-
ticles are produced in-situ through a TiO 2  mediated photocata-
lytic reduction of ionic silver into the host porous silica matrix. 
This original approach permits an in situ variation of  φ  within 
the same sample, merely by varying the exposure time to an 
ultra-violet (UV) light source. Moreover,  φ  can be fi nely tuned 
in this way near the percolation threshold, facilitating access to 
the physical properties of the material very close to  φ *. In this 
way gage factors of more than 4000 are measured close to  φ *, 
signifi cantly larger than those reported in other works. Impor-
tantly, this fi ne tuning capability enables new insight into the 
applicability of any composite material as a strain gage. Experi-
mentally, resistance fl uctuations are found to diverge close to  φ * 
as expected, and consequently the use of composites too close 
to the percolation threshold is not recommended. By defi ning a 
fi gure of merit that accounts both for  G  and for the resistance 
fl uctuations it is shown experimentally and theoretically that 
the optimal conducting volume fraction is slightly to the con-
ducting side of the percolation threshold since this maximizes 
 G  while minimizing resistance fl uctuations.  

  2.     Sample Fabrication and Zero-Stress Electrical 
Properties 

 The fabrication of Ag/silica nano-composite thin fi lms was 
recently developed in our laboratory. [ 26 ]  This process, based on 
the photo-catalytic reduction of Ag +  ions using TiO 2  nanoparti-
cles as the photo-catalyst inside a porous matrix, permits a con-
tinuous and fi ne tuning of the Ag volume fraction up to 18% 
by varying the exposure time to a UV light source during syn-
thesis. UV photo-reduction of Ag takes place while the sample 
is immersed in a 0.05 M AgNO 3 :isopropanol (1:1 volume ratio) 
solution, leading to the formation of metallic Ag clusters within 
the pores of the insulating, active silica layer only. Increasing 
UV exposure time generates new metallic silver nanoparticles 
randomly throughout the silica matrix which may, or may not, 
be in contact with existing silver clusters. The probability that 
new nanoparticles will be spatially isolated from existing clus-
ters decreases as the metallic volume fraction increases. In this 
way, increasing UV exposure times increase the average metallic 
silver cluster size. According to standard percolation theory, 
when the average cluster size reaches the sample size, the 
material undergoes a percolative insulator-to-metal transition. 
Indeed, a study of the resistance of Ag/silica nanocomposites 

as a function of temperature at large  φ  reveals metallic behavior 
indicating that with increasing  φ , Ag/silica nano-composites 
undergo an insulator to metal transition as expected. [ 26 ]  

  Figure    1  a shows a scanning electron microscope side view 
of a sample which, before photo-reduction of the Silver ions, 
consists of two layers; an active layer spin-coated directly onto 
a glass substrate consisting of a 450 nm thick, porous silica 
fi lm containing TiO 2  (titania) nanoparticles, and a 150 nm thick 
porous silica passivation layer. The passivation layer improves 
the homogeneity of the Ag deposit by confi ning it to the active 
layer without blocking the formation of Ohmic contacts to the 
active layer. [ 2,26 ]  In order to fabricate Ohmically contacted sam-
ples the bilayer coating is fi rst masked using Kapton so that the 
unmasked parts can be maximally loaded with Ag ( φ  ≈ 18%) 
by exposing the solution and sample to a 1 mW cm −2 , 312 nm 
light source for 50 min (total photon exposure ≈10 18 ). In this 
way, the two contact areas (denoted by A) in Figure  1 b and the 
vertical arms of the ‘H’ structures in  Figure   1 c,  2  a (top view) 
are formed. These areas are then connected to external wires 
(Figure  1 b, 2 b) using conductive silver paint. All unexposed 
parts of the coating are then mechanically removed except 
for a central square (labeled B in Figure  1 , 2 ) of dimension 
5 mm × 5 mm between the two black electrodes. This 
constitutes the active area whose electrical properties are to be 
measured (light brown area in Figure  1 c, 2 b). For a given UV 
exposure time,  φ  is determined by taking images of the sample 
(see Figure  2 a) from which the gray-level or brightness is 
quantifi ed. This is then related to the absorbance of equivalent 
fi lms on transparent glass substrates from which  φ  can be 
estimated. [ 26 ]  Details of the calibration procedure are given in 
the Supporting Information.   

 The electrical measurement is carried out using a voltage 
source and a pico-ammeter so that the resistance can be meas-
ured as shown in Figure  2 b. Note that a two probe resistance 
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 Figure 1.    a) Cross-sectional SEM image showing the active layer 
containing Ag clusters (white) in a porous silica matrix, and the passiva-
tion layer consisting of the porous silica matrix only. b) A schematic side 
view of the contacted Ag/silica nano-composite. The black regions repre-
sented by A correspond to the fully exposed electrical contacts, whereas 
the light region denoted by B corresponds to the active area of the fi lm. 
The dark gray dots in region B represent silver clusters whereas the light 
brown region corresponds to the insulating silica matrix. The white layer 
on the top of region B represents the porous silica passivation layer. 
c) Schematic diagram showing the top view of the sample with the active 
area (B) between the two fully exposed contacts (A). External leads for the 
resistance measurement are shown in yellow.
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measurement is found to be suffi cient since the contact resist-
ances are negligible compared to the active area resistance at 
maximum  φ  despite the presence of the passivation layer. A 
single sample is measured over the full range of  φ  by progres-
sively increasing the cumulative UV exposure time so that  R  0  
and  G  can be measured for a discrete number of well-defi ned 
 φ  values. 

 The dependence of  R  0  on  φ  shown in Figure  2 c shows a very 
sharp transition (points 3, 4, and 5) from a highly resistive 
region (points 1 and 2) to a conducting region (point 6) for  φ  
between 12.5% and 13.5%. Note that the ability to fi nely tune  φ  
permits multiple points to be measured in the transition region 
which is important for the following discussion. The transition 
region covers a range of  φ  that includes critical volume fraction, 
 φ *, at which percolation occurs. The usual procedure to deter-
mine both  φ * and  t  in Equation   1   is via a two-parameter curve 

fi t of the continuously varying  R  0  versus  φ  
curve of Figure  2 c. Depending on the values 
one obtains, the identifi cation of a percola-
tive phase transition is possible. However, 
as discussed below a direct determination of 
 φ * is possible via a measurement of  G  which 
then leaves  t  to be determined from a single 
parameter fi t to the  R  0  versus  φ  curve. In 
this way more accurate values  φ * and  t  are 
obtained which signifi cantly improves the 
identifi cation of a percolation threshold.  

  3.     Piezoresistive Behavior 
as a Function of  φ  

 Consider an expansion of the expression for 
 G  in Equation   2   obtained using the chain 
rule,

 

1 d
d

d
d0

G
R

Rφ
ε φ

= ×
  

(3)
 

 which shows that  G  is proportional to the 
fi rst derivative of the  R  versus  φ  curve of 
Figure  2 c. By defi nition, the critical volume 
fraction at which percolation occurs is the 
point of maximum slope of the  R  versus  φ  
curve [ 6 ]  and therefore the volume fraction 
at which  G  is maximized. An approximate 
expression for d φ /d ε  in Equation   3   has been 
derived elsewhere [ 7 ]  and  G  may then be 
written:

 

(1 ) d
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Rφ φ
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 which fully determines its expected variation 
with  φ  based on an experimental measure-
ment of  R ( φ ). From a theoretical percolation 
viewpoint, substitution of Equation   1   into 
Equation 4 gives an expression for  G  arising 
from percolative conduction near  φ *:

 (1 )( )* 1G φ φ φ φ∝ − − −

  (5)   

 While Equation   4   is valid for any value of  φ , Equation   5   is 
valid only for  φ  close to and greater than  φ *. The latter equa-
tion shows that on the basis of percolation theory,  G  is not 
only maximized at  φ *, but is expected to diverge according to a 
power law of exponent −1. 

 Here  G  is measured under uni-axial strain applied parallel to 
the direction of current fl ow in the device (see  Figure    3  , insert 
with arrows representing the direction of the applied stress) 
using an original technique shown schematically in Figure  3  
(top). The sample shown in Figure  2 a,b is glued with cyanolit 
202 in the middle of a rectangular steel plate (length = 50 cm, 
width = 5 cm and thickness,  d  = 0.6 mm). When subjected to 
compressive forces at its two ends as shown in Figure  3  (top), 
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 Figure 2.    a) Top view of the sample after (from left to right) 0 s, 90 s, 100 s, and 120 s exposure 
to a 3.5 mW cm −2 , 312 nm source. The black areas are the fully pre-exposed electrical contacts 
while the central active area progressively darkens as  φ  increases with increasing exposure 
time. Analysis of the sample color is used to determine  φ . b) Schematic diagram of the elec-
trical connections used to measure  R . c) The variation in  R 0   with  φ  showing a rapid decrease 
by 6 orders of magnitude around  φ  = 13%. Determination of  φ * from the peak value of  G  (see 
Figure   3  ) permits the estimation of  t  = −1.54 in Equation   1   (see inset). The shaded areas in 
the colored areas in the schematic diagrams indicate individual Ag clusters, the average size of 
which increases with increasing  φ . The largest Ag cluster at each stage is shown in red. Average 
cluster size increases gradually through the insulating region (diagrams 1–4). Diagrams 
3–5 correspond to the transition region where average cluster size increases rapidly until it 
reaches the active area size (diagram 5). This corresponds to  φ *. Diagram 6 corresponds to 
the metallic side of the transition where a single Ag cluster exists.
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the plate deforms into a sinusoidal shape of half-wavelength  L  
and amplitude  H . If a sample of thickness comparable to  d  is 
glued to the top face of the plate, it experiences a uniaxial ten-
sile strain,  ε , given by (see Supporting Information)

 2

2

2

dH

L
ε π=

  
(6)

    

  ε  can therefore be determined by independently measuring 
 L  and  H  and through the use of Equation   6  . In the experiment, 
the applied stress is modulated between two values in order 
to separate out resistance drift due to dielectric relaxation in 
the silica matrix from true piezoresistance. [ 25 ]  In this way an 
average gage factor, < G >, is obtained over several hundred inde-
pendent measurements with  ε  = 10 −4  (see data in Figure  3 ). As 
shown in the Supporting Information, the resistance change is 
not linear in agreement with  ε  as has previously been observed 
in composite materials under mechanical stress. [ 7 ]  While this 
will yield a value of < G > which depends on  ε , it does not affect 
the following qualitative discussion. A clear cut and very sharp 
peak in < G > is observed with a maximum value (4330) well 
above that of reported values in other composite materials. [ 13–19 ]  
In other samples, values of up to ≈12 000 have been observed. 

Based on Equation   5  , the peak occurs at  
φ  =  φ * ≈ 13.1%, close to the ≈15% expected 
from the Scher and Zallen criterion for 
3-dimensional site percolation in a randomly 
distributed network of spheres.  [ 4 ]  

 The value for  φ * obtained in this way is 
used with the resistance data of Figure  2  to 
obtain the critical exponent  t  in Equation   1   
via a single parameter fi t, the result of which 
is shown in the inset of Figure  2 . By plot-
ting ln( R ) versus ln( φ  –  φ *) for  φ  close to but 
greater than  φ *, the slope yields  t  ≈ 1.54 
which is close to the theoretically expected 
range of possible values (1.6 to 2) [ 5,6 ]  and 
within the range of experimentally measured 
values that have been associated with 3D per-
colation. A similar treatment can be applied 
to the experimental gage factor data. The 
inset of Figure  3  shows ln / 1G φ φ{ }( )−⎡⎣ ⎤⎦  
plotted against ln( φ − φ *), again for  φ  close 
to but greater than  φ * and here the slope 
is −1.1. This is very close to the value of −1 
expected from Equation   5   when it is divided 
through by  φ (1− φ ). The excellent agreement 
obtained here suggests that Equation   1   and 
Equation   6   are accurate descriptions of the 
resistance and gage factor dependence on  φ  
respectively, and therefore that the Ag/silica 
nano-composites transit from an insulating 
phase to a metallic phase via a 3-dimen-
sional percolation transition at  φ *. Moreover, 
this interpretation is reinforced when the 
zoomed  R ( φ ) curve ( Figure    4  a) is numerically 
differentiated with respect to  φ  according 
to Equation   5   in order to obtain the curve 
shown in Figure  4 b. The result is in excellent 

agreement with the experimentally measured variation of < G > 
with  φ  (the zoomed version of which is shown in Figure  4 c).  

 Qualitatively therefore, the piezoresistive behavior of the 
nano-composite can be described as follows: in the strongly 
insulating phase ( φ << φ *)  R  0  is large because the Ag clusters 
are small and disconnected (see the schematic fi gure labelled 
1 in the inset of Figure  2 ). While strain in the sample changes 
the average cluster size by changing the connectivity between 
clusters, it does not change the electrical connectivity between 
the external Ohmic contacts because the clusters are always 
smaller than the sample size. The sample remains insulating 
regardless of the applied stress, < G>  is small and conduction 
presumably occurs via tunneling or hopping processes between 
Ag clusters. [ 1 ]  Increasing  φ  to the transition region corresponds 
to an increase in the average cluster size (see schematic fi g-
ures labelled 2, 3 and 4 in Figure  2 ) up to the critical point,  φ *, 
where the average cluster size is equal to the sample size (see 
schematic fi gure labelled 5 in Figure  2 ). In this case straining 
the sample again changes both the average cluster size and the 
connectivity between clusters, but this then results in a change 
in the metallic connectivity between the external contacts. 
Applied stress can therefore signifi cantly modify the sample 
resistance, < G>  is large, and conduction occurs via percolative 
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 Figure 3.    A side view of the apparatus used to apply the stress (top). The sample is glued onto 
a steel plate which is bent by a horizontal force applied to each end (arrows). Measurement of 
 L  and  H , along with the plate thickness,  d , is used to determine the uniaxial strain,  ε , according 
to Equation   6  . The applied stress is parallel to the direction of the current fl ow as indicated by 
the thick arrows on the schematic diagram (inset). The main fi gure shows the variation in < G>  
with  φ . The peak in < G>  (4300) occurs at  φ * = 13.1%. The inset shows ln [< G> / φ (1 –  φ )] plotted 
against ln( φ  –  φ *), the slope of which is −1.1 which demonstrates that the gage factor diverges 
near  φ * according to the percolation theory based expression in Equation   5  .
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conducting paths in the composite. In effect, the mechanical 
stress sweeps the composite through the metal-insulator tran-
sition, similar to the situation observed in hybrid materials. [ 27 ]  
On the conducting side of the transition ( φ  >>  φ *), the sample 
consists of a single Ag cluster that remains connected to the 
external contacts even under stress so that both  R  0  and < G>  are 
small (see schematic fi gure labelled 6 in Figure  2 ). In this limit 
the composite behaves as a bulk metal.  

  4.     The Figure of Merit for Composite Strain Gages 

 The literature already contains a number of studies concerned 
with the possible use of composite materials as strain gages for 
a variety of applications although none of them deal directly 
with materials over a wide range of  φ  from the fully insulating 
( φ  <<  φ *) to the fully conducting ( φ  >>  φ *) sides of the transition. 

Most importantly, aside from potentially large < G> , there is no 
discussion of the real utility of composite strain gages near  φ * 
where resistance fl uctuations also diverge as  φ  →  φ * according 
to a power law. [ 28 ]  This intrinsic variation in resistance can 
be due to several factors, for example temperature induced 
changes in the connectivity between clusters. Since  R  varies 
very rapidly with small changes in  φ  near  φ * the fl uctuations are 
most apparent near the percolation threshold. Consequently, 
this yields a standard deviation over multiple measurements of 
the gage factor which varies according to

 ( *)G
kσ φ φ∝ − −

  (7)   

 Depending on the origin of the fl uctuation,  k  is expected to 
vary between 0.75 and 1. [ 28 ]  This intrinsic variability in  G  means 
that nominally identical stresses will yield different piezoresis-
tive responses if  φ  ∼  φ *. In terms of applications it is therefore 
necessary to defi ne a fi gure-of-merit,  F , that accounts for both 
the average value of the gage factor, < G > as well as its statistical 
variation,  σ G  :

 / .F G Gσ=   (8)   

  F  can be viewed as the intrinsic signal-to-noise ratio of any 
composite strain gage in the absence of external (extrinsic) 
noise sources. Note that while the experimental measurement 
is clearly not free of extrinsic noise sources, the noise power 
from these sources does not depend on  φ . As such, the  φ  
dependence of  F  which is of interest here, can be obtained from 
the experimental measurements. Moreover, by comparing the 
value of  σ G   near  φ * with its value to either side of the transi-
tion in Figure  4 d, the amplitude of the experimental noise can 
be estimated to be at most 1% of the amplitude of the intrinsic 
fl uctuations. Figure  4 d shows  σ G   measured on the Ag/silica 
nano-composites as a function of  φ . As expected it does indeed 
show a maximum at  φ *.  σ G   is also found to obey a power law 
of exponent  k  = 0.97 (see Supporting Information), smaller 
than 1 and within the theoretically expected range.  F  can then 
be plotted as shown in Figure  4 e, and there are a number of 
important points to note on this graph. 

 The fi rst is that  F  is not maximized at  φ * but rather at  φ * + 
0.3%, that is, slightly on the conducting, metallic side of the 
percolation threshold. The best way to use a composite as a 
strain gage is therefore to place it slightly above the percolation 
threshold and  not  at  φ * where < G>  is maximized. Operation on 
the insulating side of the transition, or too far onto the metallic 
side of the transition results in signifi cantly reduced values 
< G >, [ 13–19 ]  while  σ G   become very large too close to  φ *. The peak 
value of  F  measured here is 3, which is approximately 5 times 
higher than that measured in bulk silicon or in metallic strain 
gages under the same conditions (see respectively the dashed 
and solid horizontal lines in Figure  4 e which were measured 
separately). The value of  φ  at which  F  is maximized is  φ  =  φ */ k  
(see Supporting Information). Since theory [ 28 ]  and measure-
ment suggest  k  < 1, the maximum value of  F  should always 
be obtained for  φ  >  φ * in any composite material. Using the 
measured values of  k  = 0.97 and  φ * = 13.1% yields  φ  = 13.4% 
for maximum  F,  in excellent agreement with the position of the 
measured peak in Figure  4 e. Note also that for  φ  >>  φ *,  F  drops 
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 Figure 4.    Plots of the variation of a)  R , b) derivative calculated according 
to Equation   4  , c) < G >, d)  σ G  , and e)  F  with  φ  showing the position 
of  φ * (red, vertical line) for each quantity. When calculated from the 
derivative of R( φ ) according to Equation   4  , the resulting curve is in very 
good agreement with the measured, average gage factor, < G >. The fl uc-
tuations in  G  over multiple measurements (denoted  σ G  ) also show a 
sharp peak at  φ * as expected. With respect to the use of composite mate-
rials as strain gages, a fi gure-of-merit ( F ) defi ned in Equation   6   peaks at 
5–10 times the value measured in bulk silicon (blue, dotted line) or in 
metallic foil gages (purple line), 0.3% to the metallic side of the percola-
tion transition.
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to the solid line corresponding to a commercial metal foil gage, 
again indicating that the composite behaves simply as a bulk 
metal in this limit.  

  5.     Conclusion 

 In summary, the percolative electrical properties of Ag/
silica nano-composites have been explored in the presence of 
mechanical stress. Gage factors of over 4300 have been meas-
ured close to the critical Ag volume fraction  φ * = 13.1%. This 
giant piezoresistance makes composite materials potential 
candidates for ultra-sensitive strain gages as has been identi-
fi ed elsewhere. Here it is shown that because intrinsic fl uc-
tuations in  G  diverge at  φ* , use of any composite too close to 
the percolation threshold is not recommended. It is shown 
experimentally that the optimal Ag volume fraction lies less 
than 1% to the metallic, conducting side of  φ* . In this case a 
fi gure-of-merit for a nano-composite strain gage is shown to 
be 5–10 times larger than the equivalent in commercial strain 
gages. The optimal exploitation of composites as strain gages 
therefore requires the ability to fi nely control the metallic 
volume fraction near  φ * and, with respect to pre-mixed 
carbon-based and other composites studied elsewhere, this is 
a major advantage of the Ag/silica nano-composite presented 
here.  

  6.     Experimental Section 
  Sample Preparation : Silica sol is prepared by using 11 mL of 

TetraEthylOrthoSilicate (TEOS), 11 mL of Ethanol (EtOH), and 4.5 mL 
of H 2 O/HCl (pH ≈ 1.25). The solutions are mixed and heated for 1 h at 
a temperature of 60 °C. In the meantime, the solution of surfactant is 
prepared with a concentration that determines the porosity of the host 
silica matrix. In a typical experiment, 2.205 g of PE6800 (BASF) is mixed 
with 20 mL of EtOH on a hot water bath (60 °C) to increase dissolution 
kinetics. To this solution is added 10 mL of previously prepared silica 
sol. The whole mixture is then fi ltered using a 450 nm NYLON fi lter 
to remove eventual aggregates. 4 mL of the fi ltered mixture are mixed 
with 0.857 mL of a TiO 2  colloidal suspension (Crystal Global reference 
S5–300 A, 230 g L −1 ) so that to have a Ti/Si ratio = 1. Film deposition 
(active and buffer layer successively) was achieved by spin coating onto 
a soda lime microscopy coverplate at a speed of 2000 rpm for 1 min. 
The substrates were previously cleaned using UV ozone for 15 min at 
50 °C or by using piranha solution. After deposition of the fi rst active 
layer, the sample is subjected to a humid atmosphere (65% humidity 
from saturated solution of magnesium acetate atmosphere) for 30 min 
so that to ensure appropriate condensation of the silica matrix. In 
a second step, the buffer layer is deposited using a sol of the same 
composition as for the active layer but without the TiO2 particles. 
After the deposition of the two layers, calcination of the samples is 
performed for 2 h at 450 °C to ensure the compete removal of the 
organic template.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.   
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