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 Eliminating Piezoresistivity in Flexible Conducting 
Polymers for Accurate Temperature Sensing under 
Dynamic Mechanical Deformations 
   Melda    Sezen     ,        Jeffrey T.    Register     ,        Yao    Yao     ,        Branko    Glisic     ,       and        Yueh-Lin    Loo   *   

 As opposed to eliminating the strain acting on the active 

component through complicated sensor designs, an alter-

native approach to ensure the accuracy of sensors under 

dynamic strains is to eliminate the piezoresistivity of the 

active component altogether. Piezoresistivity is often quan-

tifi ed by correlating the change in resistance with strain 

through a unitless parameter called the gauge factor, GF,

 GF o
R

R
ε=

Δ
    ( 1)  

 where  R  o  is the resistance at zero strain, Δ R  is the change 

in the resistance, and  ε  is the strain. [ 21 ]  Though undesired in 

the fl exible sensor community, the strain gauge community 

has exploited the piezoresistivity of conducting materials to 

actively monitor structural health of buildings and bridges 

among other applications. [ 22–24 ]  Efforts to tune the piezore-

sistivity of conducting polymers and carbon nanomaterials 

through syntheses and processing routes have led to impres-

sively high GFs—hundreds, [ 25,26 ]  as opposed to a GF of 2 in 

commercially available metal-foil strain gauges today [ 22 ] —for 

ultrasensitive strain monitoring. 

 In the context of this framework, fl exible temperature 

and chemical sensors and circuits for e-skin-type applications 

should ideally have a net GF that is near-zero. Given that the 

conducting materials employed in these devices are individu-

ally piezoresistive, we demonstrate an approach to obtain a 

near-zero GF sensor by combining materials having positive 

and negative GF. With this composite polymer, we can sense 

temperature accurately under both static and dynamic strains. 

Unique to our approach is access to a conducting polymer 

whose resistance can be altered to increase or decrease with 

mechanical strain; we are thus able to tune its GF across polarity. 

 The conducting polymer of interest is polyaniline, PANI, 

that is template synthesized with poly(2-acrylamido-2-methyl-

1-propane-sulfonic acid), PAAMPSA. Template synthesis in 

aqueous media results in electrostatically stabilized PANI–

PAAMPSA colloidal particles that are water-dispersible, air-

stable, and electrically conductive. PANI–PAAMPSA retains 

its electrochemical properties in aqueous media at and beyond 

pH 9; [ 27 ]  it has thus been effectively used for glucose sensing at 

physiological pH’s. [ 28 ]  With postdeposition solvent annealing 

in dichloroacetic acid, DCA, PANI–PAAMPSA’s microstruc-

ture can be altered drastically. In the past, we have shown 

this structural change to result in a two-order-of-magnitude DOI: 10.1002/smll.201600858
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  Flexible electronic circuits are used in various sensing appli-

cations, including biosensors, [ 1,2 ]  bionic skins, and wear-

able electronics, [ 3–5 ]  with an expected market size of more 

than $69 billion by 2026. [ 6 ]  Reports of conformal biosen-

sors or electronic skins have exploited fl exible conducting 

materials, such as carbon nanotubes, [ 7,8 ]  graphene, [ 9–11 ]  and 

conducting polymers [ 12–14 ]  as key components to sense tem-

perature and chemical changes. An implicit challenge in using 

these materials, however, is their inherent piezoresistivity, as 

mechanical deformations—also transduced as part of the elec-

trical signal—necessarily convolute readout. [ 14 ]  Though these 

sensors are constructed on fl exible substrates, their utility 

has thus mostly been demonstrated statically. Decoupling or 

eliminating the mechanically induced change in resistance is a 

necessary precursor for these sensors to be deployed dynami-

cally as intended, under conditions of varying strains. 

 One way to reduce this parasitic change in resistance 

during deformation is to place the active element of the 

sensor at its neutral bending plane where the net tensile or 

compressive stress is zero. Although this method can ensure 

accuracy of fl exible sensors during dynamic use, it introduces 

additional design constraints, since the placement of the 

active element is restricted. [ 5,8,15–17 ]  Moreover, this approach 

is only effective if the mechanical deformation is in the form 

of bending. [ 18 ]  If the sensor is instead stretched, the place-

ment of the active element at the neutral bending plane 

does not eliminate the parasitic resistance from such ten-

sile deformation. More recently, lithographically patterning 

the conducting constituents in mesh-like confi gurations has 

also been shown as an effective method for reducing strain-

induced parasitic resistance in fl exible sensors. This method, 

however, involves complicated circuit designs and often 

requires multistep processing to defi ne the patterns. [ 5,19,20 ]  
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increase in PANI–PAAMPSA’s electrical conductivity. Herein, 

we correlate this same structural change with a switch in the 

polarity of PANI–PAAMPSA’s GF from positive to negative. 

By combining PANI–PAAMPSA with another conducting 

polymer poly(3,4-ethylenedioxythiophene):polystyrene sul-

fonate, PEDOT:PSS, which retains its positive GF after DCA 

treatment, we have constructed simple sensors with near-zero 

GFs. Strain-related error during temperature sensing with this 

sensor is less than 0.5 °C at 1% strain. At almost one twen-

tieth of the temperature error of platinum-based temperature 

detectors, [ 29,30 ]  our sensors boast sensitivities under dynamic 

strains that are comparable to those of the best-reported tem-

perature sensors under static or zero strain. [ 9,31 ]  

 We quantifi ed the piezoresistivity of thin fi lms of PANI–

PAAMPSA-724, PANI that is template synthesized on 

PAAMPSA having a molecular weight of 724 kg mol −1 , 

under uniaxial cyclic tension. We monitored the resistance 

of PANI–PAAMPSA-724 during load and release using a 

four-probe geometry.  Figure    1  a shows a photograph of a 

representative serpentine pattern of PANI–PAAMPSA-724 

on polyimide substrate. We used this serpentine geometry 

so the strain sensitivity is enhanced along its long axis and 

reduced in its transverse direction. Figure  1 b shows the 

change in resistance of one such serpentine pattern made 

with pristine PANI–PAAMPSA-724 relative to its resist-

ance at zero strain,  R  o , (solid line), during 0.35% cyclic strain 

(dashed line) in its strain-sensitive direction. The resistance 

of pristine PANI–PAAMPSA-724 increases when the pattern 

is stretched, and recovers when the strain is released. That 

PANI–PAAMPSA-724’s piezoresistive behavior is revers-

ible is strong indication that deformation is elastic. From 

the slope of the normalized change in resistance with strain 

(Figure S1, Supporting Information), we estimated the GF 

of pristine PANI–PAAMPSA-724 to be 3.70 ± 0.28. After 

DCA treatment, the piezoresistive behavior of the same 

PANI–PAAMPSA-724 pattern is characteristically different. 

We observe that the resistance of DCA-treated PANI–

PAAMPSA-724 instead decreases with stretching, as shown 

in Figure  1 c. Accordingly, the resistance is out-of-phase with 

applied strain, as refl ected in the sign of the GF of DCA-

treated PANI–PAAMPSA-724 (−1.48 ± 0.07; Figure S1, Sup-

porting Information). This negative GF is retained at higher 

strains to the point of contact delamination.  

 The piezoresistive behavior of pristine and DCA-treated 

PANI–PAAMPSA-724 is independent of strain rate (Figure S2, 

Supporting Information); their corresponding GFs are 

retained over the range of strain rates tested (0.07% to 1.7% 

strain per min). We fi nd their piezoresistive behavior to be 

also invariant with extended storage at ambient conditions 

(Figure S3, Supporting Information). These observations 

imply the stability of pristine and DCA-treated PANI–

PAAMPSA-724’s piezoresistivity and suggest the change in 

the polarity of GF to stem from solvent annealing. 

  Figure    2  a shows the atomic force microscopy, AFM, 

image of pristine PANI–PAAMPSA-724. The fi lm is 

rough (rms roughness of 25.3 nm) and the surface topog-

raphy refl ects the presence of as-synthesized PANI–

PAAMPSA-724 particles. [ 32 ]  Grazing-incidence X-ray 

diffraction, GIXD, on thin fi lms yields a featureless pat-

tern, as shown in Figure  2 c, indicating as-cast PANI–

PAAMPSA-724 lacks long-range order. The broad halo 

centered at  q  = 1.5 Å −1  stems from nearest neighbor corre-

lations. Our morphological characterization thus indicates 

as-cast PANI–PAAMPSA-724 to be largely amorphous. On 

the other hand, subjecting PANI–PAAMPSA-724 to DCA 

annealing substantially alters its morphology. Figure  2 b 

shows the AFM image of PANI–PAAMPSA-724 after DCA 

treatment. The fi lm is substantially smoother (rms roughness 

of 2.9 nm) and we no longer observe the surface topography 

that suggests the presence of PANI–PAAMPSA-724 parti-

cles. We had previously ascribed this drastic morphological 

change to structural relaxation of the as-synthesized PANI–

PAAMPSA-724 particles with exposure to DCA. With a pK a  

of 0.70, DCA disrupts the electrostatic interactions that bind 

PANI to PAAMPSA. Coupled with the fact that DCA is a 

good solvent for—and can therefore plasticize—PAAMPSA 

during annealing, structural relaxation can take place over 

macroscopic distances. [ 33 ]  This structural rearrangement also 

induces crystallization of PANI, as evidenced in the GIXD 

pattern shown in Figure  2 d. The GIXD pattern of DCA-

treated PANI–PAAMPSA-724 reveals sharp refl ections, the 

most intense of which at  q  = 0.64 Å −1  can be assigned to 

the repeat periodicity of PANI. [ 34 ]  With home-written soft-

ware, [ 35 ]  and using the pseudo-orthorhombic crystal structure 

reported for PANI-HCl [ 34 ]  as a starting point, we obtained 

a unit cell whose refl ections match those in our GIXD 

pattern. We fi nd PANI–PAAMPSA-724 to instead adopt 

a monoclinic crystal structure with the P21/c space group 

having lattice dimensions  a  = 9.8 Å,  b  = 6.6 Å,  c  = 10.2 Å, 

 α  =  γ  = 90°, and  β  = 102° (Figure S4, Supporting Information). 
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 Figure 1.    a) Photograph of a representative serpentine pattern employed in our experiments. The serpentine pattern consists of PANI–PAAMPSA-724, 
the background is the fl exible polyimide substrate. Samples were stretched in their strain sensitive direction. Copper wires were attached with 
silver paste as contacts for four-probe resistance measurements. Relative change in the resistance (solid line) of b) pristine PANI–PAAMPSA-724, 
and c) DCA-treated PANI–PAAMPSA-724 under cyclic strain (dashed line) along their strain sensitive direction.
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We surmise that differences in the crystal structures of 

PANI-HCl and PANI–PAAMPSA-724 must stem from the 

need to accommodate counter-ions having drastically dif-

ferent size (Cl −  versus SO 3  
− ) within the unit cells.  

 This change in the morphology of PANI–PAAMPSA-724 

with DCA treatment was previously correlated with a dra-

matic increase in electrical conductivity. [ 33 ]  Herein, we 

observe a change in the piezoresistivity character of PANI–

PAAMPSA-724, which we believe to stem from this mor-

phological change as well. Given the particulate nature of 

as-cast PANI–PAAMPSA-724, we interpret the increase in 

resistance with strain to refl ect an increase in interparticle 

spacing when it is under tension. This phenomenon yields a 

positive GF. PANI–PAAMPSA-724 is semicrystalline after 

DCA treatment and it no longer composes individual par-

ticles; we thus speculate preferential alignment of PANI 

chains during tensile deformation, not unlike what is com-

monly seen in commodity plastics, like polyethylene and 

polypropylene. [ 36,37 ]  In fact, such preferential alignment has 

previously been reported in polyaniline that is doped with a 

volatile molecular acid. [ 38 ]  This preferential chain alignment 

promotes charge transport in the direction of applied strain, 

resulting in a decrease in resistance when it is in tension. This 

phenomenon in turn results in a negative GF. 

 To test our hypothesis, we also measured the piezoresistive 

behavior of PANI that is doped with PAAMPSA having a lower 

molecular weight, PANI–PAAMPSA-45. We have previously 

shown that PANI’s crystallinity increases when polymer acids 

of lower molecular weights are used to template its synthesis. [ 39 ]  

Unlike PANI–PAAMPSA-724, PANI–PAAMPSA-45 is thus 

semicrystalline as-synthesized and structural characterization 

reveals PANI–PAAMPSA-45’s powder dif-

fraction pattern to be consistent with the 

thin fi lm diffraction pattern of DCA-treated 

PANI–PAAMPSA-724. Accordingly, sub-

jecting pristine PANI–PAAMPSA-45 to 

tensile deformation should induce prefer-

ential alignment of PANI chains; we should 

thus expect its resistance to be out of phase 

with applied strain, resulting in a negative 

GF. Figure S5a (Supporting Information) 

shows the change in resistance of pristine 

PANI–PAAMPSA-45 during cyclic ten-

sile testing. Consistent with our hypoth-

esis, the resistance is indeed out-of-phase 

with strain, and we record a negative GF. 

As another point of comparison, we also 

quantifi ed the piezoresistive characteris-

tics of DCA-treated PANI–PAAMPSA-45 

and found that the GF remains negative 

after solvent annealing (Figure S5b, Sup-

porting Information). Collectively, our 

piezoresistive measurements on PANI–

PAAMPSA-724 and PANI–PAAMPSA-45 

before and after DCA treatment indicate 

morphology—and PANI’s crystallinity, 

in particular—to have a fi rst-order infl u-

ence on PANI–PAAMPSA’s piezoresistive 

behavior. 

 We also studied the piezoresistivity of PEDOT:PSS. 

 Figure    3  a,b shows the change in resistance of PEDOT:PSS 

during cyclic strain before and after DCA treatment. Charac-

teristically different from PANI–PAAMPSA-724, the resist-

ance of PEDOT:PSS increases with strain in both pristine 

and DCA-treated forms, resulting in GFs whose polarity is 

unchanged with solvent annealing. Interestingly, pristine 

PEDOT:PSS’s piezoresistive response is not linear between 

loading and unloading cycles, as evident by the plateau in 

the response curves with applied strain. While this peculiar 

response is presently under investigation, it is eliminated 

on DCA treatment. From the slopes of these response 

curves shown in Figure  3 , we estimated GFs of 1.82 ± 0.19 

and 0.62 ± 0.13 for pristine and DCA-treated PEDOT:PSS, 

respectively (Figure S1, Supporting Information). This posi-

tive GF is consistent with prior reports during which pristine 

PEDOT:PSS is deformed elastically. [ 40 ]   

 Figure  3 c,d shows the AFM images of pristine and 

DCA-treated PEDOT:PSS. With an rms roughness of 

1.2 nm, pristine PEDOT:PSS is substantially smoother 

than pristine PANI–PAAMPSA-724. This observation is 

in line with PEDOT:PSS forming smaller particles during 

its template synthesis. [ 41 ]  The AFM image of DCA-treated 

PEDOT:PSS is not qualitatively different from that of pris-

tine PEDOT:PSS (rms roughness of 1.6 nm). The 2D-GIXD 

patterns corresponding to PEDOT:PSS before and after 

DCA treatment are shown in Figure  3 e,f. Consistent with 

the AFM images, these X-ray diffraction patterns appear 

to be qualitatively similar. We observe two broad rings, 

one at  q  = 1.3 Å −1  that is attributable to amorphous halo 

of PSS and the other at  q  = 1.85 Å −1  that is attributable to 
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 Figure 2.    a,b) AFM images, and c,d) 2D-GIXD images of pristine PANI–PAAMPSA-724 (top) 
and DCA-treated PANI–PAAMPSA-724 (bottom).
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the characteristic pi-stacking distance of PEDOT. [ 42 ]  Unlike 

PANI–PAAMPSA-724 in which DCA exposure induces 

crystallization and preferential orientation of the crystallites, 

DCA treatment of PEDOT:PSS does not incur long-range 

order. We had previously speculated that the morphological 

difference between PANI–PAAMPSA-724 and PEDOT:PSS 

on solvent annealing to be correlated with differences in the 

doping mechanism in PANI and PEDOT. While PANI is 

protonically doped, PEDOT is oxidatively doped. In addi-

tion to electrostatic stabilization, the polymer acid template 

thus serves as a dopant for PANI. Exposure to DCA unlocks 

PANI from its polymer acid template, allowing structural 

rearrangement—and crystallization of PANI—to take place 

whereas exposure to DCA appears to only remove the PSS 

overlayer without inducing substantial structural rearrange-

ment in PEDOT:PSS. [ 33 ]  Given that PEDOT:PSS retains its 

particulate nature and given that DCA treatment does not 

induce crystallization of PEDOT, the positive GF measured 

before and after solvent annealing refl ects an increase in the 

interparticle spacing as the fi lms are stretched. 

 With access to solution processable and patternable 

conducting polymers having GFs that are tunable in both 

magnitude and polarity, we are positioned to fabricate fl ex-

ible sensors having net GFs that are near-zero. Unlike prior 

thermoresistive sensors that minimize temperature errors 

through eliminating strain fi elds, our sensors instead operate 

by removing the inherent piezoresistive effect of the active 

element. In principle, we can obtain such a sensor using only 

PANI–PAAMPSA-724 and by DCA treating a portion of the 

sensor given that the polarity of PANI–PAAMPSA-724’s GF 

is tunable with solvent annealing. It is, however, more prac-

tical from a processing standpoint to fabricate the sensor 

by combining PANI–PAAMPSA-724 with PEDOT:PSS, 

and then DCA treating the entire sensor.  Figure    4  a shows 

the piezoresistive response of the sensors that comprise 

DCA-treated PANI–PAAMPSA-724 and DCA-treated 

PEDOT:PSS tested along their strain-sensitive direction. The 

percentages highlight the fractional area covered by DCA-

treated PANI–PAAMPSA-724 in the sensors. From the 

piezoresistive response of these sensors, we extracted their 

GFs; these are summarized in Figure  4 b. We observe that 

the GF becomes increasingly more positive with decreasing 

fraction of PANI–PAAMPSA-724 in the serpentine pattern. 

This linear relationship between the GF and the fraction of 

PANI–PAAMPSA-724—while empirical—has provided us 

with a design rule with which we can create sensors having 

prespecifi ed piezoresistivities by dialing in the appropriate 

fraction of PANI–PAAMPSA-724.  

 As proof of concept, we fabricated and tested a tempera-

ture sensor comprising 36% PANI–PAAMPSA-724 (and 

64% PEDOT:PSS). On DCA treatment, the GF of this tem-

perature sensor is −0.48. For comparison, we also fabricated 

a comparable temperature sensor comprising 100% PANI–

PAAMPSA-724; this sensor exhibits a GF of −1.5 after DCA 

treatment. The solid line in  Figure    5  a shows the static tem-

perature response for the all-PANI sensor in the absence of 

any mechanical deformation. The drift in resistance of the 

same sensor under 1% strain is shown in the dashed line. 

The vertical displacement between the solid and dashed lines 

thus represents the error in temperature response when the 

sensor is under a 1% strain. This temperature error is con-

stant over the temperature range of interest and increases 

linearly with strain provided the sensor is only deformed 

elastically. Figure  5 a reveals this temperature error to be 

1.6 °C when the all-PANI sensor is subjected to a 1% strain. 

In applications such as body temperature monitoring, this 

error is substantial since the magnitude of the error is compa-

rable – and oftentimes higher – than the difference the sensor 

is intended to measure (e.g., a 2 °C elevation from body tem-

perature corresponds to a high fever). We can substantially 

decrease the temperature error by using instead the sensor 

with 36% PANI. The vertical displacement between the solid 

and dashed lines in Figure  5 b represents the temperature 

error introduced under a 1% strain for this sensor. At 0.5 °C, 
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 Figure 3.    a,b) Relative changes in the resistance (solid line) under cyclic strain (dashed line), c,d) AFM images, e,f) 2D-GIXD images of pristine 
PEDOT:PSS (top) and DCA-treated PEDOT:PSS (bottom).
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this temperature error under 1% strain is less than a third 

that of the all-PANI sensor. Since the 36% PANI and the 

all-PANI temperature sensors have comparable temperature 

coeffi cients of resistance of 0.011 °C −1 , the reduction in tem-

perature error in the 36% PANI sensor is attributed to its 

closer-to-zero GF rather than differences in their temperature 

sensitivities. Figure  5 c compares the error in temperature 

readings of our sensors with other fl exible sensors published 

in literature. The temperature error of the sensor with 36% 

PANI is shown with fi lled rectangles. Its temperature error is 

almost one twentieth of the temperature error of platinum-

based temperature sensors (given a temperature coeffi cient 

of resistance of 0.00385 °C −1  [ 30 ]  and GF of 3.8; [ 29 ]  fi lled circles 

in Figure  5 c). Although tested in its strain-sensitive direction, 

our 36% PANI sensor shows an error as low as that of the 

chromium–gold based sensor that is photolithographically 

patterned and tested in its strain-insensitive direction (open 

circles in Figure  5 c). [ 43 ]  While a temperature sensor having an 

error less than 0.1 °C has recently been demonstrated near 

physiological temperatures, the deformations imposed on this 

temperature sensor were substantially smaller. The same pub-

lication reported temperature errors close to 1 °C (fi lled tri-

angles in Figure  5 c) when the sensor is dynamically strained 

to a bending radius <8.2 mm, corresponding to a strain of 

about 0.1%. [ 31 ]  In comparison, the temperature error of our 

conducting polymer sensor at 0.1% strain is 0.05 °C.  

 We present an alternative approach for reducing the 

parasitic resistance that stems from mechanical deforma-

tions during dynamic use of fl exible sensors. By changing the 

microstructure of PANI–PAAMPSA-724 with simple post-

deposition solvent annealing, we demonstrate switching of 

the polymer’s GF from positive to negative. By combining 

materials with opposite GF polarities, we have obtained sen-

sors with near-zero net GFs. Such sensors can ensure the 

accuracy of wearable sensors during human body motion 

since the resistance of the active component of these sensors 

does not change substantially with stretching or bending. This 

same approach is generally applicable for reducing error in 

fl exible sensors that monitor other parameters, such as pH or 

chemical concentrations, under dynamic strains.   

 Experimental Section 

  PANI–PAAMPSA Synthesis : Aniline (Sigma–Aldrich, 99.5%), 
ammonium peroxydisulfate (Fisher Scientifi c, 98.9%), and 
PAAMPSA (10.36 wt% in water, Scientifi c Polymer Products; 
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 Figure 4.    a) Piezoresistive response of a fl exible sensor containing 
both DCA-treated PANI–PAAMPSA-724 and DCA-treated PEDOT:PSS. 
Percentages in the legend represent %area covered by PANI–
PAAMPSA-724 in the sensor. b) Dependence of the gauge factor on %area 
covered by DCA-treated PANI–PAAMPSA-724 in a combined sensor.

 Figure 5.    Temperature readout of the a) all-PANI and b) 36% PANI sensors.  R  o  refers to the resistance at 22 °C and zero strain. Dashed lines show 
the drift in the normalized resistance assuming 1% strain acting on the sensors during measurements. The vertical displacement between the 
dashed and solid lines at 1% strain thus represents the difference between the actual and output temperature readout. From the inverse of the 
temperature readout slopes, the temperature coeffi cients of resistance are calculated to be 0.011 °C −1  for both sensors. c) Error in temperature 
readout, i.e., the vertical displacement in plots analogous to (a) and (b), as a function of strain for PANI–PAAMPSA-based sensors, as well as 
different sensors reported in literature.
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poly(ethylene oxide)-equivalent molecular weight of 724 kg 
mol −1 ) [ 32 ]  were used as-received to synthesize PANI–PAAMPSA-724. 
PAAMPSA-45 (poly(ethylene oxide)-equivalent molecular weight of 
45 kg mol −1 ) was synthesized by conventional free-radical polymer-
ization of 2-acrylamido-2-methyl-1-propanesulfonic acid, AAMPSA, 
(Aldrich, 99%) in water using potassium persulfate (Aldrich, 99%) 
as the initiator according to previously published procedures. [ 32 ]  
Template polymerization of aniline along PAAMPSA-724 and 
PAAMPSA-45 was carried out following the procedure outlined by 
Yoo et al. [ 32 ]  Aniline and PAAMPSA were mixed at 1:1 monomer 
to acid molar ratio in deionized water and deoxygenated. Ammo-
nium peroxydisulfate was added to the mixture dropwise at 1:0.9 
monomer to oxidizing agent molar ratio. The reaction mixture was 
stirred in an ice bath for 24 h. Acetone was slowly added to precip-
itate the PANI–PAAMPSA complex. The retrieved PANI–PAAMPSA 
dried under vacuum for 24 h. 

  Conducting Polymer Patterns : Hydrophobic and hydrophilic 
specifi cities were introduced on polyimide substrates following the 
procedure reported by Lee et al. [ 44 ]  A 2-nm-thick layer of titanium 
was evaporated onto clean polyimide substrates and the layer 
fully oxidized with UV–ozone exposure prior to the deposition of 
octadecyltrichlorosilane, OTS. OTS was chemisorbed on the titania-
modifi ed polyimide by immersing the substrates in 35 × 10 −3   M  
OTS in trichloroethylene for 1 h. The substrates were then cleaned 
in toluene. Exposing the treated surface to UV–ozone for 30 min 
through a shadow mask selectively removes hydrophobic OTS and 
results in hydrophilic regions. 5 wt% PANI–PAAMPSA-724 or PANI–
PAAMPSA-45 dispersions in water that were stirred for at least 
10 d, or as-purchased PEDOT:PSS (Heraeus, Clevios P) were drop-
cast on these substrates. The conducting polymer dispersions 
selectively wet the hydrophilic regions and resulted in conducting 
polymer patterns that mirror the opening of the shadow mask after 
the water had evaporated. 

 Combined PANI–PAAMPSA-724 and PEDOT:PSS patterns were 
prepared by drop casting the respective dispersions onto poly-
imide substrates at different coverages. This manual approach 
currently limits our pattern precision and resolution. With inkjet 
printing or screen printing, increasing both pattern precision 
and resolution was envisioned; we will then be able to prescribe 
 a priori  and access accordingly the precise fractional coverage of 
PANI depending on application needs. DCA (Sigma–Aldrich, 99%) 
treatment was performed by vigorously shaking the patterned sub-
strates in DCA at 100 °C for 3 min and baking off excess DCA at 
170 °C for PANI–PAAMPSA and 140 °C for PEDOT:PSS. The samples 
were kept under vacuum for at least 3 h prior to characterization to 
remove residual DCA. 

  Strain Tests : Conducting polymer serpentine patterns on poly-
imide were glued to 2.5 cm wide aluminum bars (Multipurpose 
6061 aluminum, McMaster Carr) with Araldite 2000+ for strain 
testing, and the composites were stretched uniaxially under ten-
sion in the strain sensitive direction of the serpentine pattern using 
an Instron electromechanical universal testing machine (model 
5969). The strain acting on the aluminum surface was calculated 
using the load data from the Instron and the Young’s Modulus of 
Al (69 GPa). [ 45 ]  This strain value was used in calculating the GFs of 
the samples. Cyclic strain tests were performed at 0.35% strain, 
though control experiments indicated GFs to be independent of 
strain, so long as the experiments were conducted in the elastic 
regime of the conducting polymer and its contacts. Four equally 

spaced copper wires were attached with silver paste as contacts, 
and the resistances of the samples were recorded during strain 
tests in a four-probe geometry with an Agilent 4145B Semicon-
ductor Parameter Analyzer or an impedance analyzer (Solartron 
1287) at 5 Hz. The results obtained from both instruments were 
comparable (Figure S6, Supporting Information). At least four dif-
ferent samples were tested for each conducting polymer, and each 
sample was exposed to at least 10 strain cycles. 

  Structural Characterization : AFM images were collected in tap-
ping mode with Veeco Dimensions Nanoman. GIXD experiments 
were conducted at the G1 station (9.94 ± 0.05 keV) of the Cor-
nell High Energy Synchrotron Source. The beam was chosen to 
be 0.05 mm tall and 1 mm wide. 5 wt% PANI–PAAMPSA-724 or 
PEDOT:PSS dispersions were spin-coated on clean glass sub-
strates at 1000 rpm for 60 s, and DCA treated per description 
above. The width of each sample was 5 mm. The X-ray beam was 
aligned above the critical angle of the conducting polymer but 
below that of the substrate, at a 0.18° incident angle with the 
substrate. X-ray scattering was collected with a 2D CCD detector, 
positioned 102.5 mm from the sample. All GIXD images have been 
background subtracted. 

  Temperature Sensing : The resistances of the 36% PANI sensor 
and the all-PANI sensor were measured in air using a four-probe 
geometry with Agilent 4145B Semiconductor Parameter Analyzer 
as a function of temperature in a temperature-controlled probe 
station (Lake Shore Cryotronics, Inc.). The deviation in the temper-
ature response under 1% strain was calculated based on the GFs 
of the sensors extracted from the strain tests. The strain-induced 
temperature error for the platinum-based temperature sensor was 
calculated from platinum’s known GF of 3.8 [ 29 ]  and its temperature 
coeffi cient of resistance of 0.00385 °C −1 . [ 30 ]  The strain-induced 
temperature error of the polymer composite-based temperature 
sensor was read from Figure S16 (Supporting Information) pub-
lished by Yokota et al. [ 31 ]  In order to convert the bending radius to 
strain, it was assumed that the neutral bending plane of the sensor 
is at the middle of the polyimide substrate having a thickness of 
12.5 µm. The strain-induced temperature error of chromium-gold-
based temperature sensor was calculated using the temperature 
coeffi cient of resistance provided (0.002778 °C −1 ), and the GF of 
the sensor was calculated from the linear region of Figure  4 c pub-
lished by Chen et al. [ 43 ]   

  Supporting Information 

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