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A novel pressure sensor has been developed by taking advantage 

of the orientational dependence of localized surface plasmon 

resonance of gold nanorods embedded in a polymer matrix. This 

stress-responsive material can be used to record distribution and 

magnitude of pressure between two contacting surfaces by 

outputting optical response. 

Plasmonic metal nanostructures have received considerable attention 

due to their broad applications in optoelectronics,1-3 sensing,4-6 

catalysis7-9 and photothermal therapy.10-12 In particular, Au or Ag 

nanorods (NRs) have been the focus of research in many fields 

because they display two modes of localized surface plasmon 

resonance (LSPR) in extinction spectra: transverse and longitudinal 

modes, compared to a single excitation mode for spherical 

particles.13, 14  The origin of these two LSPR modes is the difference 

in excitation from the perpendicular and parallel components of the 

electric field of incident light relative to the main axis of the rod.15 

As the longitudinal excitation is highly sensitive to the length,16, 17 

the plasmonic property of such nanorods can be tuned in a wide 

spectrum range by controlling their aspect ratio, which can now be 

conveniently achieved through colloidal synthesis.  

Theoretically, due to the shape anisotropy of noble metal nanorods, 

the two LSPR modes can be selectively excited by controlling their 

relative orientation to incident light. For example, when AuNRs are 

oriented perpendicular to the incident light, both transverse and 

longitudinal modes could be excited, resulting in two LSPR bands in 

the extinction spectrum. When they are parallel to the incident angle, 

only the transverse mode can be excited. As a result, only the 

resonance band for the transverse mode displays in the 

corresponding extinction spectrum while the absorption band for the 

longitudinal mode is inhibited. Figure 1a shows the simulated 

extinction spectra of a AuNR with its orientation varying from 

parallel to perpendicular to the direction of incident light, obtained 

using the discrete dipole approximation (DDA, see details in the 

supporting information).18, 19 It can be clearly seen that the intensity 

of the longitudinal mode of the AuNR decreases monotonically 

when the angle between the gold nanorod and incident light changes 

from 90 to 0º. The angular dependence of the intensity of the two 

resonance modes can be revealed more clearly by plotting the ratio 

of the intensity of longitudinal to transverse modes against the 

relative angle between the AuNR and the incident light. As shown in 

Figure 1b, the intensity ratio increases monotonically with the 

increasing angle. Thus, it is expected that plasmonic tuning can be 

achieved by controlling the orientation of AuNRs. In our previous 

work, we have revealed selective excitation of the two LSPR modes 

of AuNRs can be achieved by controlling their orientation via 

external magnetic fields.20  

  

Figure 1. (a) DDA simulations of extinction efficiency spectra of one AuNR 
(cylinder with hemispherical end-caps, length: 42nm, diameter: 16nm, 7584 

dipoles were used in the calculation) in different orientations under unpolarized 

incident light. (b) The intensity ratio of longitudinal and transverse modes of one 

AuNR in different orientations based on DDA simulations. 

In this work, we report a new pressure sensor that can be used to 

monitor applied pressure based on the orientational dependence of 

LSPR of AuNRs upon the incidence of ordinary light. Figure 2a 

illustrates our design principle. The pressure sensor is composed of a 
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composite film in which AuNRs are homogeneously embedded in a 

polymer matrix.21 Initially, AuNRs are randomly oriented.15 When 

the composite film is subjected to an external pressure, polymer flow 

is induced in the plane perpendicular to the force direction and 

AuNRs are expected to rotate in this flow field. The realignment of 

the AuNRs to a more ordered state causes changes in the relative 

intensity of the two LSPR absorption bands.22, 23 A pressure sensor 

can thus be established by correlating the applied pressure with the 

change in the optical property of the composite film. 

To understand the realignment behavior of embedded AuNRs in the 

polymer matrix when subjected to an external pressure, we here 

qualitatively describe the rotation of AuNRs from mechanical force 

analysis. When the composite film is subjected to an external force F 

which is perpendicular to the film plain, a radial flow of the polymer 

will be induced. For the sake of simplicity of analysis, we only 

consider the planar deformation of the composite film and assume 

that the total volume remains unchanged during polymer 

deformation. As shown in the cross sectional view in Figure 2b, a 

simple planar extensional flow is expected in the polymer matrix. 

The vertical component of the flow velocity is supposed to decrease 

with the increase of the depth of the film, while the horizontal 

component of the flow velocity is supposed to increase with the 

increase in the distance from the central point of the force. The 

suspended nanorods under this velocity gradient are expected to 

show rotational and translational movements.  Since the orientation-

dependent plasmonic property of AuNRs is only sensitive to the 

relative angle between the long axis of nanorod and the incident 

direction of the light (which is typically normal to the film surface), 

here we can simply consider the orientation change of AuNRs 

relative to the direction of z axis.  

 

 

Figure 2. (a) Schematic illustration of the design of the stress-responsive film 
based on direction related change of LSPR of AuNRs. (b) Velocity distribution of 

the polymer during deformation. (c) Coordinate system used for the analysis of the 

direction change of a single particle with aspect ratio r in a simple planar 

extensional flow. 

 

The rotational motion for rigid cylindrical particles in an extensional 

flow can be described by Jeffery equations.24 In a simple planar 

extensional flow ( / / 2u ρ γ
•

∂ ∂ = , /u z γ
•

∂ ∂ = − , where u is the fluid 

velocity, γ
•
 is the deformation rate in the thickness direction which 

changes with time), as shown in Figure 2c, the angle in the ρz plane 

(which corresponds to the cross section shown in Fig 2b) of a single 

particle with aspect ratio r is given in the equation (the derivation 

details are shown in the supporting information):  
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where θ is the azimuthal angle at time t,  θ0 is the azimuthal angle at 

initial stage (0 s), re is the ‘equivalent ellipsoidal’ axis ratio of the 

particle (re=1.14r0.844),25 γ is the cumulative deformation ( dtγ γ
•

= ∫ ). 

So after the deformation of the polymer, the orientation of AuNRs 

changes from its original random state to a new state which is more 

inclined towards the direction perpendicular to the external force. 

Thus, it is expected that the intensity ratio of the two resonance 

modes of AuNRs (Ilong/Itrans) should increase after experiencing 

external forces, and in principle such change can be used to indicate 

the pressure that the system has experienced. 

To fabricate the composite film, we first synthesized AuNRs using a 

slightly modified version of the seed-mediated growth method 

reported by El-Sayed et al.13 Then the AuNRs were dispersed in the 

mixed solution of polyvinyl alcohol (PVA) and polyethylene glycol 

(PEG) to form a viscous suspension, which was finally casted on a 

substrate to produce a composite film after evaporation of the 

solvent. PVA was chosen due to its excellent solubility in water, low 

optical absorption in visible range, relatively strong adhesion to Au 

surface, and good film forming property by solution casting.15 PEG 

(typically PEG-400), which is fully mixable with PVA, is known as 

a good plasticizer that can improve the fluidity of the composite 

film.21  

Compared with AuNRs solution, the AuNR-polymer films show 

slight red shift in the resonance peak (Figure S2) due to the increase 

in refractive index of the surrounding medium (1.333 for water, 

1.519 for PVA, 1.467 for PEG). No peak broadening was observed 

in the spectra, indicating that AuNRs were well-dispersed in the 

composite polymer without much aggregation.15, 22 The thickness of 

AuNR-polymer film was about 400µm, as estimated from the cross 

section of the film by an optical microscope (Figure S3). The gold 

concentration per composite film area was estimated to be 0.15 - 

0.20 mg/cm2. The volume fraction of AuNRs was much smaller than 

the square of aspect ratio 1/r2, thus qualifying our system as a dilute 

suspension in which nanorods can freely rotate.26 Indeed, the 

calculated average interparticle spacing of AuNRs is much greater 

than their own dimension so that AuNRs are free to move and rotate, 

making it possible to use the film deformation for pressure sensing.  

In order to perform compression test, AuNR-polymer composite 

films were first cut into small circular pieces with a diameter of 3 

mm using a homemade puncher. These pieces of films have the same 

initial area as the compression area of sapphire anvil cell (SAC). The 

samples were then loaded into the anvil cell and constant forces were 

applied by adding weight onto the homemade device used for in-situ 

real-time UV-vis measurement, as shown in Figure S4. The pressure 

applied on the sample was calculated by dividing the force by the 

compression area of SAC. 

To evaluate the performance of the composite films, we first applied 

a constant pressure (2×103 psi) to one AuNR-polymer film for a 

period of 5 min. It was obvious that the intensity of both transverse 

and longitudinal excitations of AuNRs decreased during 

compression, as indicated in Figure 3a. This can be ascribed to the 

decrease in the area concentration of AuNRs due to the expansion of 

the area of composite film and the decrease in thickness upon the 

application of pressure. On the other hand, the peak position of two 
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modes of LSPR did not change during compression, indicating no 

obvious change in the shape of AuNRs. However, the change in the 

relative intensity of the two resonance bands was not as dramatic as 

expected from the simulation. This is mainly because the extinction 

spectra obtained by the DDA simulation are for one AuNR with a 

defined orientation, while the actual composite film is composed of 

many AuNRs with various orientations and aspect ratios. Also in 

reality the film expansion is often not substantial so that the 

orientational change of AuNRs in the polymer flow is limited. 

 
 

 

Figure 3. (a) The absorbance spectra of AuNRs in polymer after experiencing a 
fixed pressure for different time. For the sake of clarity, the curves are arbitrarily 

shifted along the y-axis. (b) Definition of the intensity of transverse and 

longitudinal mode of LSPR of AuNRs. (c) Plot of ∆(H1/H2) for one AuNR 

changing orientation derived from the DDA simulation results. The angle between 

the AuNR and incident light is initially set as 45º and increases in the step of 1º. (d) 
Plot of ∆(H1/H2) for film experiencing a fixed pressure for different time derived 

from the absorbance spectra in (a). 

Quantitative analysis of the changes of transverse and longitudinal 

modes requires defining a proper baseline for the resonance bands.  

For the sake of simplicity, we choose left shoulder of the band as the 

baseline of the transverse mode while right shoulder as the baseline 

of the longitudinal mode, as schematically shown in Figure 3b. The 

intensity of the transverse and longitudinal modes of LSPR was 

denoted as H1 and H2, respectively. It is noted that the baseline for 

the transverse absorption peak is much higher than that for the 

longitudinal absorption peak. This is because there exists non-LSPR 

absorption from 5d electron transition in the extinction profile before 

496 nm and this portion of extinction should not be included in an 

LSPR absorption peak.27  

As discussed before, the ratio between these two modes of surface 

plasmon resonance H1/H2 is related only to the AuNR direction. To 

clearly correlate the small changes in relative intensity of the 

resonance bands to the orientational change of the nanorods, we 

define ∆(H1/H2) as follows  

0

0

( 1 / 2) ( 1 / 2)
( 1 / 2)

( 1 / 2)

t
H H H H

H H
H H

−
∆ =                    (2) 

where (H1/H2)0 and (H1/H2)t are the intensity ratios between two 

modes at initial stage (0 s) and time t, respectively. We first 

confirmed the significant dependence of ∆(H1/H2) on the orientation 

of the nanorods using the simulated data.  As shown in Figure 3c, if 

we set the initial angle of a AuNR relative to the incident light at 

45º, and allow it to rotate for just a few degrees, the ratio between 

the two modes of LSPR changes significantly. For example, when 

the angle between the AuNR and the incident light increases for 3º, 

∆(H1/H2) can reach 16.32 %, demonstrating the suitability of using 

this value for studying the plasmonic changes associated with the 

small variation in the orientation of AuNRs. Its effectiveness is also 

confirmed by treating the extinction spectra of the composite film 

after experiencing the pressure for different period of time (Figure 

3a). The corresponding ∆(H1/H2) values, as shown in Figure 3d, 

vary more obviously than the extinction spectra themselves. 

As indicated in Equation 1, the change of azimuthal angle of AuNRs 

is expected to increase with an increase in the cumulative 

deformation. Burgers model composed of Maxwell spring, Maxwell 

dashpot, and Kelvin unit is widely used to analyze the viscoelasticity 

of materials, and can give the strain response under constant stress. 

The cumulative deformation γ  at time t can be expressed as:28 

( )/0 0 01 e t

M K M

t
E E

τσ σ σ
γ

η
−= + − +                             (3)                        

where σ0 is the initially applied stress; EM and ηM are the modulus and 

viscosity of the Maxwell spring and dashpot, respectively; EK and ηK 

are the modulus and viscosity of the Kelvin spring and dashpot, 

respectively; τ= ηK/EK is the retardation time taken to produce (1-e-1) 

of the total deformation in the Kelvin unit. The first term is constant 

and can describe the instantaneous elastic deformation; the second 

term is delayed elasticity of the Kelvin unit and dominant in the 

earliest stage of creep, but soon goes to a saturation value close to 

σ0/EK; the third term describes the viscous flow which then increases 

nearly linearly after a sufficient long period of loading. So the creep 

of polymer is divided into three stages: the first is the instantaneous 

elastic stage; the second is the transition stage of creep in which the 

deformation rate decreases; and the third is the steady stage of creep 

in which the deformation rate changes very little. The Equations 1 

and 3 suggest that the azimuthal angle of AuNRs with a fixed aspect 

ratio in the radial profile of composite film is expected to increase 

with an increase in the intensity and duration of applied stress. 

Accordingly, the ratio between the transverse and longitudinal 

excitation modes will decrease, leading to a change of ∆(H1/H2). To 

verify this assumption, we applied different pressures (4×103, 3×103, 

2×103 and 1×103 psi) to a batch of composite films for the same 

period of time. During pressing, the changes of extinction spectra for 

a series of application time (10 s, 1 min, 3 min and 5 min) were 

recorded.  Figure 4a plots the dependence of ∆(H1/H2) on the 

pressure applied on the film for a series of application time.  When 

keeping the applied pressure constant, we found that ∆(H1/H2) 

increased very quickly in the first 10 s, then the increase slowed 

down, and remained almost unchanged after 1 min. Using the 

relationship of ∆(H1/H2) and orientation change shown in Figure 3c, 

we can obtain the orientation change of AuNRs in films with time, 

as shown in Figure S5. It is found that the angle between the AuNR 

and incident light increased very quickly first, which corresponds to  

instantaneous elastic deformation; then the angular velocity slowed 

down eventually, which corresponds to the transition stage of creep; 

finally the angle between the AuNR and incident light remained 

almost unchanged, which corresponds  to the steady stage of creep. 

When we fixed the duration of applied stress at 3 min, ∆(H1/H2) at 

pressure 1×103, 2×103, 3×103  and 4×103 psi is 6.73 % , 16.25 % , 

22.88 % and 27.40 %, respectively, as shown in Figure 4b. As 

expected, the composite films show larger directional changes under 

higher pressures. These experimental results are consistent well with 

our theoretical considerations. The polymer flow-induced directional 

change of AuNRs can be utilized for constructing pressure sensors 

that can reflect the mechanical stress experienced by the composite 

film, as long as the relation between ∆(H1/H2) and the applied stress 

at a series of fixed duration can be pre-established for a particular 

type of composite film. 
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Figure 4. (a) Plots of ∆(H1/H2) for films experiencing different pressures for a 

series of application time. (b) Plot of ∆(H1/H2) for films that experienced different 
pressures for 3 min. 

As demonstrated in Equation 1, AuNRs with larger aspect ratio tend 

to incline more in the direction perpendicular to the applied stress. 

To verify this assumption, we applied a fixed pressure (4×103 psi) to 

composite films containing AuNRs with different aspect ratios for 

the same period of time. Figure 5a shows the dependence of 

∆(H1/H2) on the aspect ratio of AuNRs. While the film containing 

AuNRs with aspect ratio 2.06 reached a ratio change of 24.15 %, the 

increase of aspect ratio of AuNRs led to a larger response to the 

same external pressure, with ∆(H1/H2) rising to 27.40 % for the case 

of aspect ratio 2.31 and 35.26 % for the case of aspect ratio 2.60. 

This result is consistent with the theoretical consideration: when the 

AuNRs are more inclined in the direction perpendicular to the 

applied pressure, the ratio change of the two LSPR modes increases 

more.  

The Equations 1 and 3 also suggest that ∆(H1/H2) is related to the 

viscoelasticity of polymer if the applied stress is fixed. To extend the 

pressure response range and also adjust the sensitivity of the AuNR-

polymer composite film, we can adjust the fluidity of polymer by 

controlling the ratio between PVA and PEG. With increased loading 

of PEG in the polymer, the deformation of the composite film 

became more sensitive to the applied pressure, as reflected in the 

change of extinction spectra of the AuNR-polymer composite film. 

By keeping the pressure (4×103 psi) and the application time (3 min) 

fixed, we examined the ∆(H1/H2) of the composite film containing 

AuNRs with a fixed aspect ratio of 2.31. As shown in Figure 5b, 

while the sample containing 20 wt% PEG only reached a small 

∆(H1/H2) (9.98 %), the increase of the concentration of PEG led to 

more significant response to the external pressure with ∆(H1/H2) 

rising to 14.49 %, 20.91 %, 27.40 %, 33.57 % for the cases with 30 

wt%, 40 wt%, 50 wt%, 60 wt% of PEG. These results clearly show 

that the orientational change of AuNRs in the polymer film is more 

significant in a more flexible film which contains a larger amount of 

PEG. Therefore, by changing the amount of plasticizer, it becomes 

possible to produce polymer films with different pressure sensitivity 

for a wide range of pressure detection. 

 

 

Figure 5. (a) Plot of ∆(H1/H2) for films containing AuNRs with different aspect 
ratios that experienced 4×10

3
 psi for 3 min. (b) Plot of ∆(H1/H2) for films doped 

with different amounts of PEG being treated with 4×10
3
 psi for 3 min. 

In summary, we have developed a pressure-responsive film based on 

the orientational dependence of the LSPR of AuNRs. Driven by the 

deformation of the surrounding polymer matrix under pressure, 

AuNRs change their orientation and subsequently the intensity ratio 

of transverse and longitudinal modes of LSPR. While the magnitude 

of change in the intensity ratio of the two resonance modes depends 

on the intensity and duration of applied pressure, it can also be 

controlled by the aspect ratio of the AuNRs and the fluidity of the 

polymer matrix. Compared with conventional mechanical/electronic 

pressure sensors which are considerably bulky and not suitable for 

applications that involve very small areas or objects with complex 

surface geometries, this unique pressure indicating film is versatile 

and can be utilized to record the local distribution and magnitude of 

pressure between two contacting surfaces with complex topological 

conditions by outputting optical response. This work also illustrates 

that the orientational dependence of LSPR of anisotropic plasmonic 

nanostructures may be employed to design novel stimuli responsive 

devices.  Our future work will include replacing Au with Ag which 

is cheaper and has much stronger plasmonic response in order to 

reduce the materials cost. For broader applications, we will also 

explore the possibilities of enhancing the response rate and enabling 

reversible sensing by selecting appropriate polymer matrix. 
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