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Abstract— A novel highly stretchable gas sensor is reported 

that is based on popup antenna reconfiguration due to the 

strain induced by the swelling of a polydimethylsiloxane 

(PDMS) substrate when exposed to diethyl ether. When the 

swollen substrate is removed from the volatile solvent 

environment, the PDMS volume increase is reversed leading to 

compressive stress in an attached antenna transforming a 2D 

structure to a 3D structure through mechanically induced 

shaping. This provides a low cost and simple route to tune the 

antenna resonant frequency and gain in direct response to a 

chemical stimulus. Our proposed solvent sensor is able to 

measure 0 to 60% PDMS swelling corresponding to diethyl 

ether concentrations up to 1620 ppm via a resonant frequency 

shift from 4 to 2.4 GHz. A fatigue life study indicated 𝟏𝟎𝟑.𝟓  life 

cycles which demonstrates the durability of these sensors to 

accommodate large strain and repeatability of the sensing 

process. Multiphysics Finite Element Method (FEM) modelling 

of the mechanical and RF simulations along with analytical 

results based on an equivalent circuit model were in good 

agreement with experimental data and demonstrate the 

potential of these structures as sensors. 

 
Index Terms—Compressive stress, popup antenna, diethyl 

ether, vapor, PDMS, sensor. 

I. INTRODUCTION 

hemical vapor environmental exposure can occur from 

accidental spill during manufacture, distribution, and 

handling. These gases are often combustive and can threaten 

public safety [1]. Therefore, designing cost effective low 

profile wireless sensors capable of monitoring the presence 

of chemical vapor is of great interest. Diethyl ether is a 

common laboratory solvent extensively used in chemical 

and pharmaceutical industries and as an anesthetic for 

humans in developing countries. Inhalation can irritate the 

throat and nose, and long-term exposure can cause 

drowsiness, respiratory issues or even death [2], [3]. It is a 

volatile chemical that is highly flammable and potentially 

explosive. Thus, the hazards associated with diethyl ether 

make monitoring necessary.  

   To date various attempts have been made to integrate 

smart materials into antenna designs for wireless gas sensing 

[4]-[12]. For example, changes to the conductivity of carbon 

nanotubes or graphene integrated in an antenna, in the 

presence of chemical vapors led to a shift in resonant 

frequency [4]-[10]. Furthermore, the variation in optical, 

electrical and chemical properties of customized 

 
 Manuscript received 24/06/2019 

The authors are with the School of Engineering and Digital Arts, University 
of Kent, Canterbury CT2 7NZ, U.K. (e-mail: ss969@kent.ac.uk). 

nanoparticle dispersion inks with exposure to a particular 

gas to tune antenna responses have been exploited.  For 

instance, the authors of [11] proposed a gas sensor by 

embedding an electrode coated with copper acetate-based 

chemi-resistive ink in a loop antenna, while [12] integrated 

Tin oxide (SnO2) nanoparticles into a microstrip patch for 

detection of ethylene gas. However, the reported materials 

and fabrication processes can be expensive and complex.   

   The potential of PDMS (polydimethylsiloxane) swelling 

in sensing applications is reported in [13]-[21] with antenna 

properties when embedded in PDMS substrate in [22]-[25]. 

These studies focused on the substrate flexibility due to its 

low Young’s modulus (less than 2 MPa) at room 

temperature [26]. However, only a few publications have 

applied the swelling behavior of PDMS to vapor detection 

[27], [28]. These designs are spacious and complex, 

respectively. This paper contributes by combining the 

swelling properties of PDMS on exposure to chemical vapor 

with the compressive buckling technique reported in [29]-

[35] to introduce a state of the art and robust design for a 

highly stretchable gas sensor. The elastomeric nature of the 

substrate allows it to conform to different mounting surfaces 

[36] and the compressive buckling mechanism transforms 

the planar antenna design to 3D without complicated 

fabrication methods. Previous literature has focused on the 

mechanical aspects of the method and to the authors’ 

knowledge, no research has been reported to use this 

technique for engineering the antenna performance. This 

paper is organized as follows, Section II describes the design 

and simulation procedure. A lumped element model to 

estimate the antenna resonant frequency is described in 

Section III. Section IV analyzes the analytical and numerical 

results. In Section V experimental outcomes are discussed 

and Section VI concludes the paper. 

II. SENSOR DESIGN AND WORKING PRINCIPLE 

   The proposed vapor sensor mechanism is based on the 

resonant frequency shift of a half wavelength dipole antenna 

made of 30 μm thick copper by swelling and deswelling of 

its elastomeric substrate. The antenna was designed at 

2.4 GHz when flat on a double-layer substrate comprising a 

top layer of thin PDMS and a bottom layer of high 

permittivity ceramic. In order to achieve a stretchable 

layout, the dipole is selectively bonded to the fully swollen 

PDMS substrate. This enables the unbonded sections to 
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buckle out of plane in response to the induced strain from 

PDMS swelling and deswelling to avoid fracture. Fig. 1 

presents a schematic of the described system including the 

dipole, PDMS and ceramic substrate. The proposed antenna 

was designed for 3 different swelling PDMS thicknesses of 

0.4 mm, 0.8 mm and 1 mm. All geometrical dimensions and 

electrical parameters are given in Table I and Table II, 

respectively. Note that the dimension values in Table I are 

for PDMS before swelling.     

  
TABLE II 

ELECTRICAL PROPERTIES OF THE SUBSTRATES USED IN THE SENSOR 

DESIGN 

 
           * At the end of a complete diethyl ether vapor exposure cycle. 
         K denotes the relative permittivity. 

   All dielectric properties were measured and averaged in 

the frequency range of 2.4 GHz to 4 GHz using a SPEAG 

Dak 3.5 probe with a Rohde and Schwarz ZVL 6 GHz 

network analyzer using the manufacturer procedure [37]. 

        
  Fig. 1. Geometry of the designed half wavelength dipole antenna.                
  

  A modified equivalent circuit model was proposed to 

describe the popup dipole antenna [38], [39]. This RLC 

circuit was validated through comparison to multi-physics 

simulations which were divided into three steps: 

1- Electromagnetic simulation to design a planar half 

wave dipole antenna selectively bonded to a fully 

swollen PDMS substrate at 2.4 GHz. Fully swollen 

PDMS was modeled by considering 60% biaxial 

 

 

 

 

 

 

strain (𝑙2
𝑆𝑤𝑜𝑙𝑙𝑒𝑛 = 80 𝑚𝑚, 𝑊2

𝑆𝑤𝑜𝑙𝑙𝑒𝑛 = 28.8 𝑚) 

and assigning the measured electrical properties 

(KSwollen PDMS and Conductivity Swollen PDMS) reported in 

Table II. Thickness increment in the fully swollen 

PDMS was theoretically predicted by the Flory–

Huggins model [40] which shows 48 μm increase 

in the PDMS thickness. 

2- Mechanics simulation to model the antenna 

deformation with respect to 0 to 60% strain release 

in the elastomeric substrate. Strain is: 𝜀𝑥 =
∆𝑙2

𝑙2
⁄ and 𝜀𝑦 =

∆𝑊2
𝑊2

⁄ , where 𝑙2 and 𝑊2 are the 

length and width of the PDMS support before 

swelling. Note that, based on the simulation results, 

60 % biaxial deformation of the PDMS substrate is 

the maximum strain level leading to a buckled 

antenna without the adjacent buckled sections 

becoming short-circuited. Therefore, 60% swollen 

PDMS is considered as fully swollen throughout 

this paper.  

3- Electromagnetics simulation of the deformed 

antenna resulting from step 2 on a relaxed PDMS.                  

 

   The finite element method was adopted in electromagnetic 

simulations to calculate return loss values of the antenna. 

The simulations were performed using COMSOL 

multiphysics v. 5.3a [41] in which adaptive meshing 

convergence were used. For efficiency and simplicity, all the 

metal layers are modeled with transition boundary condition 

with prescribed thicknesses. 

   The designed dipole was coupled to the structural 

mechanics module in COMSOL Multiphysics® software for 

evaluating the antenna shape after releasing 0-60% biaxial 

strain due to the PDMS swelling in the presence of chemical 

vapor (Fig. 2). The degree of PDMS swelling in exposure to 

diethyl ether was measured experimentally and will be 

discussed in detail in Section V.  

To model the PDMS, a Young’s modulus of 549 kPa, a 

Poisson ratio of 0.5 and mass density of 927 kg/m3 were used 

as the materials is considered as a nearly incompressible 

hyperelastic material [42]. The Yeo model in the nonlinear 

structural materials module of COMSOL was used to 

simulate the mechanical behavior of the substrate which can 

appropriately fit the measured nonlinear stress-strain data of 

isotropic elastic materials [43]. The strain energy density 

function for this hyperelasic model is given by: 

 

𝑊 = ∑ 𝑐i(𝐼1 − 3)𝑖3
𝑖=1                     (1) 

Parameters l1 W1 l2 W2 l3 W3 F T3 

T2=0.4 T2=0.8 T2=1 

dimensions (mm) 16.31 17.68 18 1 50 18 80 30 3 1 

Electrical  constant Value 

𝐊𝐏𝐃𝐌𝐒  2.55 

𝐂𝐨𝐧𝐝𝐮𝐜𝐭𝐢𝐯𝐢𝐭𝐲𝐏𝐃𝐌𝐒 (S/m) 2 × 10−5 

𝐊𝐂𝐞𝐫𝐚𝐦𝐢𝐜 20 

𝐂𝐨𝐧𝐝𝐮𝐜𝐭𝐢𝐯𝐢𝐭𝐲𝐂𝐞𝐫𝐚𝐦𝐢𝐜 (S/m) 10−11 

𝐊 𝐒𝐰𝐨𝐥𝐥𝐞𝐧 𝐏𝐃𝐌𝐒*  2.8±0.04 

𝐂𝐨𝐧𝐝𝐮𝐜𝐭𝐢𝐯𝐢𝐭𝐲𝐒𝐰𝐨𝐥𝐥𝐞𝐧 𝐏𝐃𝐌𝐒 ∗
 (S/m) 

0.13±0.004 

                                                              TABLE I 

PARAMETERS FOR THE DESIGNED ANTENNA 
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where W is strain energy density function, I1 is the first 

invariant of the Cauchy-Green deformation tensor, c1, c2 

and c3 are Yeo material parameters with values of 36.85, 

5.81 and 0.97 kPa respectively.  

   The high permittivity ceramic (commercial name: E-20) is   

a MgTiO3-CaTiO3 composite provided by T-Ceram [44].    

Its function is to reduce the dipole length by dielectric 

loading and increase the amount of frequency shift after 

deformation. The simulated antenna was fed with 50 Ω 

coaxial cable and a perfectly matched layer (PML) was used 

for the radiation boundary condition. Mesh refinement was 

adopted to increase the simulation accuracy. 

III. EQUIVALENT CIRCUIT MODEL 

   The popup dipole antenna is a buckled version of its 

straight counterpart with similarities in terms of radiation 

pattern and current distribution. In [38] a four element 

circuit model for a straight dipole antenna was derived 

which can be adapted to the popup dipole antenna by altering 

the lumped components values, Fig. 3(a). The proposed 

circuit model including L31, R31, C31 and C32 represents the 

feed-point impedance of a half wavelength dipole and the 

element values depend only on the physical dimensions of 

the antenna. To adapt the model, we need to consider the 

post-buckling behavior of the antenna. As shown in Fig. 2 

the buckled structure is formed by compressive buckling of 

a flat 2D ribbon which is bonded at either end to a strained 

elastomeric support. Relaxing the strain induces 

compressive forces which buckle the ribbon into an arc, 

Fig. 3(c). The compressive strain (𝜀𝑐𝑜𝑚𝑝) induced in the 

antenna is defined as [34]: 

                  𝜀𝑐𝑜𝑚𝑝 = −
𝑙𝑟𝑖𝑏

0 −𝑙𝑟𝑖𝑏

𝑙𝑟𝑖𝑏
0                              (2) 

where 𝑙𝑟𝑖𝑏  is the distance between bonding sites after 

compression and 𝑙𝑟𝑖𝑏
0  is the total length of the ribbon  

 

between two bonding sites. The vertical displacements of the 

ribbon during the buckling were considered in [34]-[36] and 

the static deflection amplitude of the buckled ribbon (A) is 

given by [34]: 

              𝐴 =
2𝑙𝑟𝑖𝑏

0

𝜋
 √

𝑙𝑟𝑖𝑏
0 −𝑙𝑟𝑖𝑏

𝑙𝑟𝑖𝑏
0 − 𝜖𝑐                     (3) 

 
where 𝜀𝑐 = 𝜋2ℎ2/[3(𝑙𝑟𝑖𝑏

0 )2] is the critical strain for the 

buckling of the ribbon antenna which is the maximum strain 

that the antenna can bear while staying flat and h is the 

ribbon thickness (30𝜇𝑚). By substituting the post buckling 

parameters into the equations derived in [38], the value of 

each lumped element in the equivalent circuit model can be 

calculated by (4)-(6). 

            C31 =   {
12.0674(Nlrib)

(log(
2Nlrib

T
)−0.7245)

}  pF                     (4)   

    

C32 = 2Nlrib {
0.89075
0.89075

((log(
2Nlrib

T ))0.8006−0.861)

− 0.02541}  pF (5)                 

𝐿31 = 0.2 𝑙1  {(1.4813 𝑙𝑜𝑔 (
2𝑙1

𝑇
))1.012  

− 0.6188}  𝜇𝐻                                        (6) 

where  𝑙𝑟𝑖𝑏 =
𝑙𝑟𝑖𝑏
0

(1+𝜀𝑎𝑝𝑝)
, 𝜀𝑎𝑝𝑝 is the strain value in the PDMS, 

N is the number of bends,  𝑇 =
𝑊1

4
, 𝑙1 is the length of each 

dipole arm and W1 is the width. As the total length of the 

buckled ribbon has not changed, the self-inductance L31 is 

approximately equal to the self-inductance of a straight 

dipole. However, buckling introduces mutual capacitances 

between adjacent ribbon arcs that form a meander section. 

The mutual capacitance of a meander section is given by: 

 

Fig. 2. Schematic illustration of the designed popup sensor by mechanically guided 3D assembly through PDMS swelling and deswelling. 
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𝐶𝑚 =
𝜋𝐾0𝐴

𝑙𝑛[(
𝑙𝑟𝑖𝑏

𝑇
)+√(

𝑙𝑟𝑖𝑏
𝑇

)
2

−1]

                  (7) 

where K0 is the relative permittivity of free space. The 

resonant frequency shift can be described in terms of the 

variation in the antenna capacitance. Therefore, the resonant 

frequency 𝑓0 of a popup dipole is as follows: 

 

𝑓0 =
1

2𝜋√𝐿31(𝐶31+𝐶32+
𝐶𝑚

2𝑁)⁄ )
                  (8) 

    To validate our proposed theoretical model, the predicted 

resonant frequencies of the dipole antenna with N=2 over 0 

to 60% strain in the PDMS substrate are compared with 

numerical simulations in COMSOL Multiphysics and 

presented in Fig. 4. The largest deviation in the resonant 

frequency observed between our model and simulation 

result was 3.8%. 

 
 Fig. 3 (a) Equivalent circuit model used for modeling popup dipole antenna 

[38], (b) Surface current (A/m) on the buckling dipole after deswelling and 

returning to the original PDMS size, (c) Diagram of mechanics model for a 
meander section of a buckled ribbon. 

Fig. 4. Resonant frequency as a function of strain value in PDMS (𝜀𝑎𝑝𝑝). 

Plot compares the results from numerical simulation in COMSOL and 

predictions from geometry-based model. Note that N=2 in this study. 

IV. NUMERICAL RESULTS AND DISCUSSION  

    In order to study the effect of thickness on the antenna 

input reflection coefficient (S11) and the effect on sensitivity 

when the sensors are repeatedly stressed and relaxed, three 

sensor designs with PDSM thicknesses of 0.4, 0.8 and 1mm  

on a 1mm ceramic substrate are considered. Initially, a 

dipole was designed for 2.4 GHz on 0.4 mm thick PDMS. 

The antenna and substrate were placed on a 1 mm thick 

high-permittivity ceramic substrate to reduce the antenna 

size. In the next step, the model was coupled to the 

COMSOL mechanics simulation module to capture all 

mechanics aspects of 2D to 3D antenna transformation 

process including strain distribution during compressive 

buckling after releasing 0 to 60% strain in the PDMS. These 

amounts of strain are due to the PDMS swelling after 

exposure to specific concentrations of diethyl ether and will 

be discussed in Section V.  Hollow shell mesh elements were 

used for the 2D precursor of copper ribbon which is a good 

conductor with small skin depth meaning the hollow 

elements will adequately model current flow, while 

dielectric materials (PDMS and ceramic) require solid 

elements as E-field penetrates them. The load ramping 

technique was applied to model the nonlinear buckling 

process. This method solves a nonlinear problem with 

gradually increasing load values and using the solutions 

from each step as the starting value for the next step [45]. 

As the structure will become unstable when a load reaches 

its buckling value, applying load in small steps helps for 

better convergence. By changing the number of bonding 

sites between dipole and PDMS, the number of buckles (N) 

in each arm of the dipole can be determined. Fig. 5 presents 

the Von Mises stress (MPa) in both the antenna (for N = 2 

and N = 5) and PDMS substrate (with 60% strain release). It 

can be seen that the amount of stress at the bend apexes plus 

the locations near the bonding sites is higher than all other 

locations for all dipole configurations. This high amount of 

cyclic stress could cause damage to the substrate and dipole 

after a finite number of cycles.  

Fig. 5. Von Mises stress (MPa) in the antenna and substrate after release of 

60% strain in the PDMS for N=2 & 5. 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2019.2952827, IEEE Sensors
Journal

5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Simulation results show that the maximum level of stress on 

the dipole significantly increases for higher values of N, and  

the number of high stress regions increases with N.  As the 

PDMS substrate has a Young's modulus nearly 5 orders of 

magnitude lower than the metallic ribbon (Ecopper = 130 

GPa), there are high stress levels at the bonding sites.   

   In the final step, the buckled antenna was again coupled to 

the RF simulation to determine the amount of resonant 

frequency shift in the S11 plot. When planar, the high 

permittivity substrate serves to reduce the antenna electrical 

size. When buckled, the popup structure achieves a 

reduction in length by expanding the antenna into the third 

dimension off the substrate. During nonlinear buckling the 

dipole is bent severely and the number of bends, the height 

from the PDMS substrate, and finally the distance between 

neighboring conductors in each arc are crucial factors in 

determining the amount of resonant frequency shift. The 

currents flow in opposite directions on adjacent vertical 

paths and have a cancelling effect, Fig. 3(b), which is 

stronger when the antenna has multiple bends which are 

closely packed. In this case, the effective electrical length of 

the antenna becomes smaller while the physical length 

remains constant. During compressive buckling, mutual 

series capacitance arises between the two dipole arms which 

decreases the overall capacitance. This factor as well as the 

reduced dielectric loading caused by the separation between 

the substrate and the bent dipole leads to a resonant 

frequency up-shift. Fig. 6 shows the simulated resonant 

frequency (GHz) versus strain values in the PDMS substrate 

for N values of 1 to 5. The up-shift in the S11 graph, confirms 

that the dipole becomes electrically shorter as expected.  The 

impedance match varies with N=2 or N=3 providing the best 

match. Although antennas with N > 2 show better frequency 

shift (and better impedance match for N = 3), in order to  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

decide which N value is optimum, the mechanical 

performance must also be considered. As discussed, cyclic 

mechanical buckling exerts stress at the antenna–elastomer 

bonding sites which could lead to eventual failure. 

Therefore, the mechanical aspects of the design as well as 

durability should be taken into account and a fatigue study 

is presented to characterize the optimum N value. Fatigue is 

a primary cause of damage to structures when subjected to 

a cyclic loading and can lead to failure at loads below the 

yield stress limit. The fatigue mechanism consists of crack 

initiation and crack propagation which leads to progressive 

and unrecoverable damage. Therefore, the number of cycles 

required for fatigue crack initiation with the COMSOL 

Multiphysics fatigue module was studied. A stress-life 

method using the Wöhler curve approach [46] was applied 

to predict the number of stress cycles the dipole sustains 

before failure. Fig. 7 presents the fatigue study results for 

the buckled dipole where it can be seen that the peaks and 

the bonding sites are the locations most likely to fail. The 

possibility of failure at these points is almost a thousand 

times higher than other locations. The practical values will 

be somewhat lower in practice because the FEA simulation 

assumes a perfect bonding of dipole with PDMS substrate 

without any delamination, while in experiment, all bonds 

are imperfect. Similarly, by investigating the stress at the 

bonding locations (Fig. 5) it was realized that with more 

buckles (N) and thus larger bend angles at the bonding sites 

the possibility of failure due to the fatigue increases. 

Therefore, N = 2 is considered as an optimum value for the 

remaining analysis as it provides a good input match with 

a lower fatigue risk. The same 0 to 60% strain analysis was 

performed on a 0.8 mm PDMS substrate causing a frequency 

shift from 3.74 GHz to 2.4 GHz and on a 1 mm thick 

substrate causing a shift of 3.58 GHz to 2.4 GHz. Fig. 8 

Fig. 6.  Resonant frequency shift vs strain value in the PDMS substrate for the half wave length dipole antenna with buckled sections N = 1 to N=5. 

Inset figure presents reflection coefficient (dB) versus frequency (GHz) for the sensor in the relaxed mode with unswollen PDMS and shows a good 
antenna match with N=2 and N=3. 
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shows the return loss (S11) plot for 60% strained and strain-

free substrates with different thicknesses of 0.4 mm, 0.8 mm 

and 1 mm. It can be seen that thinner PDMS provides an 

improved antenna input match for both the swollen and 

unswollen modes and the stress simulation results in 

Table III show the maximum Von Mises stress on the PDMS 

substrate decreases with increasing thickness.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

V. EXPERIMENTAL  

    PDMS pads were cast using the procedure mentioned in [27]. 

The test environment was a desiccator with an internal diameter 

of 17 cm, external diameter of 21 cm and internal height of 24 

cm. 50 cm3 of diethyl ether was added to the bottom of the 

desiccator beneath a perforated disk which supported the PDMS 

elastomer while allowing exposure to the vapor. Three 

rectangular PDMS pads with the same width and the length as 

in Table I but different thicknesses of 0.4 mm, 0.8 mm and 1 mm 

were placed onto the perforated disk. A flat glass lid was used to 

seal the desiccator to allow view of the elastomeric substrates. 

To measure the degree of PDMS swelling with respect to the 

vapor exposure time, photographs were taken every 30 s. ImageJ 

software was used to calculate the degree of swelling (biaxial 

strain percentage) in each photograph. Fig. 9(a) presents the 

degree of swelling in the three PDMS samples with thicknesses 

of 0.4 mm, 0.8 mm and 1 mm. From this graph it can be 

concluded that as the original PDMS thickness is decreased, the 

swelling response gets faster and thus response time drops. 

Therefore, 0.4 mm thickness was chosen for the rest of the 

experiment. For fabricating the sensor, three PDMS substrates 

of 0.4 mm were placed in the desiccator for 45 min, this led to 

60 % swelling in the PDMS. At this point, three flat dipoles with 

dimensions given in Table I were bonded to each of the fully 

swollen PDMS substrates with six bonding sites using 

commercial adhesive (Super Glue, Loctite Company). Then the 

samples were removed from the desiccator to deswell. Fig. 9(b) 

presents the fabrication process. When the PDMS/ceramic 

samples with the antennas were completely deswelled, they 

were placed into the desiccator above 50 cm3 diethyl ether and a 

concave lid with a hole was used to allow connection to a 

network analyzer (Rohde and Schwarz ZVL 6 GHz) during 

the gas exposure period. Fig. 9(c) shows the measurement 

set up. By removing the sensors from the desiccator, the 

dielectric constant, conductivity and thickness of PDMS layers 

returned to the pre-exposure values after 25 seconds (for a 

complete exposure cycle). Therefore the sensor could be utilized 

multiple times. Each sensor function was experimentally 

measured twice for a complete cycle of exposure-removal of 

vapor-exposure to reveal fabrication errors. No noticeable 

resonant frequency drift occurred throughout the experiments 

which demonstrated the repeatability of the process. To evaluate 

the sensitivity, the gas concentration needed to trigger a 

noticeable shift in the resonant frequency was determined [47]-

[49]. Table IV presents the vapor concentration in the desiccator 

Maximum 

Von Mises 

Stress 

T2=0.4 mm      T2=0.8 mm T2=1 mm                     

         MPa 9.9 4.8 4.44 

Time 

(min) 

Vapor 

concentration 

(ppm) 

Degree of 

swelling 

(%) 

Frequency shift 

 (∆𝒇 = 𝒇𝟏 − 𝒇𝟐) 

MHz 

              f1=4 GHz 

1 36 10 180 

6 217 20 440 

15 540 30 620 

23 828 40 790 

35 1260 50 1020 

45 1620 60 1520 

Fig. 8.  Return loss (dB) versus frequency (GHz) for half wave dipole 
on a PDMS substrate with thicknesses of 0.4, 0.8 and 1mm for 60% 

strained PDMS and strain-free PDMS substrate. 

 

Fig. 7. Number of cycles to failure for the half wavelength dipole 

antenna on a PDMS substrate after release of 60% strain. 

 
TABLE III 

 MAXIMUM STRESS LEVEL IN THE PDMS SUBSTRATE WITH 

DIFFERENT THICKNESSES 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE IV 
SUMMARY OF MEASUREMENT RESULTS 
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with respect to the exposure time and the range of resonant 

frequency shift due to the PDMS swelling. These values are the 

average performance of three sensor samples with PDMS 

thickness of 0.4 mm. Measurements in Fig 9(d) show that the 

minimum detectable vapor concentration is 36 ppm which 

corresponds to 180 MHz frequency shift and once the sensor is 

activated, it can detect vapor at the minimum rate of 0.6 MHz/ 

ppm (between low and high concentrations) which is better than 

the values reported in the recent publications [4], [10], [12], [13]. 

This rate value is greater (1.1 MHz/ppm) for low vapor 

concentrations (lower than 300 ppm) which is attributed to the 

saturation effect in the PDMS substrate. We repeated the same 

experimental procedure for the solvent acetone. Measurement 

verified that the swelling degree of the PDMS upon exposure to 

the acetone vapor is around 63% lower than for diethyl ether. 

Therefore, by extracting the resonant frequency vs gas 

concentration graph, our proposed sensor can distinguish 

between these two vapors. Fig. 9(d) represents the experimental 

frequency response upon the introduction of various 

concentration of diethyl ether. It is interesting to note that the 

response is linear (slope of -6.23e-4) and Fig 9(e) compares the 

resonant frequency shift with respect to the vapor concentration 

of diethyl ether and acetone. Linear interpolation was used to 

obtain the curves. Finally, we compare the proposed gas 

sensor with previous works in the literature in Table V. 

VI. CONCLUSION 

   The design principle and assembly of a 3D vapor sensor 

based on compressive buckling is reported. The resonant 

frequency of the antenna sensor varies with diethyl ether 

concentration which is attributed to the stretch and 

compression of the antenna through swelling/deswelling of 

the PDMS support. Our proposed sensor has the advantage 

of improved sensitivity, simple fabrication and low cost 

compared to reported alternatives, which makes it a good 

candidate for cost-effective environmental monitoring for 

places such as laboratories and hospitals. Repeatability of 

the sensor performance was verified by both fatigue study 

(simulation) and experiment through measuring the outputs 

of three sensor prototypes and repeating each experiment 

twice. Future research will focus on wireless remote reading 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                             

 

Method Target gas Response 

rate 

(MHz/ppm) 

Recovery time(s) Reference  

Carbon Nanotube 

(CNT) integrated with 

patch antenna 

ammonia 
(NH3) 

0.4  30 [4]  

Graphene Oxide and 

nano-silver ink loaded 

on  patch antenna 

ammonia 

(NH3) 

0.05  ---- [10]  

Tin Oxide nanoparticles 

integrated with patch 

antenna 

ethylene 0.07 ---- [12]  

Popup dipole antenna 

integrated with PDMS 

diethyl ether 0.6-1.1 25 This work  

TABLE V 

COMPARISON WITH OTHER WORKS 

 

T
im

e 
(m

in
) 

Degree of swelling (%) 

(a) 

(b) 

(c) 
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of the sensor using radar or link coupling techniques. 
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