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Abstract 

Stretchable electronic devices are critical for the future of wearable sensor technology, where 

existing rigid and non-flexible devices severely limit the applicability of them in many areas. 

Stretchable electronics extend flexible electronics one step further by introducing significant 

elastic deformation. Stretchable electronics can conform to curvy geometries like human skin 

which enables new applications such as fully wearable electronics whose properties can be 

tuned through mechanical deformation. Much of the effort in stretchable electronics has 

focused on investigation of the optimum fabrication method to make a trade-off between the 

manufacturing cost and acceptable performance. Here in this thesis a novel pop-up strain sensor 

design is introduced and tested. 

This technique is simple to use and can be applied to almost all available materials such as 

metals, dielectrics, semiconductors and different scales from centi-meter to nanoscale. Using 

this method three main electronic devices have been designed for different applications. The 

first category is pop-up antennas that are able to reconfigure their frequency response with 

respect to the mechanical deformation by out of plane displacement. The second category is 

pop-up frequency selective surface which similarly can change its frequency behaviour due to 

applied strain. This ability to accommodate the applied stress by three-dimensional (3D) 

deformation, making these devices ideal for strain sensing applications such as vapor sensing 

or on skin mountable sensors. Using the advantage of RFID technology in terms of wireless 

monitoring, the third category has been introduced which is a pop-up capacitor sensor 

integrating with an RFID chip to detect finger joint bending that can help those patients who 

are recovering after stroke. The proposed devices have been modelled using COMSOL 

Multiphysics and Extensive evaluations of the prototype system were conducted on purpose-built 

laboratory scale test rigs. Both results are in good correlation which makes them applicable for 

sensing purposes. 
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Chapter 1 

Introduction 

 

1.1 Background and Motivation 

    The great majority of effort in electronic industry has been focused on miniaturized and fast-

responsive devices. However, these devices are limited to planar rigid silicon wafers. Over the 

past decade a new study direction has been emerged which is stretchable electronics. This 

technology offers the performance of conventional rigid devices with mechanical properties of 

a rubber band which can be stretched, bent and twisted. This ability enables many new 

applications, mainly the close integration of electronics with human body or curved surfaces. 

Examples include wearable health monitors [1], stretchable strain gauge [2], energy harvester 

[3], as shown in Fig. 1.1.  

  The main challenge in this area is the mismatch between the mechanical properties of soft and 

elastic requirements of applications and the intrinsic hard and rigid features of electronic 

components. Several mechanical strategies have been developed to make rigid electronic 

components stretchable on elastomeric substrates. Among all, the most effective route is 

structural design approach which bestows stretchability to those intrinsically rigid components 

by buckling or twisting in order to absorb the extra strain. Moreover, nearly all micro/nano-

Fig.  1.1 Stretchable strain sensors on curved surface. These sensors allow interfacing with non-planar surfaces 

[1],[2]. 

 



2 
 

systems found in biology and generally in nature  have three-dimensional (3D) structures which 

requires similar 3D architectures in man-made devices for applications in biomedicine, sensing, 

energy storage and electronics and many other areas of advanced technology. Great efforts 

have been devoted to the development of 3D electronics, through either direct 3D fabrication 

or indirect 3D assembly. Direct technologies including microfabrication or 3D printing are 

typically constrained by the accessible range of sophisticated 3D geometries, limited selection 

of material, the complexity of the fabrication processes, manufacturing cost, electrical and 

mechanical properties of electronic materials, printing speed and accuracy. As an alternative 

route, 3D assembly methods make full use of mature planar technologies to form predefined 

2D precursor structures in the desired materials and sizes, which are then transformed into 

targeted 3D structures by mechanical deformation. This technique is compressive buckling, 

and the strategy is similar to pop-up books. 

     This method can bypass some of the challenges encountered by direct 3D fabrication. For 

example, the 3D assembly methods apply well to nearly any type of advanced electronic 

materials, including but not limited to metallic conductors, semiconductors, dielectrics and 2D 

materials such as graphene. Moreover, a diversity of 3D geometries can be formed using 3D 

assembly methods, through strategic mechanical deformations of engineered 2D precursor 

structures. This geometric diversity can be regarded as an advantage over the direct 3D 

fabrication methods of semiconductor materials. Buckling assembly methods rely on a 

deformable substrate to serve as the assembly platform, which provides the mechanical forces 

needed to drive the 3D assembly. This assembly process consists of three key steps: 2D 

precursor fabrication and then selective bonding to pre-strain elastomeric substrate and finally 

release of the substrate which generates compressive forces at the bonding sites. This assembly 

process can be controlled by several key factors, such as the patterns of 2D precursors, the 

strain distributions of supporting substrates, and the paths of strain release. Fig. 1.2 shows a 

schematic of the working strategy of compressive buckling technique in making pop-up 

structures. 

 

 

 

https://www.sciencedirect.com/topics/engineering/energy-storage-and-conversion
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1.2 Design Strategies of 2D Precursors 

1.2.1 Filamentary Designs of 2D Precursors 

    Filamentary structures typically consist of thin ribbons with the thickness much smaller than 

the width, and the width much smaller than the arc length. Such geometric features ensure that 

the filamentary structures are governed by out-of-plane bending deformations with respect to 

the width direction. By exploiting different 2D filamentary geometries or bonding sites, 

different structures can be achieved, as illustrated in Fig. 1.3. 

 

 

 

 

 

Fig.  1.2 Schematic illustration of compressive buckling technique in three steps, cutting a 2D precursor, 

bonding it selectively to an pre-strained elastomeric substrate and finally releasing the substrate to initiate 

out of plane deformation [3]. 

 

Fig.  1.3 Mechanically guided buckling of thin ribbon-shape precursor [4]. 
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1.2.2 Kirigami Designs of 2D Precursors 

   The kirigami strategy can enable the formation of diverse 3D membrane structures with 

strategically designed cut patterns. One of the advantages through use of the kirigami strategy 

is the evident reduction of stress concentration during the buckling assembly. In fact, structures 

without radial cuts undergo obvious folding creases, and thereby, the maximum strain is much 

larger than the one with radial cuts. Another advantage of the kirigami strategy is the high 

design flexibility, which is useful for controlling the curved geometry during the buckling 

assembly, as shown in Fig. 1.4. 

 

 

 

 

 

 

                                   Fig.  1.4 Compressing buckling of Kirigami-designed 2D [4]. 

1.2.3 Origami Designs of 2D Precursors 

   This approach relies on a spatial variation of thickness in the initial 2D structures as an 

effective strategy to produce engineered folding creases during the compressive buckling 

process. The main difference here is that the 2D precursor includes engineered variations in 

thickness to initiate folding deformations at specific desired locations. Fig. 1.5 illustrates a 

ribbon (length L excluding the bonding locations) including five segments, two of which are 

thicker than the other three (in grey colour). When the thickness ratio (t2 / t1) is relatively small, 

the thick segments undergo negligible deformation while the thin ones absorb the stress via 

folding. 

 

 

 

 

 

 

 

 

     
Fig.  1.5 2D to 3D structural conversion of Origami-

designed 2D precursor [4]. 

 

 

Fig.  0.6 Stretchable strain sensors on 

curved surface. These sensors allow 
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1.3 Analytic Model for the Pop-up Configurations 

1.3.1 Straight Thin Ribbon 

    Formation of pop-up structures using compressive buckling technique follows from a 

process of controlled Euler buckling.  The whole structure is comprised of elastomeric substrate 

and very thin copper ribbons. Here the bonding sites on the elastomeric substrate activated 

using super glue. However, in smaller scales such as micro/nano scales this activation is usually   

selectively activated with UV/ozone exposure or by oxygen plasma treatment to allow 

chemical bonding to thin ribbon upon contact, while the inactivated region adhere by weak van 

der Waals interactions. The widths of bonded and unbonded sites are denoted as Wbonded and 

Wunbonded, respectively, as shown in Fig 1.6 (a). Thin film ribbons oriented parallel to the pre-

strain direction are attached to the pre-strained elastomeric substrate, as illustrated in Fig 1.6 

(b). The relaxation of the pre-strain in the support leads buckling of these ribbons due to the 

physical separation of the ribbons from the unbonded sites, as presented in Fig 1.6 (c) and 1.6 

(d), [4]. 

   Theoretical analysis shows that the buckling profile can be expressed by a sinusoidal function 

as [5] : 

      𝑤 =   {
       w1 =

1

2
A (1 + cos

πx

2
)        −L1 < 𝑥 < L1

      𝑤2 = 0                                       L1 < |𝑥| < L2

 

 

Where w1 and w2 are the height of unbonded and bonded parts, A is the buckling amplitude, 

2L1 is the buckling wavelength, and 2L2 is the total length of bonded and unbonded regions 

after relaxation, as seen in Fig 1.6.  

 

𝐴 =
4

𝜋
√𝐿1𝐿2(𝜀𝑝𝑟𝑒 − 𝜀𝑐)  ≈

2

𝜋

√𝑤𝑢𝑛𝑏𝑜𝑛𝑑𝑒𝑑(𝑤𝑢𝑛𝑏𝑜𝑛𝑑𝑒𝑑 +𝑤𝑏𝑜𝑛𝑑𝑒𝑑)𝜀𝑝𝑟𝑒

1 + 𝜀𝑝𝑟𝑒
 

where 𝜀𝐶 = ℎ𝑓
2𝜋2/12𝐿1

2  is the critical strain to initiate the buckling and is much 

smaller than the pre-strain (ɛpre) in practical applications. Based on this equation, the amplitude 

is independent of the mechanical properties and the ribbon thickness and is mainly dependent 

on the pre-strain (ɛpre) and the boding sites configuration. The peak strain in the buckled thin 

film is 𝜀𝑝𝑒𝑎𝑘 ≈ 𝜋
ℎ𝑓

𝐿1
√
𝐿2

𝐿1
𝜀𝑝𝑟𝑒, which is typically much smaller than the pre-strain. 

 

(1.1) 

 

(1.1) 

(1.2) 
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1.3.2 Wavy Thin Ribbon 

    The 3D helical structures as very attractive designs in stretchable electronics offer structural 

design with exceptionally high elastic stretchability. The 3D helical layouts involve only minor 

physical coupling to the substrate, and therefore, can effectively suppress the induced 

compressive strain concentrations through more uniform 3D spatial deformations. A Cartesian 

coordinate system has its origin at the left end of the wire, where the x and z axes correspond to 

the axial and out-of-plane direction of the serpentine wire.  A parametric coordinate θ denotes 

Fig.  1.6 Processing steps for controlled thin film buckling on elastomeric substrate. (a) Pre-strained PDMS with periodic 

bonded and unbonded patterns. The widths of bonded and unbonded sites are denoted as Wbonded and Wunbonded, respectively. 

(b) A thin film parallel to the pre-strain direction is attached to the pre-strained substrate. (c) The relaxation of the pre-

strain in the support leads to buckles of thin film. (d) Scanning electron microscope (SEM) image of buckled thin films 

formed using the previous procedures [4]. 

 

Fig.  0.9  Processing steps for controlled thin film buckling on elastomeric substrate. (a) Pre-strained PDMS with 

periodic bonded and unbonded patterns. The widths of bonded and unbonded sites are denoted as Wbonded and Wunbonded, 

respectively. (b) A thin film parallel to the pre-strain direction is attached to the pre-strained substrate. (c) The relaxation 

of the pre-strain in the support leads to buckles of thin film. (d) Scanning electron microscope (SEM) image of buckled 

thin films formed using the previous procedures [4]. 
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the location of the central axis of the arcs, such that θ ∈ [0, 𝜃0] and [𝜃0, 2𝜃0] represent the first 

and second arc, respectively.  The 2D configuration wavy ribbon can be denoted as follows [6]: 

 

{
 
 

 
 𝑥 = 𝑟0[sin(

𝜃0
2
) − sin(

𝜃0
2
− 𝑡)]

𝑦 = 𝑟0[cos (
𝜃0
2
− 𝑡) − cos (

𝜃0
2
)] 

𝑧 = 0                                                 

 

 

 

{
 
 

 
 𝑥 = 𝑟0[3 sin (

𝜃0
2
) + sin(

𝜃0
2
− 𝑡)]

𝑦 = 𝑟0[cos (
𝜃0
2
− 𝑡) − cos (

𝜃0
2
)] 

𝑧 = 0                                                 

 

 

   Upon release of the pre-strain (𝜀𝑝𝑟𝑒), the thin ribbon undergoes compressive strain,             

𝜀𝑐𝑜𝑚𝑝 = 𝜀𝑝𝑟𝑒/(1 + 𝜀𝑝𝑟𝑒) leading to its buckling. This process can release the relatively large 

strain energy associated with in-plane bending. During this post-buckling process, the 

displacement (v) along y axis is negligible since the compression lies along the x axis (u) and 

the buckling mainly induces out-of-plane displacements, along the z axis (w).  Based on these 

observations, the deformed configuration of the 3D helix can be written as: 

 

{
  
 

  
 𝑥 =

𝑟0
1 + 𝜀𝑝𝑟𝑒

[sin (
𝜃0
2
) − sin(

𝜃0
2
− 𝑡)] +

𝐶(𝜃0)𝜀𝑝𝑟𝑒𝑟0

1 + 𝜀𝑝𝑟𝑒
 sin

𝜋𝑡

𝜃0

𝑦 = 𝑟0[cos (
𝜃0
2
− 𝑡) − cos (

𝜃0
2
)]                                      

𝑧 = 𝑏𝑟0[1 − cos
𝜋𝑡

𝜃0
]                                                             

 

 

 

{
  
 

  
 𝑥 =

𝑟0
1 + 𝜀𝑝𝑟𝑒

[3 sin (
𝜃0
2
) + sin(

𝜃0
2
− 𝑡)] +

𝐶(𝜃0)𝜀𝑝𝑟𝑒𝑟0

1 + 𝜀𝑝𝑟𝑒
 sin

𝜋𝑡

𝜃0

𝑦 = 𝑟0[cos (
𝜃0
2
− 𝑡) − cos (

𝜃0
2
)]                                      

𝑧 = 𝑏𝑟0[1 − cos
𝜋𝑡

𝜃0
]                                                             

 

0≤ 𝑡 ≤ 𝜃0 

 

0≤ 𝑡 ≤ 𝜃0 

𝜃0 ≤ 𝑡 ≤ 2𝜃0 

 

𝜃0 ≤ 𝑡 ≤ 2𝜃0 

(1.3) 

 

(1.3) 

0 ≤ 𝑡 ≤ 𝜃0 

 

0 ≤ 𝑡 ≤ 𝜃0 

(1.4) 

 

(1.4) 

𝜃0 ≤ 𝑡 ≤ 2𝜃0 

 

𝜃0 ≤ 𝑡 ≤ 2𝜃0 
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The pitch of the 3D helix is 4𝑟0 𝑠𝑖𝑛
𝜃0

2
/ (1 + 𝜀𝑝𝑟𝑒) Because the wire is highly flexible, its 

membrane strain can be neglected, such that the total arc length along the central axis will remain 

unchanged during the post-buckling. The associated requirement can be written as: 

2∫ √(
𝑑𝑥

𝑑𝑡
)2 + (

𝑑𝑦

𝑑𝑡
)2 + (

𝑑𝑧

𝑑𝑡
)2𝑑𝑡 = 2𝜃0𝑟0

𝜃0

0

 

 

which can be re-arranged to: 

∫ √[
cos (𝑡 −

𝜃0
2
)

1 + 𝜀𝑝𝑟𝑒
+
𝐶(𝜃0)𝜀𝑝𝑟𝑒)

1 + 𝜀𝑝𝑟𝑒

𝜋

𝜃0
cos

𝜋𝑡

𝜃0
]2 + 𝑠𝑖𝑛2 (𝑡 −

𝜃0
2
) + 𝑏2 (

𝜋

𝜃0
)
2

𝑠𝑖𝑛2(
𝜋𝑡

𝜃0
)𝑑𝑡

𝜃0

0

 = 𝜃0 

By solving equation (1.6) the parameters can be obtained. Fig. 1.7 shows a theoretical model 

of geometric configurations of a 3D helix. 

1.4 Introduction to COMSOL Multiphysics  

   Full 3D Finite Element analysis (FEA) was adopted to analyse the buckling behaviour of 2D 

precursors (thin ribbons made of copper) under compressive forces associated with selective 

bonding to an elastomeric substrate (Dragon Skin or Polydimethylsiloxane (PDMS)) that is 

released from applied uniaxial or biaxial pre-strain. COMSOL Multiphysics v. 5.3a has been 

used for numerical simulations in this project, as seen in Fig 1.8. To see how other physics 

phenomena affect the design, the multiphysics modelling needed. Therefore, in each 

simulation, different modules have been coupled to achieve a thorough post-buckling analysis 

in terms of deformation shape, electrical properties and fatigue. The applied modules are as 

follow [7]: 

(1.5) 

 

(1.5) 

(1.6) 

 

Fig.  0.10 

Schemati

c 

illustratio

n for the 

theoretic

al model 

of 

geometri

c 

configura

tions of a 

3D helix: 

(A) top 

view of a 

thin 

ribbon 

consistin

g of two 

arcs. (B) 

3D view 

of the 

pop up 

configura

tion after 

compress

ion from 

the two 

ends 

[6].(1.6) 

Fig.  1.7 Schematic illustration for the theoretical model of geometric configurations of a 3D helix: (a) Top view 

of a thin ribbon consisting of two arcs, (b) 3D view of the pop-up configuration after compression from the two 

ends [6]. 



9 
 

• Structural Mechanics module:  This module can analyse the mechanical behaviour 

of solid structures including for example, stress and strain levels, deformations, 

stiffness, natural frequencies response to dynamic loads and buckling instability. 

• RF module: The RF Module is used to understand, predict, and design electromagnetic 

devices such as antennas. It allows users to quickly and accurately predict 

electromagnetic field distributions, transmission, reflection, and power dissipation in a 

proposed design. 

• Nonlinear structural materials module: Many materials have a nonlinear stress-

strain relationship, particularly at higher stress and strain levels. When analysing 

objects made of such materials, the user needs to consider nonlinearities in the 

material properties. It is also possible to define a material models based on the defined 

equations. 

• Multibody dynamics module: The module enables the user to simulate mixed 

systems of flexible and rigid bodies, where each body may be subjected to large 

rotational or translational displacements. User can define Joints and hinges which 

connect two components through attachments, where one component moves 

independently in space while the other is constrained to follow a particular motion. 

• Fatigue module: When structures are subjected to repeated loading and unloading, 

due to material fatigue, they can fail at loads below the critical limit. A fatigue analysis 

can be performed in the COMSOL so you can obtain the high-cycle and low-cycle 

fatigue regimes. 

 

 

 

 

 

 

 

 

 

 

Fig. 1.8 (a) Modules involved in the simulation of pop-up sensors using COMSOL. (b) Modelling a flat 

dipole antenna at 2.4 GHz using RF module. (c) Modelling the antenna deformation using structural 

mechanics module. (d) Modelling the buckled dipole antenna using RF module. 

(b) 

(c) 

(d) 

(a) 
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   In this study, electromagnetic components particularly antenna and FSS devices are 

developed which leverages controlled compressive buckling to form the devices from patterned 

2D precursor structures integrated with an elastomeric substrate. Modelling of the buckling 

process allows a rational design of mechanically and reconfigurable antennas with desired 

activation strains applied to the substrate. Combined experimental and computational studies 

show that the developed antennas can be tuned to operate at a desired discrete frequency when 

they are flat and can exhibit a wide range of resonant frequency shift (more than 1 GHz) in 

response to an applied stress by buckling and turning into 3D shape. The design concepts and 

approaches reported herein could have promising applications in sensing and monitoring 

applications.  

1.5 Technical Challenges in the Use of Current Stretchable Strain 

Sensors 

    The development of stretchable strain sensors faces several technical challenges. To ensure 

that flexible and stretchable strain sensor function properly, the effect of large mechanical 

deformations on the output signal must be considered. Deformations can degrade the sensor 

performance by changing the sensitivity, durability and robustness. 

The main technical challenges that have been identified are as follows:  

 

• Trade-off between stretchability and conductivity 

In order to achieve an acceptable level of conductivity for the antenna performance    

nanomaterial fillers are embedded into the elastomeric matrix to combine the 

advantages of electrical conductivity of the nanomaterial fillers and mechanical 

stretchability of the matrix material. To achieve high performance in both mechanical 

and electrical properties, a balance needs to be maintained between stretchability and 

conductivity. This is because more fillers used in the elastomeric substrate will increase 

electrical conductivity while causing the whole composite material to be stiffer. 

Integration of the two different phases, which typically has very different mechanical 

properties, presents a significant challenge. Any study in this area must addresses 

problems associated with mixing or cracking of the underlying elastomeric layer. 

Therefore, the selection of materials for fillers and elastomer and their embedding 

process determines the electrical and mechanical performances of the conductors. 
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• Durability 

Flexible electronics are operated with repeated mechanical deformations, including 

bending, rolling, and twisting, so their mechanical reliability during repeated 

deformations is a critical factor to reaching real commercial viability. Large 

deformations beyond a critical strain fracture of the metal layer and repeated small 

deformations even below a critical strain can also cause mechanical and electrical 

failure because of metal film fatigue. 

   Moreover, some other works take advantage of microfluidics in which the liquid metal 

alloy is injected into silicone microfluidic channels to form stretchable strain sensors 

based on antennas. In this case, the limitation would be the leakage from microchannels 

when the antenna is subjected to high stress.  

• Fabrication complexity 

The common fabrication techniques when using intrinsically antenna-based stretchable 

strain sensors include wet-etching, inkjet printing [8], screen printing [9] and the 

reported non-planar stretchable antennas have been fabricated using photolithography 

[10] or 3D printing [11]. Resolution, printing speed, range of useful material and size 

scale are the main limitations of current fabrication methods and therefore must be taken 

into account.  

• Manufacturing cost 

The global market demand for high quality and low-cost electronic components 

requires innovative fabrication techniques that are both faster and cheaper compared to 

traditional production methods. Photolithography, a complex and time-consuming 

multiple steps process, requires expensive facilities. Moreover, the photolithographic 

process generates large volumes of hazardous waste, which damages the environment. 

Moreover, for printing technology there is always a trade-off between speed and cost.  

 

   Till now, development of stretchable strain sensors with both high level of stretchability and 

high sensitivity is still challenging. 

1.6 Aim and Objectives of the Research Programme 

    The aim of this research is to leverage mechanically guided 3D assembly to design and 

fabricate stretchable and reconfigurable antennas-based strain sensors whose working 

frequency can be tuned over a very broad range and therefore can be a good candidate in strain 
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sensing applications. This recently developed assembly technique has many advantages over 

current techniques in the area of stretchable electronics. The main advantages are: 

• The 3D fabrication process starts from fabrication of 2D precursor structures which is 

currently well-stablished.   

• In this process there is no limitation in terms of selection of material or size scale.  

• There is less complexity in terms of fabrication compared to the literature as a whole 

set up includes only three steps:  

Cut, stick and release. Step one, Cut, denotes designing a desired 2D structure and cut 

it out of a metal sheet. Step two, Stick, denotes the selective bonding of the 2D 

precursor to the pre-strained elastomeric substrate. Step 3, Release, denotes the release 

of the stretched elastomeric substrate so that initiates the out of plane displacement. 

• Our proposed sensor can detect multi-directional strain and multi-deformations due to 

the 3D structure of it. 

• The sensor response is linear, so no complex calibration is involved compared to the 

reported designs in literature. 

   This proposed research aligns well with the goal of the communication group at the 

University of Kent. To achieve this goal, the primary objectives of this research are:  

 

• A review of the main technical approaches for stretchable electronics to date is 

undertaken. Recent work on electrostatic antennas is summarised in order to highlight 

progress that has been made in recent years, as well as to identify areas which are still 

underdeveloped.  

• To reveal both the mechanical and electromagnetic principles governing stretchable 

antennas in order to develop a detailed characterisation of their operation.  

• The design and implementation of low cost, simple to fabricate pop-up antennas and 

pop-up FSS structures for strain sensing applications. Two main applications have been 

studied, vapor sensing and on-body applications.   

• The design, simulation and implementation of pop-up capacitive sensor integrated with 

RFID technology for on-finger application to enable wireless sensing of finger bending 

or those patients who suffer partial paralysis. 

• To evaluate the performance of the prototype sensors and the effectiveness of the 

sensing measurements through extensive experiments and cyclic loading in order to 

ensure durability. 
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    The thesis is organised in five chapters and a brief summary of each chapter is depicted as 

follows:  

• Chapter 2 provides a comprehensive literature survey concerning the stretchable 

electronics and the fabrication techniques that were developed during recent decades. 

Fabrication methods and techniques based on a variety of mechanical principles are 

introduced along with their relative strengths/weaknesses.  

• Chapter 3 introduces the mechanical and electromagnetic principles of the pop-up 

antennas and FSS structures for gas sensing and skin mounting application. The 

sensing mechanism, modelling and characteristics of pop-up sensors are also presented 

and discussed. This Chapter includes five published papers of the author in this area of 

working. More explanation has been added to each paper when there was a need to 

provide more details. 

• Chapter 4 is a detailed discussion of a pop-up capacitive sensor integrated with a 

passive UHF radio frequency identification tag design which can detect the level of 

finger bending. The design includes a small loop antenna coupled to a pop-up 

capacitive sensor. This chapter includes a submitted paper of the author. 

• Chapter 5 draws together and concludes the research findings and their impacts in the 

field of stretchable antennas for strain sensing. Recommendations for future research 

and further applications of the developed technique are proposed.  
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Chapter 2      

Literature Review 

 

2.1 Soft Electronics 

    Soft electronics as substitutes for the rigid and bulky electronic counterparts have attracted 

great interest in recent years. These electronics allow us to build flexible circuits and devices 

on a substrate that can be bent, twisted, stretched or folded without losing functionality. The 

development of stretchable sensors, antennas, solar cells, batteries, and circuits is the product 

of efforts from the multidisciplinary fields of chemistry, bioscience as well as material, 

mechanical, and electrical engineering, and has drawn the future of electronic devices [12]. 

The importance of soft electronics integrating with nonplanar objects is significant. First, the 

close contact between the component and the nonplanar surface will allow high-quality data to 

be transferred, while with rigid electronics, air gaps at the interface between the component 

and the object decreases the contact area, and thus introduce noise and artefacts, which weaken 

the signal quality. Moreover, stretchable, low profile devices can enable wireless sensing, 

which hold great promise for Internet-of-Thing’s technology. In the area of biomedical, which 

is the major motive of this field, These devices can conformally laminate on the body tissue to 

remove any motion artefacts and mismatches in mechanical properties created by conventional, 

rigid electronics while providing accurate, non-invasive, long-term, and continuous health 

monitoring [12], [13]. Generally, two routes are applied to enable stretchability which is 

defined as the ability for the fabricated component to be able to endure mechanical strain while 

maintaining normal functionality : material innovations, which rely on the synthesis of novel 

deformable or elastic materials that can withstand the intrinsic in‐plane strain, and structural 

designs that adapt previously rigid components to be stretchable by translating the global strain 

to local bending, twisting or buckling [14]. In other words, structural design approach makes 

non-stretchable materials into specific structures that can absorb the applied strain without 

fracturing or any other damage. The first approach for soft electronics is to exploit intrinsically 

soft materials as building elements. Common building elements that are necessary for 

conventional rigid electronic devices include conductors, dielectrics, and most importantly, 

functional materials, e.g., semiconductors. The intrinsically soft counterparts of these building 

elements have been largely developed recently. Furthermore, attractive features that are absent 
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in conventional rigid electronics are emerging in their soft counterparts, such as self-healing 

and stimuli responsibility. The drawback of this approach is the limitation in the selection of 

the materials and this method often results in low electrical mobility and high electrical 

resistivity of electronic devices [15]. Hydrogels, liquid metals, conductive polymers, 

nanomaterials and textiles are examples of soft materials. On the other hand, structural 

innovations are extendable to a wider selection of materials, as traditional non-stretchable 

components can simply adapt the specially designed structure to achieve stretchability. Non-

stretchable materials, such as metals, semiconductors, and composites, or rigid components, 

such as electrodes, sensors or integrated circuit chips, can thus be transformed into stretchable 

devices after adapting wrinkles, arches, serpentines interconnections in island‐bridge 

structures, or kirigami structures, with little to no compromise in their performance. Moreover, 

both material innovation and structural innovation can be engineered simultaneously into the 

same design for obtaining higher stretchability and robustness against mechanical deformation. 

Structurally stretchable devices can be fabricated with many processes, depending on the 

selection of materials and requirements of the device. Microfabrication techniques (e.g., 

photolithography and chemical/physical vapor deposition), subtractive manufacturing (e.g., 

computer numerical control (CNC) machining and laser ablation), and additive manufacturing 

(e.g., inject molding, thick‐film printing, and 3D printing), have all shown significant potential 

toward the fabrication of stretchable electronics [16], [17]. Among them, microfabrication 

techniques have pioneered the development of soft electronics, and related fabrication 

techniques, mechanical behaviour, and electrical performance have been studied extensively 

[1], [4]. However, the drawbacks of this process are high cost, limited material selection, 

complex fabrication procedures and low throughput, which prevent them to enter the market 

with competitive price and adequate scalability. On the other hand, recent studies have 

demonstrated the application of shape‐changing materials to build soft structures showing 

various functionalities. These structures can respond to stimuli by expanding, buckling, 

bending, or actuating for various applications instead of passively enduring mechanical strains. 

These methods are compatible with a wide range of materials, and can thus serve as alternatives 

to expensive, complex, non-scalable fabrication methods for the fabrication of such novel, 

smart, responsive and stretchable structures. 

   Structural design is a powerful approach for soft electronics. It allows not only enhancing the 

stretchability of materials that are intrinsically soft, but also bestowing stretchability to 

materials that are intrinsically rigid. Recent advances in these structural designs have enabled 

hybridization of all classes of materials, organic or inorganic, soft or rigid, lab-made or 
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commercial- off-the-shelf, on the same stretchable platform, which combines the electrical 

properties of conventional rigid devices and the abilities of elastomers to be physically 

deformed [4]. The main structural designs include: Origami, Kirigami, textile embedding and 

buckling techniques.  

    Utilizing substrate engineering, structure design, selective bonding, strain localization and 

guided buckling strategies, can lead to the planar printing of a variety of devices with diverse 

wrinkling, textile‐embedded, serpentines, and island‐bridge structures, as well as to advanced 

2D‐transformed. The fabrication of such stretchable structures can be applied to a wide range 

of applications, such as circuit interconnects, physical and electrochemical sensing, energy 

storage, energy harvesting, soft robotics, and more. We will briefly review various printing 

strategies for fabricating novel functional structures which is unique compared to other 

fabrication methods. We will also discuss the combination of multiple fabrication strategies 

toward the 2D printing of 3D complex structures, which are compatible with a wide range of 

advanced materials. These capabilities offer an attractive replacement to complex 

photolithographic and low‐throughput 3D‐printing technologies. Furthermore, the theoretical 

limitations, practical challenges, and future of advancing the structural designs in printed 

devices will be discussed. Addressing the limitations, introducing advanced materials and 

fabrication strategies, and enhancing the fundamental understanding of printed structures will 

greatly expand the application of planar printing processes for fabricating a wide range of 

stretchable electronics. 

2.1.1Origami Design 

   Origami is an art of paper folding with ori- meaning fold and -gami meaning paper, which 

can transform a planar sheet into complex 3D structures according to the predefined patterns. 

These periodic array of mountain and valley folds, allows the 3D structure to fold and unfold 

simultaneously without inducing large strain to the functional areas of soft electronics between 

the creases.  

2.1.2 Kirigami Design 

    Very similar to the origami, kirigami is an art combining paper folding and cutting to create 

stretchable electronics. Traditional manufacturing methods for assembling origami and 

kirigami structures mainly rely on manual or machine-assisted folding, which is challenging to 

implement on small scales and advanced materials [18], [19].  
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2.1.3 Textile Embedding 

    Textile is one of the most important platforms for wearable soft electronics. It offers comfort, 

warmth, flexibility, conformity, and is used widely by human in daily life. Correspondingly, 

embedding the devices with the textile platform faces many challenges as its durability, 

flexibility, stretchability, and washability will be considered. Various studies show progress in 

a “bottom‐up” approach where functional materials are fabricated into fibres and fabrics that 

can be used for energy harvesting, energy storage, and sensing. The device made using this 

strategy can achieve stretchability by weaving the yarns into tortuous or coiled shapes that fold 

and unfold during stretching. Planar printing techniques, which is commonly used for applying 

different patterns and logos onto clothes, can be used to directly print materials onto the textile, 

in low‐cost, high‐throughput processes that are compatible with a wide selection of materials. 

The printing allows the deposition of different inks into the specific location and can thus be 

used easily to assemble components with the designed shapes into a textile‐based device. Two 

approaches are generally used when using textile as a substrate. The first involves printing a 

polymer‐based lining that forms a smooth and uniform surface on top of the porous and rough 

textile. In this situation, substrate acts like the common elastomeric substrates. In the second 

case, the ink is printed directly onto the textile substrate which is nonuniform. As a result, the 

stretching behaviour, the porosity, and the chemical properties of the textile substrate vary 

based on the material, thickness, and the weaving of the yarns that make the textile, thus 

requiring customization to the formulation of the inks [1], [8], [20]. 

Overall, the main drawback of textile‐embedding process is limited resolution due to the 

nondirectional permeation of ink and the wicking properties of the fibres [1]. Textile 

embedding method can be remarkably developed in future by more research on the printing 

resolution by utilizing strategies such as hydrophobicity coating or different ink formulations 

which allow selective directional ink penetration into the substrate. 

2.1.4 Buckling Techniques 

2.1.4.1 Wrinkling Structures 

    Mechanically induced winkling structures are considered as the remarkable upturn of 

stretchable electronics. The wrinkles can be formed by the mismatch of mechanical properties 

such as strain between the substrate and the materials, which can be produced by depositing 

materials onto the substrate after heating or strain‐induced expansion and removal. The 

amplitude, frequency, and shape of the wrinkling waves can be adjusted based on the level of 

pre-applied tensile strain, the dimensions, thicknesses, the mechanical properties of the 
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substrate, the deposited material and the adhesion between the two [9], [21]. Specific to printing 

technologies, which has not been studied in depth, probably due to the complex mechanical 

property of the applied inks, which are combination of different materials, and vary from study 

to study. Inks composed of carbon nanotubes (CNTs), conductive polymers, and composites, 

that share significantly different mechanical properties, can apply such wrinkling strategy to 

produce stretchable devices. As the deposition usually involves the use of solvents and heat‐

based curing process after the deposition, heat and solvent‐based substrate treatment are not 

considered compatible with the printing processes. As a result, substrate pre-strain is mostly 

applied by mechanical stretching. Usually, two techniques are used in the printing of winkle 

structures. The first approach is more traditional, where the substrate is first pre-stretched, 

followed by the ink deposition and the release of the pre-strain to form wrinkles. The second 

approach is less common where a wrinkling structure is introduced first, followed by the 

deposition of inks onto the wrinkled substrate. Similarly, the stretchability of the printed 

winkling structure varies with the level of pre-stretching and the mechanical property of the 

deposited material, which can be as high as a few hundred percent. 

2.1.4.2 Wavy 2D Designs 

    The use of 2D designs in stretchable devices make the utilization of geometry possible in 

the broad context of soft electronics. Patterns that represent the formation of 1D structure into 

a 2D plane such as triangular wave, square waves, sine waves, serpentines (arcs), or spirals are 

applied in devices to enable structural stretchability. The 2D designs are usually composed of 

periodic unit cells with their geometric length longer than their physical sizes, allowing them 

to respond to strain by twisting, in‐plane rotations, and out‐of‐plane buckling to release their 

geometric length to compensate for the increased physical length. The concept of fractals or 

self‐similar structures is later introduced using the strategy of substituting basic unit cells with 

self‐similar designs that resemble the full design, aiming to further enhance the structural 

stretchability by compressing longer 1D structure into a specific 2D area. The fabrication of 

these wavy 2D designs usually requires high resolution, and is typically done via 

photolithography, laser ablation, and transfer printing of thin films to constitute the stretchable 

structures. Based on their application, a selection of  materials, such as metals, semiconductors, 

or dielectrics, can be used to fabricate antennas, interconnects, current collectors, energy 

harvesters, or actuators [22], [23]. The stretchability of devices utilizing such self-similar 

patterns depends on several factors, including the mechanical property of the materials, the 

supporting substrate, and the bonding between the two, as well as the geometric properties such 
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as the shape, width, thickness, radius, arm length (length of the linear segment within each 

unit), angle, and is summarized in numerous studies [24], [25]. Most of the method used for 

fabricating such structures involves transfer‐printing of delicate fine features with low 

mechanical robustness. As a result, the complexity, throughput, and cost of fabricating 2D 

wavy design via photolithography or laser ablation can be a massive obstacle for their prevalent 

applications. Nonetheless, due to its simplicity, the strategy of using 2D geometric designs to 

enable stretchability has been widely applied by the field of stretchable electronics. Compared 

to photolithography or laser ablation, most of the printing techniques have lower resolution and 

hence are limited in fabricating miniaturized, highly complex 2D structures. However, printing 

technologies offer a significantly wider range of materials, as various polymers, hydrogels and 

metal composites can be formulated into inks to be printed onto various substrates, thus 

enabling a wide range of applications that were previously extremely difficult or impossible. 

In addition, direct printing needs to transfer delicate structures, resulting in higher fabrication 

throughput, simplicity, and lower costs. The deposition of soft, conformal, and even stretchable 

inks onto elastic substrates using direct printing is also different from traditional 

microfabrication that uses rigid, non-stretchable thin films. These wavy structures can undergo 

larger strain and offer more robust mechanical and electrical properties if combined structural 

stretchability and intrinsic material stretchability within one component. Similar to traditional 

tortuous 2D structures, the mechanical behaviour of the resulting structures depends upon 

several factors such as the mechanical and geometrical properties of the materials. Common 

for printing technologies, the deposited ink can form structures with elastic modulus several 

orders of magnitude smaller than the substrate, thus showing a different mechanical behaviour 

compared to the nonelastic thin films. Furthermore, due to the nature of the direct printing 

approach, an innovative fabrication strategy is needed to allow lift‐off the structure from the 

substrate for freestanding out‐of‐plane buckling. In general, wavy 2D structures can be 

classified into 4 different types: Fully bonded stiff 2D structures, fully bonded soft 2D 

structures, selectively bonded stiff 2D structures, and selectively bonded soft 2D structures, 

which are discussed separately below [1]. 

2.1.4.3 Fully Bonded, Stiff 2D Structures 

   The bonded, stiff 2D structures involves the materials that has Young’s moduli that are 

significantly higher than their substrate while keeping contact with the substrate during 

deformations. These common rigid materials have Young's modulus ranging from GPa to TPa, 

significantly higher than elastic substrates that usually have modulus in the KPa to MPa domain 
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[25]. The printing or deposition of such material is mostly done via transfer printing, 3D 

printing, and ink‐jet printing. When the entire device is stretched, the printed stiff structures 

are able to resist the tensile stress from the substrate and distribute the majority of the strain to 

the surrounding substrate. 

2.1.4.4 Fully Bonded, Soft 2D Structures 

    In this category, structures are composed of materials that have same range of Young’s 

modulus to the substrate, and are completely bonded onto the substrate, and thus can be easily 

stretched, bent and twisted with the substrate. This approach can only be used in combination 

with intrinsically stretchable inks, as the printed soft composite bonded to the substrate 

experiences a similar level of tensile strain when the substrate is stretched Compared to the 

rigid materials, the soft ones can only distribute small part of the strain in the supporting 

substrate, which depends on Young's modulus and thickness of the whole structure including 

material and substrate. The thicker and stiffer the deposited materials, and the thinner and softer 

the substrate, the less intrinsic stretching deformation the structure will tolerate. As the printed 

structure bonds tightly with the substrate, its durability against shear stress is generally better 

than their freestanding counterparts due to the protection from the substrate. In addition, the 

device is more mechanically resilient with high deformations, as the intrinsically stretchable 

soft materials can remarkably reduce the fatigue during repeated stretch and release process 

[26]. 

2.1.4.5 Selectively Bonded Rigid 2D Structures 

Selectively bonded structures are structures that are partially self‐supporting and unbonded 

to the substrates. When the printed structure bonds to the substrate only at selective locations, 

allowing the remaining regions of the structure, which are unbonded from the substrate, to be 

deformed freely. During stretching, the unbonded domain of a wavy 2D design usually converts 

its strain via out‐of‐plane buckling in addition to the in‐plane rotations, hence allowing the 

compressed geometric length to release with the growing physical length to its full extent, and 

achieving more stretchability compared to the fully bonded devices using the 2D design. The 

printing fabrication of the structures in this category has not been reported, with the majority 

of them relying on an additional transfer‐printing step to achieve selective bonding. Printed‐

then‐transferred tortuous 2D structures show minor conductivity change while exhibiting high 

level of stretchability [27], [28], [29] . This method like photolithographic or laser‐ablation 

counterparts is considered less advantageous compared to the direct planar printing methods. 
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2.1.4.6 Selectively Bonded, Soft 2D Structures 

   A combination of the soft, stretchable material, selective bonding strategy, and well-designed 

2D structures, is considered most effective among all types of printed wavy 2D structures. Such 

structures combine the intrinsic material stretchability with the structural stretchability of the 

design, thus obtaining “two degrees of stretchability. During stretching, the selectively bonded 

wavy structures initially buckle out‐of‐plane to release its compressed geometric length. Since 

no elongation happens at this stage, the conductivity of the buckling structure can remain 

mostly unchanged. After reaching the buckling critical point, the structure can be further 

stretched without structural failure. Such intrinsic stretching depends mostly on the material 

properties and is described as the “2nd degree of stretching.” The 1st degree of stretchability, 

like the previously described rigid wavy structures, is mainly determined by the geometric 

design of the structure and thus differentiates itself from the 2nd degree of stretchability, which 

resembles the stretchability of the soft, bonded tortuous printed structures. The main point in 

this category is to find a fabrication technique offering selective bonding. Development of a 

printable sacrificial layer that resembles the photoresist layer used in photolithography etching 

processes [30]. During printing, a thin layer sacrificial ink is first printed onto the substrate 

which defines the unbonded areas, followed by printing the main tortuous 2D structure. After 

curing, the sacrificial layer is dissolved from the substrate, leaving those regions unbonded to 

the substrate. Using this approach, the direct printing of selectively bonded wavy structures can 

be achieved without the need for any transfer or cutting steps, hence greatly reducing the 

fabrication complexity. Fig. 2.1 depicts a schematic of two different bonding strategies. 

 

 

 

 

 

 

 

 

 

Fig.  2.1 Schematic illustration of two different bonding strategies on the elastomeric PDMS 

substrate for wavy structures, that are fully and selectively bonded onto the substrate [20] 
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2.1.4.7 Island‐Bridge Structure 

    The “island‐bridge” structure describes the combination of bulky and non-stretchable 

devices and stretchable interconnects. The structure emphasizes on accommodating the 

traditional bulky non-stretchable elements onto the non-stretchable island regions, while 

localizing the strain to the peripheral stretchable interconnects featuring structurally stretchable 

tortuous, and buckling‐enabled designs, hence achieve stretchability. Numerous studies 

reported stretchable sensors and circuits non-stretchable elements such as transistors, 

electrodes, or integrated circuit chips based on the “island‐bridge” structure [5]. In these 

applications, the interconnecting “bridges” contribute directly to the device stretchability, 

allowing the rigid, bonded functional “islands” to deliver normal performance during 

deformations. However, the fabrication of these attractive structures requires high accuracy 

which affect the fabrication cost and throughput. The device stretchability is limited by the 

bridge stretchability, the bridge/island ratio, as well as the stability of the islands against tensile 

and shear stresses. Therefore, the shape design of the bridges and the islands, the compatibility 

between inks, and the bonding between ink and the substrate must be taken into careful 

consideration. In addition, strain localization strategy requires the island region to experience 

as little shape change as possible, thus requiring a combination of various inks to form strong, 

rigid islands to resist any deformation, with soft, resilient bridges to accommodate for the shape 

change. By addressing the above considerations via careful materials selection and process 

engineering, the “island‐bridge” structure can be successfully implemented in printing 

technologies [31]. Fig. 2.2 shows a schematic of island -bridge mechanical structure. 
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2.1.4.8 Transforming Beyond 2D 

    From the transformation from 1D linear interconnects to a wavy design that occupies a 2D 

plane, and from the transformation from fully bonded 2D designs to selectively bonded 

structures buckling into the 3D space, printed complex structures offer abilities to release the 

compressed designs in 2D into 3D to enhance the stretchability. Such structural innovations 

have the potential to offer additional functionalities other than stretchability. Through the 

introduction of multiple fabrication strategies in direct 2D printing technologies, additional 

processes can be offered to prepare more complex structures that fully exploit the 3D space. 

Several recent studies have reported on the use of 2D printing techniques to fabricate 3D 

structures through the combination of selective bonding, and controlled buckling, which 

greatly improved the functionality of these structures beyond stretchability. The strategies and 

challenges of fabricating 3D structures using planar 2D precursors are shortly discussed below. 

2.1.4.9 Buckling From 2D to 3D 

    The development of assembly techniques for 3D structures is witnessing increasing 

attention, due to the broad implication across a wide range of engineering applications, from 

microelectromechanical systems (MEMS) and robots [32], [33] and to biomedical devices [34], 

[35] and metamaterial [36]-[38]. Fully compatible with well-established planar manufacturing 

Fig.  2.2 Schematic illustration of the mechanics model of the device island mesh with arc‐shaped 

design [20]. 

 

 

 

 

Fig.  0.1 Strategies of mechanically guided structural designs in stretchable 

electronics. Structural designs of devices and systems, including wavy designs, 

island‐bridge designs (e.g., arc‐shaped, serpentine, 2D spiral, 3D helical), fractal‐

inspired designs and kirigami strategy [20].Fig.  0.2 Schematic illustration of the mechanics 

model of the device island mesh with arc‐shaped design [20]. 
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technologies, the 3D assembly techniques are mostly applicable to a broad selection of high-

performance materials, including electronic or optoelectronic materials, as well as a wide range 

of length scales (from several tens of nano-meters to milli-meters). Depending on the different 

deformation characteristic, the 3D fabrication techniques can be divided into four main 

categories: rolling [39]-[41] , folding [42], [43], curving [44]-[46] and buckling [47]-[49].  

Compared to the first three approaches, the buckling-guided approaches offer access to a 

diverse range of 3D shapes. Based on this technique the 3D assemblies start first from 

designing 2D precursor structures which make it easier to achieve much more complex 

deformations during the assembly process [50], [51]. In particular, the buckling-guided 

approaches usually rely on a pre-stretched elastomer substrate to serve as the assembly 

platform, where the 2D precursor structures are imbedded, with strong covalent bonding 

produced at selective locations. Release of the pre-stretch in this assembly platform provides 

compressive forces and results in the 2D-to-3D transformation of the precursor structures, 

through rotation and out of plane buckling deformations. To achieve non-uniform 3D 

structures, engineered elastomer substrates with either spatial variation of thickness or modulus 

were introduced that can offer desired strain distributions [52]. Fig. 2.3 summarizes the main 

strategies of mechanically guided structural designs in stretchable electronics. A series of 

studies following this concept demonstrated the use of control of pre-stretching of the 

elastomeric substrate and its selective bonding to form 2D thin films that can easily buckle into 

various complex 3D structures, such as coils, waves, helixes, tables, flowers, and boxes. The 

compressive force from the relaxing pre-stretched substrate transferred onto the bonded 

location of the planar structure as shear forces, which is lead to the upward buckling that results 

in the pop‐up of the desired 3D structures. While still relying on costly, complex fabrication 

techniques, this work leverages the combination of multiple strategies applicable in 2D printing 

processes [33]. 
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    The successful transformation of this concept from photolithographic fabrication to screen 

printing was first presented in [53]. The author of this paper not only combined substrate 

engineering, selective bonding, and strain localization strategies, but also introduced the 

concept of programmed buckling. For this purpose, the sacrificial layer and multiple layers of 

soft polymer composite inks were printed onto a pre-stretched substrate. Upon dissolving the 

sacrificial layer and releasing the strain from the substrate, the printed composites were able to 

buckle into 3D structures. The shape of the 3D structures was “programmed” into the 2D stencil 

printed designs by the accurate control of the deposition thickness and the appropriate selection 

of ink composites. Screen printing, as a thick‐film technology, uses viscous polymer and 

composite inks to deposit films with thickness up to several hundreds of microns. By depositing 

multiple layers of inks, the printed 2D structure was partitioned into thicker and thinner regions, 

where the thinner regions were more likely to deform when applying buckling stress, as 

predicted by finite element analysis (FEA). The thicker regions, referred to as the “guiding 

layer,” acting similar to the supporting layer that localizes the strain, define the area where 

buckling is to be avoided, and direct the strain to the thinner regions, where the majority of the 

buckling occurred. Coupling these segmented 2D prints with different levels of pre-stretching 

on the substrate enabled the fabrication of various 3D structures, including coils, triangular 

Fig.  2.3 Strategies of mechanically guided structural designs in stretchable electronics. Structural designs 

of devices and systems, including wavy designs, island‐bridge designs (e.g., arc‐shaped, serpentine, 2D 

spiral, 3D helical), fractal‐inspired designs and kirigami strategy [20]. 
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waves, square waves, tables, and pyramids, via programmed buckling. The selection of 

material is also important when using such strategy, as the localized buckling results in high 

local tensile stress, which may lead to structural failure if the stress surpasses the ultimate 

capacity of the structure. In this work, a stretchable elastomer composite ink was used, which 

allowed the reversible transformation between the 2D and 3D structure without fatigue, as well 

as stretching deformations without structural failure. Using printing, various functional 

material, can be deposited onto the guiding layer, which can serve its unique functionality upon 

transforming into the programmed 3D structure. Upon re‐stretching and releasing the substrate, 

the tensile or compressive stress from the substrate can be effectively transferred to the printed 

structures as a shear stress on the bonding sites which allow the printed structures to reversibly 

go flat and pop‐up into the reprogrammed shape [1]. 

   The programmable buckling strategy allows a wide range of structures that can reversibly 

change between the 2D and 3D spaces. Adjusting several parameters, including the magnitude 

and direction of the pre-stretching, the patterns and thickness of the deposited layers, the 

location of bonding sites, and the mechanical properties of the deposited elastomers, led to 

numerous 3D structures, such as helixes, boxes, tables, and grippers. The programmed shape 

change is directly caused by the compressive force as the result of the two competing forces 

between the compressive pre-stretched layer and the opposing rigid, non-stretched layer. 

Overall, the combination of multiple fabrication strategies with programmed buckling allows 

the printing of diverse complex 3D structures via mechanically buckled 2D planar shapes. 

When coupled with highly scalable printing techniques, which are compatible with a wide 

range of materials, such strategies become a competitive alternative to complex 

photolithographic methods and 3D printing technologies. 

   There exists a considerable body of literature on compressive buckling technique. For 

example in [24] authors have reported the use of releasable, multi-layered 2D precursors to 

enable the assembly of different classes of 3D structures, These structures can be  coupled with 

deterministic, substrate-induced buckling processes, open access to a wide range of 3D 

structures, all starting with 2D precursors that can be formed using the most sophisticated 

materials and methods in existing microsystems technologies. A mechanically tunable spiral 

NFC device provides an application example, where the 3D multilayer geometry enhances the 

Q factor and broadens the working angle during wireless communication with a primary coil. 

Other study in [54] reports the design, fabrication, and modelling of LIG-based, soft, 
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electrothermal actuators, and explore their applications in mechanically guided 3D assembly 

and human–soft actuators interaction. The actuators consist of the PI, LIG, and 

polydimethylsiloxane (PDMS) tri-layer. LIG serves as a pliable heater to introduce temperature 

differences via joule heating. The stress caused by the significant thermal expansion difference 

between PI and PDMS can deform strategically designed 2D precursors into programmed 3D 

architectures via global folding and/or local bending in a reversible manner. Recent study in 

[55] explored the use of 2D materials in functional, 3D systems formed via geometry 

transformation guided by compressive buckling, with a focus examples in constructs that 

provide 3D photodetection/imaging capabilities by use of light sensing elements that 

incorporate monolayer MoS2 and graphene, each of which offers an extraordinary combination 

of electrical, mechanical and optical properties. Another research group in [56] analysed the 

mechanically assembled 3D spiral structures with applications as tunable inductors. The 3D 

spiral-shaped structure is constructed from 3D transformation a bilayer precursor that consists 

of a supporting ribbon and a 2D coil on its top. An interesting application for this technique 

has been reported in [57] which is a strain sensor that offers visible readout and large detectable 

strain range through a collection of mechanically triggered electrical switches and LEDs. The 

2D precursor structure (Cu; 6 µm) consists of two identical spiral ribbons (each with two half-

circles of different radii) separated from one another. Uniaxially stretching the substrate leads 

to tensile buckling processes that transform the spiral ribbons into 3D configurations. The two 

separate structures approach one another. As the applied strain reaches a critical value, the two 

ribbons begin to contact, thereby turning the LED on.  There has been numerous studies to 

investigate the theory of the compressive buckling technique or they have investigated new 

possible designs [58]-[60]. For example, in [48] an analytic model of compressive buckling is 

presented in the framework of energetic approach, taking into account the contributions of 

spatial bending deformations and twisting deformations and three different frame geometries 

are studied, including ‘+’, ‘T' and ‘H' shaped designs. A series of recent studies has 

theoretically investigated the structures that can be reshaped between different geometries as 

well as those that can morph into three or more distinct states. The approaches rely on elastomer 

platforms deformed in different time sequences to elastically alter the 3D geometries of 

supported structures via nonlinear mechanical buckling [61].  

The main focus of this document will be on stretchable antennas and different fabrication 

methods that have been studied in the last decade. 
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Table 2.1 summarizes the advantages and limitations of the main techniques that have been 

applied to enable stretchability in electronics. 

Table 2.1 Comparison of the current stretchability methods. 

 

2.2 Stretchable Strain Sensors 

Capacitive, resistive, piezoelectric, triboelectric, and optical strain sensors are the well-known 

stretchable strain sensors. Among them, piezoelectric and triboelectric strain sensors usually 

work at high frequencies and have difficulty in capturing the static strain because of the rapid 

charge transfer. Thus, they face limitation when using in multiscale and wearable strain sensing 

applications. 

 Advantages Limitations 

 Hydrogel 

[23], [25] 

Super stretchability 

Biocompatibility 

Self-healing 

Stimuli-responsibility 

Environmental 

Instability 

Expensive 

Difficult to handling. 

Non-adherent. 

 

Liquid Metal  

[24], [25] 

High electrical 

conductivity 

Mechanical stability 

Self-healing 

Corrosive 

Complexity 

Non-stimuli-

responsibility 

Nanomaterial 

[39], [41] 

Cost-effective 

Good mechanical 

compliance 

Trade-off between 

stretchability and 

conductivity 

Weak interfacial 

bonding 

Conductive Polymers 

[43] 

Chemical stability 

Biocompatibility 

Cost-effective 

Commercial 

availability 

Low conductivity 

Prone to crack 

 Origami/Kirigami 

[18], [19], [34], [42] 

No need for 

elastomeric substrate 

3D structure 

Challenging for small 

scales and different 

materials 

Textile Embedding 

[20] 

Natural stretchability 

Comfortable 

Washable 

Non-directional 

permeation of ink 

Wicking properties of 

fiber 

Planar Buckling 

[58]-[60] 

High stretchability 

Cost-effective 

All materials/All 

scales 

Straightforward 

fabrication 

Spacious when in 

compressed state 
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The resistive strain sensors based on metal sheets were initially proposed in the early 1940s 

and have been utilized for detecting strains up to 5%, such as small deformations in composites 

and rigid bodies [62], [63]. Currently, the demand for wearable electronic devices has changed 

the structure of resistive‐type strain sensors from rigid to stretchable type. Stretchable strain 

sensors are typically consisted of active sensing elements combined with stretchable supports 

[62]. The active materials are usually in the forms of conducting micro‐/nanomaterials–

polymers composites, thin films, or conductive yarns/fabrics. In fact, the conductive platform 

of active materials serves as a resistor under an applied voltage. When stretched/compressed, 

the electrical resistance of the conductive platform changes as a function of the applied strain. 

Wearable capacitive‐type strain sensors are often fabricated by sandwiching an insulating film 

known as a dielectric layer between two stretchable electrodes. The capacitance of strain 

sensors, which is independent of the resistance value of the electrodes, increases under 

stretching due to the dimensional changes in the capacitive area. Wearable optical strain 

sensors usually consist of a stretchable waveguide with a core‐cladding structure flanked by 

light emitter and photodetector. The sensing mechanism is based on the changes in the 

transmission of strain sensors upon deformation measured by the generated light power 

difference between the light source and photodetector. As aforementioned, other types of 

stretchable strain sensors have also been introduced in the past decade. Piezoelectric and 

triboelectric strain sensors are the two main types of stretchable strain sensors [64], [65]. 

Several limitations associated with the design, embedding, and safety of wearable and 

stretchable strain sensors exist. Capability of measuring multi-directional strain, complicated 

calibration process, Sensitivity of the output signal to environmental conditions such as 

temperature, biocompatibility and the capability of integrating strain sensor and flexible 

wireless communication systems are the main challenges. Fig. 2.4 shows a wearable strain 

sensor for joint motion detection. 

 

 

 

 

 

 

 

Fig. 2.4 Wearable and stretchable strain sensor [62]. 
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2.3 Stretchable Antennas 

    Significant advances in multidisciplinary areas including electrical and mechanical 

engineering as well as material science form the foundations of soft electronic platforms that 

have unique application in wireless sensing and monitoring. Serving as an interface between 

radio waves propagating through space and electric currents moving in metal conductors, the 

antenna is an essential link between such devices and external systems for control, power 

delivery, data processing and communication [66], [67]. Applications typically demands a set 

of considerations in performance, size, and stretchability. Some of the most effective strategies 

rely on intrinsically flexible materials such as liquid metals, nanowires, and woven textiles or 

on configured 2D/3D structures such as serpentines and helical coils of conventional materials. 

Examples range from dipole, monopole, and patch antennas for far‐field RF operation, to 

magnetic loop antennas for near‐field communication (NFC), where the key parameters include 

operating frequency, Q factor, radiation pattern, and reflection coefficient S11 across a range of 

mechanical deformations and cyclic loads [52]. There have been a number of longitudinal 

studies involving stretchable antennas that have reported in [68], [69]. 

    Flexible antennas are fabricated using various conductive materials and substrates. The 

substrate is chosen based on their dielectric properties, tolerance to mechanical deformations 

and endurance in the external environment. The selection of conductive material (based on 

electrical conductivity) specifies the antenna performance, such as radiation efficiency. 

2.3.1 Conductive Materials 

   Conductive materials with sufficient electrical conductivity is essential for ensuring high 

gain, efficiency, and bandwidth. Additionally, resistance to degradation due to mechanical 

deformation is another desired feature for the conductive material. Nanoparticle (NP) inks are 

used for fabricating flexible antennas due to their high electrical conductivity. Silver-

nanoparticle ink is preferred over copper nanoparticles due to their low rate of oxide formation.      

Very few investigations have been observed for flexible antennas based on copper-based 

nanoparticles. Besides nanoparticles, electro-textile materials, and nonwoven conductive 

fabrics (NWCFs) are generally used in flexible antennas. Various types of textile and non-

textile conductive materials for developing flexible antennas have been reviewed in [70]-[72]. 

Adhesive copper, copper tapes and copper cladding also have been reported in the development 

of flexible antennas. 
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   With combined electronic properties of conductors and mechanical and processing attributes 

of polymers, conductive polymers (CPs) have been investigated extensively for different 

electronic applications. Conductive polymers including PEDOT:PSS, PAni, polypyrrole (PPy), 

poly(3-hexylthiophene) (P3HT), polyacetylene (PA), polythiophene (PTh) seem to be 

promising materials for flexible and wearable antennas. The low conductivity of conductive 

polymers was improved by adding carbon nanotubes, graphene, and carbon nanoparticles. 

Flexible antennas using graphene are promising due to their high electrical conductivity and 

excellent mechanical properties. Graphene paper [73], graphene ink [74], graphene oxide ink 

[75], and graphene nanoparticle ink [76] have been used in previous studies for fabricating 

stretchable antennas. key point in this strategy is maintaining interconnected pathways through 

these nanomaterials to enable highly conductive channels when the substrate is 

stretched. Despite great progress, the conductivities of such composites are typically lower than 

those of conventional metals. The other category of stretchable conductors is based on liquid 

metals patterned into channels of elastomeric materials. This structure can be bent and 

stretched to levels beyond those possible with conventional electronic materials. These 

stretchable designs exhibit high stretchability, while maintaining excellent 

conductivity. Drawbacks are blockage and fragmentation of liquid metal in the channels during 

stretching, causing oxidation over many cycles of deformation, preventing robust, reliable 

contacts to electronic components which results in unreliable packaging with leakage. The final 

category exploits mechanically guided structural designs of conventional metals, which can 

undergo large deformations without failure [5]. 

   The performance of flexible antennas relies heavily on the fabricated conducting traces with 

high deformation sustainability while maintaining electrical conductivity. 

2.3.2 Substrate  

    Elastic substrates, which are able to tolerate the applied strain and regulate the strain 

distribution in circuits, are key components in stretchable electronics. Moreover, the self-

healing characteristic of the substrate is the most desirable feature, so the device can recover 

from failure resulting from large and repetitive deformations. The substrate material used in 

flexible antennas need to have minimum dielectric loss, low relative permittivity, low 

coefficient of thermal expansion, and high thermal conductivity. Such a constraint is driven by 

the need for increased efficiency in different circumstances at the price of larger antenna size. 

The alternative strategy is the need for large dielectric constant for miniaturized antennas. 

Three types of substrates are usually used in the fabrication of flexible antennas: thin glass, 
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metal foils, and plastics or polymer substrates. Though thin glass is bendable, the intrinsic 

brittle property restricts its applicability. Metal foils can sustain high temperatures and provide 

inorganic materials to be deposited on it, but the surface roughness and high cost of the 

materials limit its applications. Plastic or polymer materials are the best candidates for flexible 

antenna applications which include: (1) the thermoplastic semi-crystalline polymers: 

polyethylene terephthalate (PET) and polyethylene naphthalate (PEN), (2) the thermoplastic 

non-crystalline polymers: polycarbonate (PC) and polyethersulphone (PES), and (3) high-glass 

transition temperature (Tg)  materials: polyimide (PI) [77], [78]. These polymers are popular 

and attractive in recent years for flexible electronics due to their robustness, flexibility, 

wettability, and stretchability. Due to high Tg. Polyimide is one of the most preferred materials 

for flexible antennas, which had been used as a substrate in previous studies [79]-[83]. PET 

and PEN are preferred in many flexible antenna designs due to excellent electrical, mechanical, 

and humidity resistant properties. For fabricating different types of flexible antennas, PET has 

been used due to its excellent conformal behaviour and mechanical stability. For example, [80] 

reported the design and performance of a bowtie shaped slot antenna on a flexible and low-cost 

polyethylene terephthalate (PET). The proposed antenna operates over 2.1– 4.35 GHz 

frequency range (69.77% fractional bandwidth) and exhibits omnidirectional radiation pattern 

with a peak gain of 6.3 dBi at 4.35 GHz which makes the design suitable for Internet of Things 

(IoT) applications. In an earlier report [85], a millimetre-wave (mm-wave) inkjet-printed 

flexible antenna designed on Polyethylene Terephthalate (PET) substrate for the 5th  generation 

(5G) wireless applications. PET and PEN substrate have excellent conformality, but low glass 

transition temperature limits their application for the high-temperature condition. Stretchable 

antennas made for wearable purposes need unique attributes such as limited visibility for the 

user, robust antenna performance in different conditions, mechanical stability, and 

withstanding rigor, such as washing [86]. Different types of substrates used in wearable 

antennas have been reported in [87]. Silk, and electro textile materials are a few examples of 

substrates that have been used for wearable/flexible antennas. The use of polydimethylsiloxane 

(PDMS) polymer as a substrate has been emerging because of its low Young’s modulus (<3 

MPa) suggesting high conformality. chemical properties, good thermal stability, transparency, 

and biological compatibility [88]. 

   Paper substrate has been preferred for flexible antennas due to the cost-effective nature and 

simplicity of manufacturing. A flexible inverted-F antenna on an ultra-low-cost paper-based 

organic substrate for wireless local area network (WLAN) and flexible display application has 

been reported in [89]. In  [90] flexible antenna with low resistivity for radio‐frequency 
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identification device (RFID) tags on paper substrates via inkjet printing combined with surface 

modification and electroless deposition (ELD) is demonstrated. 

    Liquid crystal polymer (LCP) is a flexible-printed-circuit like thin-film substrate and is 

considered as a good candidate  for high-frequency flexible antennas due to low dielectric loss, 

lower moisture absorption, resistant to chemicals, and can withstand temperatures up to 3000C 

[87]. A metamaterial loaded circularly polarized (CP) flexible CPW fed antenna which is 

etched on an LCP material for WLAN and WiMAX applications [88], and  an inkjet-printed 

broadband antenna on  a flexible, low cost liquid crystal polymer (LCP) substrate for the UHF 

radio frequency identification (RFID) and sensing applications is proposed in [93]. 

    It can be concluded that the substrate plays an important role in achieving the flexible 

antennas. Due to their conformal behaviour and suitability, flexible materials have attracted 

great interest. These flexible materials need to be chosen carefully to withstand the physical 

deformation conditions such as bending, twisting and stretching while maintaining their 

functionality. Flexible antennas require low-loss dielectric materials as their substrate and 

highly conductive materials as conductors for efficient electromagnetic radiation 

reception/transmission. The recent flexible substrates being introduced for wearable/flexible 

antennas are Kapton, PET, PDMS, paper, liquid crystal polymer, different fabrics, and paper 

due to their unique physical, electrical, and mechanical properties. 

2.3.3 Fabrication Techniques for Stretchable Antennas 

   The performance of a flexible antenna is determined by the fabrication method which highly 

dependent on the utilized substrate. The common fabrication techniques include wet-etching, 

inkjet printing, screen printing, and other special methods for fabricating stretchable antennas. 

So far all reported stretchable antenna have been fabricated using intrinsically stretchable 

materials and mostly planar. The reported non-planar stretchable antennas have been fabricated 

using photolithography or 3D printing. To the best of the author’s knowledge none of them has 

studied the application of the compressive buckling technique in fabricating stretchable pop-

up antenna. According to this technique, antenna fabrication starts with attaching thin metal 

ribbons on a pre-strained elastomer. Releasing the pre-strain relaxes the elastomer back to its 

unstrained state, leading to the formation of pop-up antenna that enables stretchability. A 

number of studies in this area have focused on the mechanical aspect of this technique and to 

the best of author’s knowledge no study has studied the possibility of using compressive 

buckling fabrication method in antenna design. Therefore, the main focus of this thesis will be 

on the utilization of compressive buckling technique in designing different stretchable 



34 
 

electronic devices including pop-up antennas, pop-up frequency selective surfaces and pop-up 

capacitive sensors for strain sensing applications.  
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Chapter 3       

Pop-up Antennas and Pop-up Frequency Selective 

Surfaces 

 

3.1 Introduction 

    In this chapter two main electromagnetic devices, pop-up antenna and pop-up FSS structure 

are introduced, and the entire design procedure is presented in detail. The design and 

fabrication strategy of all introduced designs in this chapter are based on compressive buckling 

technique. This chapter includes five published papers. These papers offer practical 

applications for the designed electromagnetic pop-up devices.  

 

• First paper presents simulation and fabrication of a pop-up antenna for on-skin 

application. This antenna-based strain sensor can detect skin stretch up to 60% by 

frequency shift. The design is small, simple to use and cost-effective. The substrate has 

been chosen to match the mechanical properties of human skin.  

• Second paper Introduces a pop-up multiband antenna. The antenna can change its 

frequency response by mechanical deformation from fully flat state to fully bent state.  

• Third paper offers pop-up strain sensors for biaxial strain measurement. This sensor 

includes a pop-up loop antenna. Different loop antennas are introduced in this paper.  

• Forth paper presents a detailed study on pop-up antennas for gas sensing applications. 

In this paper, combination of pop-up antennas and swelling properties of the 

elastomeric substrate has led to a novel sensing platform which is able to detect Diethyl 

ether vapor by frequency shift. 

• Fifth paper introduces a pop-up frequency selective surface (FSS). This is a novel 

structure which allows biaxial strain sensing by changing its shape from 2D to 3D. This 

is a unique structure as with more stretch it undergoes, more stability in the frequency 

response is obtained. 
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3.2 Highly Flexible Strain Sensor Based on Pop-up Dipole Antenna 

for On-Body Applications [94] 

3.2.1 Abstract 

    Soft electronic systems are intensively desirable due to their similar mechanical properties 

to human skin. Technological advances in flexible, skin‐attachable, strain sensors over the last 

decade have made them attractive for medical applications, in particular, out-of-the-clinic 

health monitoring. Here we report a novel highly stretchable strain sensor based on a 

compressive buckling technique for on-body applications. Our suggested sensor can measure 

0 to 60% strain with the frequency shift in the range of almost 2.4 GHz to 5 GHz while keeping 

the on-skin antenna gain greater than -11 dBi. Finite Element Analysis (FEA) using COMSOL 

Multiphysics® 5.3a was adopted to analyse the buckling behaviour of the 2D metallic precursor 

as well as the antenna performance. Numerical results are in good agreement with the 

experimental data. 

Keywords: Strain, Compressive, Buckling, Pop-up, FEM. 

3.2.2 Introduction 

    Flexible sensors offer the capability of integrating with the human body. These devices are 

mountable on different curvilinear surfaces, which makes them ideal candidates to be placed 

directly onto the skin. Designing an efficient sensor capable of detecting the amount of skin 

strain as well as providing real time sensing data is of great interest. To date several attempts 

have been made to integrate antenna design for measuring the amount of strain [95]-[99]. For 

example changes to the length and width of a patch antenna due to the applied strain in the 

range of (0%-2%) resulted in a resonant frequency down-shift between 5.8 GHz to 5.7 GHz 

[95]. Other study has reported an antenna design based on flexible multi-layered graphene film 

which can detect tensile and compressive bending with strain sensitivity of 9.8 and 9.36, 

respectively [96]. Strain sensitivity relations can be found in [97]. Researchers in this paper 

have worked on a rectangular patch antenna on paper substrate with the strain sensitivity of 

3.23 and 3.34 to 1.67% of compressive and tensile bending strain, respectively. This project 

aims to contribute to this growing area of research by incorporating compressive buckling 

technique to the antenna design. This work is divided in to two steps. At first nonlinear buckling 

behaviour of a ribbon made of metal under different amounts of strain was studied and then 

results from the first step were coupled to the radio frequency physics in order to measure the 

antenna performance.  
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3.2.3 Methods 

   The proposed strain sensor function is based on the resonant frequency shift of a half 

wavelength dipole antenna made of 30 μm thick copper. Fig. 3.1 shows the schematic of the 

dipole and all dimensions parameters are mentioned in Table 3.1. The antenna has been 

designed to operate at 2.4 GHz without any strain on an ultra-thin, elastomeric Silicone rubber 

substrate (0.4 mm thickness) with the commercial name of Dragon Skin which has effective 

elastic modulus (E Substrate = 166 kPa) and Poisson ratio (ν Substrate = 0.49) similar to human skin 

[6]. 

   Structural mechanics module of COMSOL Multiphysics® software was used to model the 

antenna deformation with 0% to 60% strain.  

Fig. 3.2 illustrates antenna samples for 0 to 60% strain as well as their functions on human 

forearm. 

 

 

 

 

 

Table 3.1 Dimension parameters of the antenna design. 

 

 

 

 

   

Mooney Rivlin model (two parameters) was utilised to model the hyperelastic substrate, which 

Parameters L1 L2 W1 W2 W3 F 

Dimensions (mm) 40 16 10 1 5.5 2 

Fig.  3.1 Schematic of half wavelength dipole 

 

Fig.  3.2 Buckled ribbon with different uniaxial strains on the elastomeric substrate. (a) Simulation. (b) Antenna 

samples, the antenna was tested on forearm. 
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can fit the measured nonlinear stress-strain curves of isotropic rubber-like materials very well 

[100]. 

Ψ =∑𝐶𝑖(𝐼𝑖 − 3)

2

𝑖=1

          

    Where Ψ is strain energy function, I1 and I2 are Cauchy- Green invariants, C1 and C2 are 

Monney Rivilin parameters.  After post-buckling analysis, the deformed structure was coupled 

to the RF module for evaluation of its electromagnetics characteristics as a half wavelength 

dipole antenna.  The antenna was placed on forearm which was modelled with a multi-layered 

cubic structure with the dimension of 60 mm×60 mm×20 mm consisting of bone, muscle, skin 

and fat with their specific permittivity and conductivity in the frequency range of interest [7], 

[100]-[102], as presented in Table 3.2. The electrical properties of the elastomeric substrate 

were measured as 1.6 ± 0.2 and 0.04 (S/m) for permittivity and conductivity, respectively. The 

input impedance of antenna is 50 Ω and perfectly matched layer (PML) boundary condition 

was used for absorption of outgoing waves. As the accuracy of solution intensively depends on 

the mesh size, mesh refinement was adopted to minimise the error between the real and 

approximated solutions. 

Table 3.2 Properties of a three-layer model of human body. 

Body Layer Thickness (mm) 
Relative 

Permittivity 

Electrical 

Conductivity (S/m) 

Density 

(Kg/m3) 

Bone 5 11.4 0.38 1850 

Muscle 10 52.8 1.71 1059 

Skin & Fat 5 38.1 1.44 1010 

 

3.2.4 Results and Discussion 

   Skin strain due to the human motion causes a tensile stress in the substrate and when the skin 

returns to its normal condition the substrate is released to its original size. As a result of this 

stretch and release mechanism, a compressive stress is induced into the dipole antenna with the 

selective bonding to the substrate and initiates nonlinear buckling process which cause an 

extension to the third dimension. Fig. 3.3 represents the Von mises stress (MPa) along with 

both the substrate and the metallic ribbon with 10% and 60% strain, respectively. From the Fig. 

3.3 it can be seen that amount of stress close to the bonding sites as well as the bend apexes is 

much higher than other parts. Due to the out of plane displacement during the buckling, a 
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mutual capacitance occurs between the dipole adjacent arms which leads to a decrease in the 

overall capacitance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   This factor along with the existence of air gaps between the substrate and the buckled sections 

will result in a quite large resonant frequency shift. By increasing the strain level, distance 

between two arms in each meander decreases while the height of each bend becomes greater. 

As the arms get closer, an increase of the in-series combined mutual capacitance is expected 

[103]. A decrease in the overall capacitance as well as existence of larger air gap between the 

dipole and substrate lead to a larger frequency shift. Fig. 3.4 plots reflection coefficient (S11) 

versus frequency both for numerical and experimental data. Numerical data illustrates that 

when dipole antenna is in flat mode (0% strain) it works at 2.4 GHz and when it goes under the 

Fig.  3.3 Von mises stress for (a) 10%, and (b) 60% strain. 
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maximum compressive strain (60%) it works at 5 GHz. Note, the antenna S11 remains better 

than -20 dB across the entire stretch range. 

    Experimental measurement represents a maximum frequency tolerance of almost 5% which 

is due to the fabrication accuracy. Fig. 3.5 presents the frequencies related to the strain values 

between 0% and 60% which shows a nonlinear behaviour. It suggests that there is a significant 

frequency up-shift of about 800 MHz from 0% to 10% substrate strain and it reduces further to 

500 MHz and 400 MHz for 20% and 30% strain, respectively, and then remains constant at 

about 300 MHz for further strain percentages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

   Fig. 3.6 shows radiation pattern of the antenna (different planes) with 0% and 60% strain. 

The antenna has a gain of greater than almost -11 dBi while keeping on skin which is expected 

due to the loss within human tissues. 

 

  

 

    

 

 

Fig.  3.4 Numerical and experimental reflection coefficient (dB) of half wavelength dipole antenna versus 

frequency (GHz) with 0% and 60% strain. 
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Fig. 3.5 Resonant frequency shift as a function of the applied strain. 

 

Fig. 3.6 XY-plane, YZ-plane and XZ-plane of far field gain (dBi) for, (a) 60%, and 

(b) 0 % strain. (c) Orientation of the antenna on the three-layer human body tissues. 
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3.2.5 Summary and conclusion 

    This section presented the design, simulation result and fabrication of a novel flexible strain 

sensor for body mounting applications.  This sensor works based on resonant frequency shift 

of a half wavelength dipole antenna which is deformed according to a compressive buckling 

technique. The proposed sensor can detect up to 60% strain with significant frequency shift in 

the range of 2.4 GHz to 5 GHz. The antenna gain is greater than -11 dBi when directly attached 

to skin for the whole strain range of interest. Antenna samples were tested on body and there 

was a good match between numerical data and experimental measurements. 
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3.3 A Dual-band Strain Sensor Based on Pop-up Half Wavelength 

Dipole Antenna [104] 

3.3.1 Abstract 

   Here we present a pop-up half wavelength dipole antenna with dual band operation for strain 

sensing applications. The proposed antenna is lightweight, low cost and easy to fabricate with 

a simple design based on a compressive buckling technique. This flexible strain sensor can 

measure 0 to 30% uniaxial strain with the frequency shift in the range of 2.45 GHz to 2.9 GHz 

in the first band and 5.5 GHz to 6.3 GHz in the second band. A prototype of the proposed 

structure was fabricated and tested. Measured results show a good correlation with the Finite 

Element Analysis (FEA) simulation. 

Keywords: strain; pop-up; sensing; buckling; antenna. 

3.3.2 Introduction 

    Stretchable strain sensors have been the subject of considerable research during the last 

decade and they are expected to significantly contribute to new technologies and be applied in 

various applications including health monitoring systems, human motion detection, smart 

cloths, environmental monitoring and so forth [105]. To date different types of antenna have 

been integrated in strain sensor designs [106], [107]. For example, a strain sensor based on a 

dual band rectangular microstrip patch antenna is reported in [106]. This sensor can measure 0 

degree to 55 degree bending in the antenna by resonant frequency shift in the range of 1.8 GHz 

to 2.108 GHz for the first operational band and 2.4 GHz to 2.78 GHz for the second band. 

Other study has reported a circular microstrip patch antenna for strain sensing applications. 

The sensor can detect 0 to 10% strain by 10% resonant frequency down shift [108]. In [109] a 

microstrip patch antenna strain sensor has been designed based on the relation between the 

resonant frequency and the length of the microstrip patch antenna. The suggested sensor 

measures 0 to 5% strain by 3.6 MHz frequency down shift. Similarly, the strain sensor design 

reported in [107] is based on a planar dipole antenna and can detect 0 to 5% tensile strain with 

28 MHz frequency down shift. This paper introduces a new stretchable strain sensor design 

based on pop-up half wavelength dipole antenna by using a compressive buckling technique. 

This technique is a simple and cost-effective fabrication process for transforming 2 

dimensional (2D) layouts to 3D [94]. Finite Element Analysis (FEA) method using COMSOL 

multiphysics® software was applied to perform a two-step simulation [7]. At first a nonlinear 

buckling analysis was performed for the antenna under different strain levels from 0 to 30% 

and then the results from the first step were coupled to another RF simulation in order to 
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evaluate the antenna performance. A good consistency was observed between numerical results 

and experimental measurements. 

3.3.3 Antenna design and results 

     The proposed half wavelength dipole antenna is made of double layer 30 thick copper 

ribbons that are bonded with each other at selective sites on a T = 0.4 mm thick Silicone rubber 

substrate (Dragon Skin) with Young’s modulus of 166 kPa and Poisson ratio of 0.49. The 

schematic of the antenna is depicted in Fig. 3.7 and all geometrical dimensions are presented 

in Table 3.3. The antenna has been designed to work in a single band at 2.45 GHz when flat 

and the metallic ribbons are electrically connected in each dipole arm. The electrical properties 

of the elastomeric substrate were measured as 1.6 and 0.04 S/m for permittivity and 

conductivity, respectively. The input impedance of the antenna is 50 Ω. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.3 Dimension parameter of the antenna design. 

 

Parameters  L L1 L2 W W1 G 

Dimensions (mm) 60 25 12.5 20 3 2 

Fig.  3.7 Schematic of the designed dual band half wavelength dipole 

antenna. 
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   perfectly matched layer (PML) boundary condition was applied to prevent spurious 

reflections from the inside of the computational region. The nearly incompressible hyperelastic 

substrate used in this sensor design was simulated with Mooney Rivlin model (two parameters) 

[94]. Uniaxial tensile strain in the elastomeric substrate and its return to the original dimension 

induce a compressive stress into the dipole antenna which is selectively bonded to the substrate 

and initiate buckling in the third dimension. This out of plane displacement leads to a decrease 

in the overall capacitance and consequently an up-shift in the resonant frequency. Moreover, 

two metallic ribbons in each dipole arm are insulated from each other so, buckling process and 

as a result capacitive interaction between the two metallic ribbons will lead to another resonant 

frequency (second band) due to the existence of the upper bonded layer.  

   Fig.3.8 represents the Von mises stress (MPa) for both the substrate and dipole after returning 

of the substrate to its main size (30% strain). From this figure it can be seen that the amount of 

stress close to the bonding zones as well as the bend peaks are much higher that other parts. 

Fig.  3.8 (a) Numerical and experimental reflection coefficients (dB) of the pop-up half wave dipole antenna 

versus frequency (GHz) for 0% and 30 % strain in the substrate. (b) Frequency shift versus strain. (c) Von 

Mises (MPa) stress on the antenna and substrate. (d) Antenna prototype for 10%, 20% and 30% strain in the 

substrate. 
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3.3.4 Summary and conclusion 

    In this section a novel highly flexible strain sensor has been reported based on the resonant 

frequency up-shift of a pop-up half wavelength dipole antenna. The proposed antenna exhibits 

a dual band operation due to the existence of two insulated. metallic layer in each dipole arm. 

The suggested sensor is able to measure 0 to 30% strain in the substrate by frequency shift in 

the range of 2.45 to 2.9 GHz for the first band and 5.5 to 6.3 GHz for the second band. Numerical 

data and experimental outcomes are in good agreement with each other. 
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3.4 Mechanically Influenced Antennas for Strain Sensing 

Applications Using Multiphysics Modelling, paper 3 [110] 
3.4.1 Abstract 

Here we report highly flexible 3D antennas which leverage nonlinear compressive buckling 

to tune their operating frequency through 0 to 30% uniaxial or biaxial stretch /release of their 

elastomeric substrate. The proposed 3D designs are straightforward to fabricate compared to 

the existing direct 3D fabrication routes which makes them promising for strain sensing 

applications. By utilizing a soft silicone substrate and structural design of the conventional 

metallic materials, we have demonstrated two designs of 3D stretchable antennas: "Pop-up 

convoluted loop antenna" and "Pop-up multilayer dipole antenna". Multiphysics simulation 

using FEA method is used to analyze the antenna models and the numerical results are in a 

good correlation with measurements. 

Index Terms: flexible, compressive buckling, pop-up, multilayer. 

 

3.4.2 Introduction 

   Non-planar surfaces including biological organs are prevalent in nature. Soft electronics that 

can effectively adapt to these surfaces significantly improve the applicability of conventional 

bulky and rigid electronics in sensing and monitoring [111]. Two strategies can be applied to 

achieve stretchability in electronics, first integrating with novel flexible materials such as 

conductive textiles, liquid metals, conductive polymers and nanomaterials [112]-[115] or 

structural design, by making non-flexible structure into specific design that can bear the applied 

strain without fracturing. Structural design as a powerful approach for bestowing stretchability 

to materials that are intrinsically rigid have received much attention in the last five years. For 

instance, in [59] a deformable self-similar interconnect with meander-shaped layout was 

proposed. This interconnect can respond to the applied strain by rotating in plane or buckling 

out of plane. Proposed skin-mounted technologies require integrating flexible electronic 

systems with stretchable antennas, enabled by the efforts with new soft substrates and novel 

integration approaches with structural designs to provide wireless connectivity. Reconfigurable 

antennas can dynamically tune their radiation characteristics in order to adapt to the constantly 

changing operating conditions. As a particular category, stretchable antennas are demanding 

due to their radiation engineering through stretch and compression. To date different types of 

stretchable antennas have been proposed [69], [116], [117]. For example, using stretchable 

conductive ink based on polysiloxane-silver composite in a patch antenna led to 200 MHz 
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frequency downshift in response to 20% strain [69]. Furthermore, a metamaterial inspired 

antenna using liquid metal has been presented in [116], which detects 60% strain by 150 MHz 

frequency up-shift. More recently, [117] proposed a stretchable antenna by embedding silicone 

based conductive adhesive. This antenna can identify 60% strain via 1 GHz frequency down 

shift. Although these antenna designs provide good sensing range, the conductive materials 

face many challenges such as low conductivity under mechanical deformation and 

delamination. 

     In this research, we used structural design technique to introduce two novel 3D stretchable 

antennas for strain sensing applications. These designs present advantage in terms of simplicity 

of fabrication over the reported designs in the literature, as the current direct 3D fabrication 

methods are typically constrained by the accessible range of sophisticated 3D geometries and 

material.  

3.4.3 Methodology 

    The proposed antennas have been designed using the compressive buckling approach. This 

indirect 3D assembly makes use of well-established planar technologies to transform 2D 

structures into 3D structures by mechanical deformation. Based on this method, the flat antenna 

pattern is selectively bonded to a pre-strained elastomeric substrate, so the free sections can 

bend up after releasing the substrate to absorb the corresponding compressive force.  

    Both mechanical and electromagnetic simulations were performed via FEA method using 

COMSOL multi- physics, version 5.3 a [7]. The antennas were fed with 50 Ω coaxial cable and 

a perfectly match layer (PML) was used for the radiation boundary condition. The FEA multi-

physics simulation steps are as follows: 

1- Electromagnetic simulation (COMSOL Multi-physics, RF module) models the planar 

antennas on a 30% stretched elastomeric substrate. Adaptive meshing convergence was 

used.  

2-  Mechanical simulation (COMOSL structural mechanics module) models the buckled 

antenna shape after 30% strain release in the substrate via nonlinear buckling. 

3-  Electromagnetic simulation of the mechanically deformed antennas (3D) resulting 

from step two on the relaxed substrate. 

In this section two different pop-up antenna design will be introduced: 
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3.4.4 Pop-up convoluted loop antenna 

   The proposed flat convoluted loop antenna is made of 30 µm thick copper foil cut by means 

of Cricut explore airTM machine [117] selectively bonded to an 0.5 mm thick elastomeric 

substrate (Dragon Skin [115]) with Young’s modulus of 166 kPa and Poisson ratio of 0.49 [6], 

as seen in Fig. 3.10. The proposed antenna operates at 2.9 GHz on a 30 % biaxial stretched 

substrate with dielectric constant of 1.8 and conductivity of 0.04 S/m. The electrical properties 

of the substrate was measured and averaged in the frequency range  of 2.9 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 [120]. The schematic of the antenna is illustrated in Fig. 3.9, and all 

geometrical parameters are presented in Table 3.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.4 Parameter for antenna design 

 

 

 

 

 

Parameter R1 R2 D W1 G L W 

Dimension 

(mm) 

5.8 9.4 2.2 1 4 25 25 

Fig.  3.9 3D assembly of loop precursor. (a) Buckling process. (b) Numerical and experimental studies of 

two 3D convoluted loop and 3D flower loop antennas with different bonding patterns (red circles), Top: 

convoluted loop and down:  flower-shape loop antennas. 
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     By changing the bonding site locations, different 3D configurations can be achieved. Fig. 

3.10 shows an alternative possible 3D shape, which is a ‘flower’ loop. However, only the 

convoluted loop antenna has been studied in this paper. Note that 30% is the maximum strain 

level leading to a convoluted loop without the neighbouring meander sections touching each 

other. The simulated λ perimeter loop (larger loop) yields an input impedance of almost 100 Ω 

at resonance in flat mode. In order to achieve a match at the design impedance of 50 Ω and to 

eliminate any additional matching networks, a secondary internal convoluted loop was 

included in the structure. This provides the impedance transformation from 50 Ω source to the 

main radiating element. The designed pop-up strain sensor can indicate 0 to 30% biaxial strain 

by downward frequency shift from 3.47 GHz to 2.9 GHz, as illustrated in Fig. 3.10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.5 Pop-up multilayer dipole antenna 

   The design of the second stretchable and reconfigurable 3D multiband antenna includes four 

coupled metallic ribbons that are bonded with each other at selective sites integrated with a 0.4 

mm thick elastomeric substrate with electrical and mechanical properties described in the 

previous section. All dimensions are presented in Table 3.5. The layers are insulated from each 

other by means of super glue (Loctite Company) and the antenna fabrication route is illustrated 

in Fig. 3.11.  The designed antenna resonates at 2.4 GHz when flat on a 30% uniaxial stretched 

substrate. Releasing the strain triggers the out-of-plane buckling of the 2D bonded multilayers,  

Fig. 3.10 Experimental and numerical results of reflection coefficient (dB) vs resonant frequency 

(GHz) for flat wavy loop antenna (30% strained substrate) and convoluted loop antenna (relaxed 

substrate). The sensor can measure up to 30% biaxial strain through 570 MHz downshift. Linear 

interpolation was used to obtain the sensing pattern. 
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lifting them off each other and the substrate surface at the non-bonded interfaces, and thereby 

leading to the formation of 3D antenna. Fig. 3.11 shows the multiband feature of the proposed 

3D dipole-like antenna before and after 30% strain release in its substrate. Fig. 3.12 (a) shows 

the reflection coefficient (dB) plot for the proposed antenna when fully stretched and Fig. 3.12 

(a) illustrates the reflection coefficient (dB) plot for the multiband antenna when relaxed. While 

fully stretched, the single matched band is at 2.4 GHz, after buckling, the capacitive interaction 

between insulated layers led to the emergence of other additional resonant frequencies at 8.5, 

12 and 13.5 GHz, as presented in Table 3.6. 

Table 3.5 Dimensions of the designed multi-layered antenna. 

 

 

 

 

Parameter  L1 L2 L3   L4 F L5 W1 W2 

Dimension 

(mm) 

6.2 12.5 18.7 25 4 60   2 20 

Fig.  3.11 (a) 3D assembly of multi-layer dipole antenna via compressive buckling. (b) Geometrical 

parameters of the design. (c) Simulation results. (d) A prototype of the design. 
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Table 3.6 Matched frequency bands, simulated gain and simulated total efficiency of the 3D multi-layered 

antenna as a function of sensing strain. 

 

 

 

Strain 

(%) 

Frequency (GHz) Gain (dBi) Total efficiency 

(%) 

30 2.4 1.95 83 

20 

2.57 1.78 97 

7.05 3.65 84 

9.85 3.45 98 

10.63 4.92 88 

10 

2.63 1.88 97 

7.79 3.79 98 

10.3 3.49 84 

11.9 5.03 88 

0 

2.9 1.94 98 

8.45 3.1 98 

12 3.66 84 

13.5 6.22 98 

         (a)                                                   (b) 

 

Fig.  0.3 (A) Reflection coefficient as a function of resonant frequency for (A) 

Fully stretched substrate (30% strain) and (B) relaxed substrate (0% strain).(A)                                                                       

(B) 

Fig.  3.12 Reflection coefficient (dB) as a function of resonant frequency for (a) fully stretched substrate 

(30% strain) and (b) relaxed substrate (0% strain). 
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3.4.6 Summary and conclusion 

   Two designs for stretchable and reconfigurable 3D antennas based on mechanically guided 

assembly have been reported. First design presents a 3D convoluted loop, which can detect up 

to 30% biaxial strain in its substrate and the second design represents a 3D multi-layered 

dipole-like antenna, which works at single band while 30% stretched and shows multi-

frequency feature after buckling. The proposed sensors show higher response rate (∆f/∆𝜀,ε 

denotes the strain) in comparison to the designs reported in the literature [69], [116], [117]. 

This factor along with the simplicity of the fabrication in comparison to the direct 3D 

fabrication routes, which are expensive, limited in shapes and materials make the both designs 

of interest for strain sensing applications, such as on-body sensing which will be the future 

research effort. Combined experimental and computational studies based on multi-physics 

FEA simulation are in good agreement.     
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3.5 Antenna-Based Pop-up Vapor Sensor Guided by Controlled 

Compressive Buckling [121] 

3.5.1 Abstract 

A novel highly stretchable gas sensor is reported that is based on pop-up 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, pop-up antenna, diethyl ether, vapor, PDMS, sensor. 

 

3.5.2 Introduction 

    Chemical vapor environmental exposure can occur from accidental spill during manufacture, 

distribution, and handling. These gases are often combustive and can threaten public safety 

[122]. 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 [123], [124]. 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 [125]-[132]. 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 [125]-[130]. Furthermore, the variation in 

optical, electrical and chemical properties of customized nanoparticle dispersion inks with 
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exposure to a particular gas to tune antenna responses have been exploited.  For instance, the 

authors of [131] proposed a gas sensor by embedding an electrode coated with copper acetate-

based chemi-resistive ink in a loop antenna, while [132] 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 [133]-[141] with antenna properties when embedded in PDMS substrate in [142]-[145]. 

These studies focused on the substrate flexibility due to its low Young’s modulus (less than 

2 MPa) at room temperature [146]. However, only a few publications have applied the swelling 

behavior of PDMS to vapor detection [147], [148]. 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 [149]-[155] 

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 [14] 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.  

3.5.3 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 buckle out of plane in response to the 

induced strain from PDMS swelling and deswelling to avoid fracture. Fig. 3.13 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 3.7 and 

Table 3.8, respectively. Note that the dimension values in Table 3.6 are for PDMS before 

swelling.   
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Table 3.7 Parameters for the designed antenna. 

 

 

 

 

Table 3.8 Properties of the substrate used in the sensor design at 2.4 GHz. 

 

 

 

 

 

 

 

 

 

* 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 [124].  A modified equivalent circuit model was proposed to 

describe the pop-up dipole antenna [156], [157]. 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 

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 

Fig.  3.13 Geometry of the designed half wavelength dipole antenna.                
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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 𝑚𝑚) and assigning the measured 

electrical properties (KSwollen PDMS and Conductivity Swollen PDMS) reported in Table 3.7. 

Thickness increment in the fully swollen PDMS was theoretically predicted by the 

Flory–Huggins model [154] 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 reflection 

coefficient values (dB) of the antenna. The simulations were performed using COMSOL 

multiphysics v. 5.3a [7] in which adaptive meshing convergence were used. For efficiency and 

simplicity, all the metal layers are modelled 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. 3.14). The degree of PDMS 

swelling in exposure to diethyl ether was measured experimentally and will be discussed in 

detail later.  

     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 hyper-elastic 

material [159]. 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 [160]. The strain energy 

density function for this hyper-elastic model is given by: 

 



58 
 

𝑊 = ∑ 𝑐i(𝐼1 − 3)
𝑖3

𝑖=1                     (3.2) 

 

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 [161].  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. 

3.5.4 Equivalent circuit model 

    The pop-up dipole antenna is a buckled version of its straight counterpart with similarities 

in terms of radiation pattern and current distribution. In [156] a four-element circuit model for 

a straight dipole antenna was derived which can be adapted to the pop-up dipole antenna by 

altering the lumped components values, as shown in Fig. 3.15(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 behaviour of the antenna. As shown in Fig. 3.15,  

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 

Fig.  3.14 Schematic illustration of the designed popup sensor by mechanically guided 3D assembly through 

PDMS swelling and deswelling. 
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which buckle the ribbon into an arc, as shown in Fig. 3.15(c). The compressive strain (𝜀𝑐𝑜𝑚𝑝) 

induced in the antenna is defined as [154]: 

                  𝜀𝑐𝑜𝑚𝑝 = −
𝑙𝑟𝑖𝑏
0 −𝑙𝑟𝑖𝑏

𝑙𝑟𝑖𝑏
0                              (3.3) 

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 [154]-[156] and the static deflection amplitude of the buckled ribbon (A) is given 

by [154]: 

                               𝐴 =
2𝑙𝑟𝑖𝑏
0

𝜋
 √

𝑙𝑟𝑖𝑏
0 −𝑙𝑟𝑖𝑏

𝑙𝑟𝑖𝑏
0 − 𝜖𝑐                                               (3.4) 

where 𝜀𝑐 = 𝜋
2ℎ2/[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 [152], the 

value of each lumped element in the equivalent circuit model can be calculated by (3.5) -(3.7). 

                                           C31 =  {
12.0674(Nlrib)

(log(
2Nlrib
T

)−0.7245)
}  pF                                                (3.5)   

    

C32 = 2Nlrib {
0.89075
0.89075

((log(
2Nlrib
T

))0.8006−0.861)

− 0.02541}  pF                                    (3.6)                 

𝐿31 = 0.2 𝑙1  {(1.4813 𝑙𝑜𝑔 (
2𝑙1
𝑇
))1.012  − 0.6188}  𝜇𝐻                                        (3.7) 

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: 
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                              𝐶𝑚 =
𝜋𝐾0𝐴

𝑙𝑛[(
𝑙𝑟𝑖𝑏
𝑇
)+√(

𝑙𝑟𝑖𝑏
𝑇
)
2
−1]

                                (3.8) 

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 

pop-up dipole is as follows: 

 

                        𝑓0 =
1

2𝜋√𝐿31(𝐶31+𝐶32+
𝐶𝑚

2𝑁)⁄ )

                                        (3.9) 

    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. 3.16. The largest deviation in the 

resonant frequency observed between our model and simulation result was 3.8%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  3.15 (a) Equivalent circuit model used for modelling popup dipole antenna [152]. (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. 

 



61 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5.5 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 3.5.6.  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 [162]. 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 

Fig.  3.16 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. 
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bonding sites between dipole and PDMS, the number of buckles (N) in each arm of the dipole 

can be determined. Fig. 3.17 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.  

 

 

 

 

 

 

 

 

 

 

   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 pop-up structure achieves a reduction in length 

by expanding the antenna into the third dimension off the substrate. 

 

Fig.  3.17 Von Mises stress (MPa) in the antenna and substrate after release of 60% strain in the 

PDMS 
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    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 pop-up 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, as seen in 

Fig. 3.15(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 

Fig.  3.18 Resonant frequency shift vs strain value in the PDMS substrate for the half wavelength 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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dipole leads to a resonant frequency up-shift. Fig. 3.18 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 [163] was applied to predict the number of stress cycles the dipole sustains before 

failure. Fig. 3.19 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. 3.17) 

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. 3.20 shows the reflection coefficient (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 3.9 show the maximum Von 

Mises stress on the PDMS substrate decreases with increasing thickness.  
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Table 3.9 Maximum stress level in the PDMS substrate with different thicknesses. 

 

 

 

 

 

 

 

 

 

 

 

 

Maximum Von 

Mises Stress 

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

         MPa 9.9 4.8 4.44 

Fig. 3.19 Number of cycles to failure for the half wavelength dipole antenna on a PDMS substrate 

after release of 60% strain. 

Fig.  3.20 Reflection coefficient (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. 
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3.5.6 Experiment 

    PDMS pads were cast using the procedure mentioned in [147] 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. 3.21(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. 3.21(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. 

3.22(a) 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 [164]-[166]. Table 3.10 presents the vapor concentration in the desiccator 

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 3.22(b) 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 
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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 [125], [131], [132], [133]. 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. 3.22(b) 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. 3.22(c) 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 3.11. 

 

 Table 3.10 Summary of measure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 
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Table 3.11 Comparison with other works. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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]  

Pop-up dipole 

antenna integrated 

with PDMS 

diethyl ether 0.6-1.1 25 This work  

(a) 

 

Fig.  0.4 Biaxial stretching of an 

elastomeric substrate.(a) 

(b) 

 

 

Degree of swelling (%) 

T
im

e 
(m

in
) 

Fig.  3.21 (a) Swelling degree vs exposure time for three thicknesses (0.4 mm, 0.8 mm and 1 mm). (b) Fabrication 

process. Step one, the flat dipole antenna is superglued at six bonding zones (specified with red color). In step 

two, the antenna is attached to the fully swollen PDMS in the desiccator. Note that all experiments were performed 

in clean room to ensure the safety and finally in step three, the sample is removed from the desiccator to deswell. 

At this point due to the induced compressive force, buckled dipole is formed. 
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(b) 

 

(a) 

 

Fig.  0.5 Schematic of the antenna 

design. (a) Dimension parameters of 

the antenna layout. (b) Antenna 

design on a finger model.(c) 

(c) 

 

 

Fig.  3.22 (a) Experimental set up, sensor placement in desiccator. (b) Experimental curve for resonant frequency 

vs diethyl ether concentration (ppm), Linear correlation between frequency and gas concentration could be used 

for calibrating the sensor. (c) A comparison of resonant frequency vs gas concentration curve between diethyl 

ether and acetone. 
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3.5.7 Summary and 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 of the sensor using 

radar or link coupling techniques. 
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3.6 Pop-up Tunable Frequency Selective Surfaces for Strain 

Sensing [163] 

3.6.1 Abstract 

     A 3D pop-up frequency selective surface (FSS) is presented that can be tuned by the amount 

of strain due to mechanical loading in its elastomeric substrate. The proposed FSS structure 

comprises periodic 2D crossed dipoles attached to the substrate at selective bonding sites. 

Strain release in the substrate induces compressive stress in the attached FSS, converting it to 

a 3D periodic pattern. With the out-of-plane displacement, the interaction with the incident 

field and mutual interactions between the elements are altered, resulting in a resonant frequency 

shift and a more stable response regarding the incident angles from 0° to 45°. A design of pop-

up FSS structure is introduced for strain sensing applications. The potential sensor can measure 

up to 50% strain in the substrate by frequency down-shift from 3.1 to 2.4 GHz. Multiphysics 

finite element method modelling of the mechanical and RF simulation was in good correlation 

with the experimental data and demonstrates the potential of these structures as sensors. 

Index Terms—Mechanical sensors, compressive stress, frequency selective surface (FSS), 

multiphysics simulation, strain. 

3.6.2 Introduction 

  Frequency selective surfaces (FSS) also called spatial filters are periodic arrange of metal 

patches or perforated metal screen elements on a dielectric substrate. These repetitive structures 

can modify the incident electromagnetic radiation by completely or partially transmitting (pass-

band) or reflecting (stop-band), depending on the nature of the array element [168]. Low 

profile, tunability, dual polarization, angular stability and easy fabrication route are among the 

desired properties of FSSs. However, achieving all mentioned characteristics has been a 

challenge for FSS designers. To date various attempts have been made to design electronically 

or mechanically tunable FSS structures [169]-[174]. For example, the authors of [169] 

proposed a dual layer FSS layout loaded with variable capacitors to adjust the resonant 

frequency. Furthermore, an FSS structure consists of periodic pattern of circular loops 

connected through varactor diodes introduced in [170], which exhibits tunable operation. 

Although electronic tuning has many benefits, it suffers from several disadvantages, especially 

for large area FSSs, as it requires lots of controlling lumped elements for each unit cell as well 

as bias circuits to ensure RF/DC isolation. Other researchers [171]-[173] obtained tunablity by 

integrating stimuli-responsive substrates such as liquid crystals and ferrites into the FSS 

structures. In this way, a resonant frequency shift achieved by changing the electrical properties 
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of the substrate in exposed to external excitation. Mechanical tunability also proposed in [174] 

which rotation of each 3D unit cells was controlled using a shaft connected to a motor. 

However, the reported method suffers complex fabrication routes. 

    An alternative approach for tuning FSS layouts is introduced in this chapter, based on 

stretch/release or shrinkage of the substrate due to external stimuli such as force or temperature 

change to convert a 2D unit cell to a 3D one in a pop-up like fashion. Recently, more attention 

has focused on the 3D FSS designs as they offer more frequency stability for different incident 

angles and polarization [175], [176]. However, most designs encounter difficulties in 

implementation and fabrication, as current 3D direct print is constrained by limited range of 

3D geometry shape and reliance on expensive metallic inks and plastics. Pop-up technique 

introduces a simple 3D indirect fabrication route for any shape and type of materials, based on 

mechanical deformation of the soft substrate. According to this technique, two ends of a 2D 

precursor are strongly bonded to the pre-strained substrate, while the other parts are free on the 

substrate [170]. Following the complete release of the substrate pre-strain, the 2D precursor 

goes under compression and may buckle up. Our proposed FSS design operates between two 

states of planar and fully buckled in response to environmental stimuli such as strain and 

temperature, which lends itself well for sensing application.  It can measure up to 50% strain 

frequency shift in the range of 2.4 GHz -3.1 GHz. Moreover, as it starts buckling, it provides 

more stable frequency response for incident angles up to 60o.   
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3.6.3 Design and working principle 

A Geometry of the Unit Cell 

   The unit cell of the proposed FSS structure, when flat consists of 2D crossed dipoles, as 

shown in Fig. 3.23. The cell is repeated periodically along two directions �̂� and �̂�  with length 

a  and b. All geometrical dimensions are presented in Table 3.12. the spacing between adjacent 

unit cells defines the periodicity of the FSS structure which was tuned through parameter sweep 

to receive a good performance in terms of resonant frequency while keeping the whole 

dimension as small as possible. Moreover, this spacing must also be optimized to be sufficient 

enough to prevent the adjacent cells becoming short-circuited after the maximum stretch and 

release.   
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Fig.  3.23 Popup formation procedure of the FSS structure. A) Elastomeric substrate is under strain (2D unit cells), 

B) Substrate is relaxed and 3D unit cells are formed due to induced compressive force, C) Geometry parameters of 

each unit cell. 

 



74 
 

 

Table 3.12 Parameters for the designed FSS 

 

 

 

 

 

   The substrate is made of Silicone rubber with a commercial name of Dragon Skin [119] with 

relative permittivity of 1.8 and conductivity of 0.004 S/m and thickness of 1 mm. The metallic 

patterns are made up of 35 µm-thick copper foil. 

B. Fabrication method 

   The fabrication began with cutting a copper sheet (Cu, 35 µm) into the desired shape using a 

cutting machine (Cricut Explore Air TM 2). The next step involved transferring the precursors 

onto a pre-stretched elastomer substrate (Dragon Skin, Smooth on). A commercial adhesive 

(Super Glue, Loctite Company) dispended at desired bonding sites. There are some techniques 

reported in the literature for an almost perfect bonding [177], [182]. However, here our aim 

was the simplicity of fabrication, while receiving sufficient loading cycles. Slowly releasing of 

the pre-stain initiates the assembly process. The proposed design was a 3 × 3 array on an 

elastomeric substrate. For mechanical stability, the sample was backed with a 12 mm thick 

sheet of Polystyrene foam (𝜀𝑟 = 1.04 ), as depicted in Fig 3.24. 

 

 

 

 

 

 

 

 

 

Parameters A B L W T 

Dimensions(mm) 68.2 68.2 54 2 1 

Fig.  3.24 Biaxial stretching of an elastomeric substrate. 
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C. Simulation Procedure 

     Multiphysics simulation using COMSOL V. 5.4 [7] has been performed to analyze the 

proposed structure. The simulation procedure is divided into three steps.  

   Step one: Full-wave electromagnetic simulation of the flat FSS unit 

cell using the RF module, at 2.45 GHz. The finite element method was adopted to determine 

the functionality under different incident angles for both TE and TM polarizations. Adaptive 

meshing convergence was used and for simplicity and time, all metal strips were modelled 

imposing a transition boundary condition with prescribed thickness. The geometry of the unit 

cell in flat state was optimized through parameter sweep in order to resonate at 2.45 GHz. 

Step two: Mechanics simulation using the structural mechanics module to model the unit cell 

deformation for up to 50% strain in the substrate. The elastomeric substrate was modeled as a 

solid element with Young’s modulus of 166 [kPa], Poisson’s ratio of 0.49 and mass density of 

927 kg/𝑚3. Copper precursors were modeled by shell elements with prescribed thickness. The 

load ramping method was adopted to model nonlinear buckling. This method ensures the 

solution convergence by gradually increasing the applied load and using the solution of each 

step as the initial value for the following step. 

Step three: Full-wave electromagnetics simulation of the deformed unit cell (corresponding 

to 0 to 50 % deformation) obtained from step two on the relaxed substrate to recalculate the 

transmission responses under various incident conditions.  

3.6.4 Results and discussion 

Measurement was carried out using two Rohde and Schwarz HL050 log periodic antennas at 

0.6 m from a 3×3 m2 absorbing panel containing the FSS and a Hewlett Packard 8722ES VNA 

for transmission system. The absorbing panel was loaded with a rotatable screen, thus allowing 

for angular measurement. To ensure consistency in the test, the system was calibrated before 

each measurement. Fig. 3.25 shows the prototypes and the experimental set- up. A unit cell of 

the proposed FSS design was illuminated by a normal plane wave, first with electric field 

polarized along the x-axis and the propagation vector along the z-axis (TE polarization) and 

next with electric field polarized along the y-axis and the same direction of propagation vector 

(TM polarization). A resonant frequency is clearly seen near 2.45 GHz for the flat state (50% 

strain in the elastomeric substrate). Tuning the FSS is accomplished by changing the strain 

value in the substrate and a resonance is seen at a higher frequency, around 3.1 GHz for a 

relaxed substrate (0% strain).   
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   Fig. 3.26 shows the resonant frequency shift of the FSS structure at normal incidence and for 

TM polarization as a function of equi-biaxial strain values in the elastomeric substrate.  This 

frequency shift is mainly due to two effects after buckling. First, the induced compressive force 

causes the flat copper precursor to deform out of plane and expand into the third dimension. 

This out of plane displacement (which is specified by H in Fig. 3.23) leads to a gap between 

the substrate and the conductors and thus a change in effective permittivity felt by the crossed 

dipole patterns. Moreover, the buckled shape is observed to be electrically small viewed from 

the above. This can be understood by considering current cancellation between opposite 

conductors after buckling, as seen in Fig. 3.27. 

The second reason for the observed resonant frequency shift is the fact that by relaxing the 

elastomeric substrate from its 50% stretched state, the inter-element spacing or periodicity of 

the FSS structure changes bi-axially and this factor affects the frequency response and causes 

a shift. 

Fig.  3.25 (a) Experimental set-up and (b) FSS prototypes. The right-hand side sample has 

been undergone 50% strain in its elastomeric substrate and the left hand side sample is strain 

free. 
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Fig.  3.26 Numerical and experimental results for resonant frequency shift vs strain values in the 

elastomeric substrate for normal incidence and TM polarization. 

 

Fig.  3.27 Surface current (A/m) on the buckled crossed dipole. The currents flow in opposite directions 

on adjacent vertical arms and have cancelling effect leading the structure to be electrically smaller than 

the actual physical size. 
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To investigate the stability of the proposed FSS design with regard to angle of incidence, the 

performance of the structure has been evaluated for oblique incidences. Therefore, the 

originally z-directed propagation vector was rotated at angles of 𝜃 = 0°, 15°, 30° and 45° from 

the z-axis.    

In order to perform a thorough comparison between the stability of the flat FSS and the pop-

up one, two types of structure are investigated. The first structures are strain free 3D FSS 

layouts after 10%, 20%, 30%, 40% and 50% strain release in the substrate and the second 

structures are scaled versions of the flat FSS, with the same periodicity as the first series. The 

purpose of choosing these two structures is to keep the periodicity factor the same and then 

compare the stability of 2D and 3D unit cells. Fig. 3.28 demonstrates the improved stability of 

the pop-up FSS for TM polarization in comparison to the flat counterpart. Fig. 3.29 shows the 

transmission responses vs frequency for different angles of incidence and TE polarization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  3.28 A comparison between an FSS structure with 3D buckled crossed dipole unit cell and 

similar flat counterparts with equal periodicity in terms of stability. 
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3.6.5 Summary and conclusion 

The design and assembly of a 3D pop-up FSS structure based on a compressive buckling is 

briefly presented. The proposed FSS design can detect 0 to 50% strain in its elastomeric support 

by resonant frequency change in the range of 2.45 to 3.1 GHz. This pop-up design provides a 

good level of stability and compared to any other 3D FSS deigns reported in the literature 

which are fabricated using direct routes such as 3D printing, the proposed layout is fabricated 

indirectly via simple and cost-effective way of stretch and release. This design has a potential 

in sensing applications such as temperature where an environmental change causes a strain 

variation in the embedded substrate. Therefore, future research will focus on integration of the 

designed pop-up FSS with smart polymers. 

 

 

 

 

 

 

Fig.  3.29 Numerical and experimental results for TE incidence at four angles of 0o, 150, 30o and 450. 

(a) 50% strain in the elastomeric substrate (simulation). (b) 50% strain in the elastomeric substrate 

(experiment). (c) Strain-free elastomeric substrate (simulation). (d) Strain-free elastomeric substrate 

(experiment). 
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Chapter 4 

Pop-up Capacitive Sensors 

 

4.1 Wireless Finger-Worn Strain Sensing Using Passive RFID 

Technology submitted paper. 

4.1.1 Abstract 

   Single-chip sensing capability via affordable sensor tags enables substantially lower cost, 

easily deployed, maintenance-free, battery-free and multiple stimuli monitoring platform. The 

sensing mechanism is based on the chip self-tuning which can provide a digital data about the 

change in the local environment. Using this capability, here we propose a passive UHF radio 

frequency identification tag design which is worn on the finger to detect the level of bending 

wirelessly. The design includes a small loop antenna integrated with a RFID chip and a pop-up 

capacitive sensor. The proposed capacitive sensor tag is tuned for EPC Class 2 Generation 2 

UHF RFID readers at 866 MHz and can detect the degree of finger bending by transmitting a 

5-bit sensor code which provides a direct measure of the antenna’s impedance. Our proposed 

sensor tag has been tested on three candidates each for three times to assure reliability and 

durability. Electromagnetic simulation was in good correlation with the experimental results 

and demonstrates the potential of this design for discreet real-time monitoring of finger bending 

which could be utilized for paralyzed patients who requires, constant, or remote monitoring as 

needed. 

 

Index Terms— Passive, Radio frequency identification, Self-tuning, Sensor code, Wireless. 

4.1.2 Introduction 

   Finger joint movement monitoring is of great importance for health monitoring including 

rehabilitation of patients, particularly after stroke. Hand therapists record any changes before 

and after any treatment by measuring joint angles [179]. Rehabilitative treatments with 

assistive devices have been effectively used for these patients particularly for large motions 

and extremity function. However, long-term rehabilitation, such as finger movement and, , 

remains challenging. The ideal assistive rehabilitation device for joint movement monitoring 

should be inexpensive, portable and comfortable so that it can be easily used for daily 

monitoring [180], [181]. One approach to estimating finger angles is through sensory gloves 



81 
 

[182]-[187]. Many commercial devices and research samples have been developed involving 

embedded bend sensors, to detect joint movements. The main drawback of most of these gloves 

is that they are bulky and expensive and some required complicated calibration [188]. 

   To date various attempts have been made to design stretchable sensors for finger bending 

monitoring purpose. For example, in [189] a wearable hand module based on fiber Bragg 

grating (FBG) strain sensor is introduced. measurement based on the reflective principle of 

light passing through the optical fibre varies with degree of bending in fingers. Researchers in 

[190] proposed a textile-based strain sensor which can be used for monitoring joint motions by 

easily integrating them onto different non-planar surfaces of human body. Similarly, in [191] 

a novel graphene woven fabric (GWF)/polydimethylsiloxane (PDMS) composite is suggested 

as a highly flexible, sensitive strain sensor capable of detecting joint motions. Although these 

studies provide good methods for finger bending level measurements, they suffer from several 

disadvantages including complex mechanical structure and digital calibration methods. 

Wireless capabilities enabling radio frequency waves to be sent over long distances with no 

degradation is feasible through passive RFID tags. 

   In this paper we report a novel strain sensor for finger joint movement detecting based on 

capacitive sensing using RFID technology. According to this method, our proposed system 

comprises of three elements, a small loop antenna, a self-tuning RFMicron Magnus S2 

transponder chip [188] and a pop-up capacitive sensor. The chip provides two key features: a 

5–bit sensor code and a 5–bit on-chip RSSI (Received Signal Strength Index) code which can 

be transmitted to an external RFID reader. The sensor code indicates the impedance mismatch 

between the chip and the tag antenna, while the RSSI code relays the strength of the incoming 

signal from the reader. The antenna has been designed to work at 866 MHz. The performance 

of the antenna and the pop-up capacitive sensor will be explained in detail further. The novelty 

of this design mainly lies in the sensing part as the initial design for a RFID antenna on a ring 

was proposed in [193] and we have adapted that design to the new chip that allows for sensing.           

This paper is organized as follows, Section 4.1.3 describes the design and simulation of the 

antenna, Section 4.1.4 provides the designing procedure of the pop-up capacitive sensor. 

Section 4.1.5 analyzes the experimental result and Section 4.1.6 concludes the paper. 

4.1.3 Antenna Design and Numerical Results 

    Loop antenna is considered small when conductor length is around ten times less than 

resonant wavelength. The loop behaves as a lumped inductance which can be resonated at the 
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desired frequency with an integrated capacitor, forming a high-Q parallel tuned circuit. This 

variable capacitor helps to tune the antenna in a wide range of frequencies. The designed 

antenna is linearly polarized and the far field radiation pattern of it is equivalent to that of a 

small electric dipole normal to the loop plane [193]. Gamma matching is employed here for 

impedance matching purpose. As a small diameter conductor parallel and in close vicinity with 

the main radiating element, which carries only a fraction of the main element current while 

being exposed to the same electrical field strength [190]. This can act as effective transformer 

of the antenna input impedance. The designed antenna has been designed for three middle 

finger diameters, 19 mm, 21 mm and 23 mm. CST MWS™ [195]simulations were performed 

for 2 mm foam substrate. The simulation model consisted of the main copper foil element, 

substrate material, lumped element tuning capacitor, source and finger phantom. Fig. 4.1 

illustrates the schematic of the antenna. Table 4.1 presents the dimension values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.1 Dimension values of the antenna structure. 

 

 

F W1 W2 W3 

2 mm 3mm 2mm 5mm 

Fig.  4.1 Schematic of the antenna design. (a) Dimension parameters of the antenna 

layout. (b) Antenna design on a finger model. 
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The prototype antennas were fabricated from copper foil with a thickness of 35 μm. For input 

coupling, the gamma match is presented here, where also the additional inductance offered by 

the gamma match can be utilized in cancelling or part-cancelling the capacitive reactance of 

the RFID chip. An empirical method was used to design the gamma match and achieve an 

efficient match to the impedance of the RFID device, which in this case is the RFMicron 

Magnus S2 transponder chip with an input impedance of 1.63Ω− j 61.07 Ω at 866 MHz and a 

read sensitivity of -18.5 dBm. The simulated finger model was an 80 mm long four-layer 

cylindrical human tissue model, as shown in Fig. 4.1 (b) and Fig. 4.2, with the parameters given 

in Table 4.2 [193]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Initial simulations have been performed using the main loop and 50 Ω discrete port. Starting 

from the smallest diameter, the inductance values are 50 nF, 54 nF, 58 nF, resulting in tuning 

Fig.  4.2 Finger phantom 4-layer cylindrical model, including bone, tendon, fat, skin and the 

mounted tag. 

Table 4.2 Electrical properties of different layers of the finger 

phantom 

 

Fig.  0.3 Finger phantom 4 layer cylindrical model, including bone, 

tendon, fat, skin and the mounted tag.Table 0.3 Electrical properties 

of different layers of the finger phantom 
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capacitor values of 0.6 pF, 6.25 pF, 0.58 pF at center frequency of 866 MHz. Adding the 

equivalent impedance of the RFID port and initial CTune values, a process was employed to 

adjust CTune and the gamma match starting point for best reflection coefficient values for the 

three ring sizes. Fig. 4.3(a) depicts the reflection coefficient- frequency plot of the designed 

antenna. Surface currents and radiation pattern plots are shown in Fig. 4.3(b) and 4.3(c). The 

main beam direction is in the pane of the ring. The prototypes were made from self-adhesive 

copper foil. Immersing the foam substrate in hot water it to be formed easily around the finger 

without crack. 80 gsm office paper was used as the tuning capacitor dielectric [193]. With the 

ring on the finger, the capacitor was adjusted to tune the antenna to the European RFID band. 

Adjustment of the gamma match starting point was also carried out to optimize the read range.  

 

4.1.4 Pop-up Capacitive Sensor Design  

A capacitive sensor has been designed using compressive buckling technique [149]. This 

sensor simply consists of two metallic plates, an elastomeric substrate and silicone sheet as the 

dielectric (with dielectric constant (εr ) of 1.8, conductivity (𝜎 ) of 0.0004 [192]) with thickness 

Fig.  4.3 (a) Reflection coefficient values (dB) versus frequency (S11). The antenna resonates at 866 MHz with 

the bandwidth of ~15 MHz. (b) Simulated realized gain plot for the ring (diameter: 21 mm) which denotes -11.3 

dB. (c) Simulated surface current for the single finger phantom. 

S
1

1
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of 1.5 mm between two terminals , one plate (ground) is perfectly bonded to the elastomeric 

substrate and the second terminal is selectively bonded to the substrate which gives it the 

freedom to buckle when the substrate undergoes stress. This sensor can be tuned mechanically 

by changing the distance between the two metallic plates when working between two states, 

fully flat and fully popped-up. This sensor is installed on PIP joint of the finger and the 

capacitance values are changed with respect to the bending degree of the finger joint. Fig. 4.4 

illustrates the schematic of the designed sensor in flat state. 

   The Simulation has been performed using COMSOL Multiphysics by coupling five main 

modules, Structural mechanics module to simulate the deformation of the capacitive sensor 

with respect to the degree of strain, Multibody Dynamic module for modeling the finger joints, 

nonlinear material module to model the hyper-elastic elastomeric substrate and electrostatics 

module  to measure the capacitance at each bending state [7]. The simulation procedure is 

divided into two steps. 

Step one: 

Mechanics simulation using the structural mechanics module to model the multilayered 

finger model and the multibody dynamics module to model the joints by hinges. The finger 

and elastomeric substrate were modeled solid elements and copper precursors were modeled 

by shell elements with prescribed thickness. The load ramping method was adopted to model 

nonlinear buckling. This method ensures the solution convergence by gradually increasing the 

applied load and using the solution of each step as the initial value for the following step. 

Step two:  

Electrostatic simulation of the designed sensor on the multi-layered finger model to calculate 

the capacitance value while the finger is deforming from straight state (𝜃 = 0𝑜) to the fully 

bent state ( 𝜃 = 90𝑜). 

 Fig. 4.5 shows the working mechanism. Table 4.3 presents the dimension of the sensor 

design. Fabrication of the designed capacitive sensor starts from fully conforming the moving 

plate on a finger phantom when it is fully bent and then gluing both ends of it to the elastomeric 

substrate. Fig. 4.6 illustrates the fabrication route. 

In order to model the finger joints to provide a more accurate simulation results, hinges have 

been simulated using Dynamic Multibody module in COMSOL. Fig. 4.7 presents the model. 

The designed sensor is placed on the first joint which is called proximal interphalangeal joints 

(PIP) [193].The second joint, distal interphalangeal (DIP) joints help to stretch the elastomeric 

substrate while bending on the joint. The capacitive sensor changes the distance between two 
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plates while buckling from 0.06 pF to 1.04 pF when fully bent. 

 
Table 4.3 Dimension values of the  

capacitive sensor design 

 

 

 

 

 

 

 

 

 

 

 

  

 

Parameter 
Dimension 

(mm) 

L 50 

W 20 

L1 10 

W1 10 

L2 10 

W2 5 

B 0.1 

Fig.  4.4 Geometry of the capacitive sensor. 

Fig.  4.5 Schematic of pop-up capacitor sensor on hand phantom. (a) When finger is straight (𝜃 = 0𝑜), (b) 𝜃 = 30𝑜,  

(c) 𝜃 = 60𝑜. 

 

 

Fig.  0.4 Geometry of the capacitive sensor.Fig.  0.5 Schematic of pop up capacitor sensor on hand phantom. (a) 

when finger is straight (𝜃 = 0𝑜) (b) 𝜃 = 30𝑜 

(c) 𝜃 = 60𝑜. 
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4.1.5 Experiments  

    The RFMicron Magnus S2 chip required turn-on power is −16.1 dBm and the tuning 

capacitance range is 2–3 pF in parallel with 2284 Ω [188]. The chip covers all international 

RFID frequency bands from 860 MHz to 960 MHz and can change its capacitance between 2 

to 3 pF in the presence of a detuning element. The total capacitance for the antenna model is 

[198]: 

            Ctotal(n) = Cmin+nCo                (4.1) 

where Ctotal(n) is the total capacitance, Cmin is 2 pF based on data sheet of the chip, n is the 

Fig. 4.7 Schematic of finger joints modelled with hinges in Comsol Multiphysics. 

Fig.  4.6 Fabrication route of the capacitive sensor on finger phantom. 

capacitive sensor on finger phantom. 
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sensor value in the range of 0–31 and Co is a tunable step (1 pF/31) within the 1 pF tunable 

range. Therefore, for antenna simulation, the chip impedance was fixed to 1.63Ω− j 61.07 Ω, 

at 866 MHz (corresponding to 3 pF). As the received sensor codes from the RFID reader 

indicates the capacitance change, it can be an effective indirect way to measure capacitance 

values below 1pF which is problematic due to the stray capacitance introduced by the meter 

and associated leads. In this case, the received sensor codes were compared to the results 

received from a tag connected to different capacitors in the range of 0 pF to 1pF.  

   Using a Voyantic UHF RFID measurement system, sensor codes and read range 

measurements were performed over five angles given in Fig. 4.8, where 0𝑜 denotes the straight 

finger, and 90𝑜 denotes the fully bent finger. The experiment has been performed on three 

candidates to demonstrate the applicability of the design. Each experiment has been repeated 

two times to ensure the durability of the sensor. Fig. 4.8 shows the sensor prototype on finger 

and different level of joint bending is illustrated. 

 

 

 

Fig. 4.8 Sensor prototype. (a) Straight finger, (b) 22.5 degree bending, (c) 45 degree and (d) 90 degree 

corresponding to fully bent finger. (e) Schematic of the sensor design with focus on the connection sites, two 

electrodes from ground and terminal of the popup capacitive sensor have been connected to both ends of the chip 

(black color). 

 

Fig.  0.6 Schematic of  finger joints modelled with hinges in Comsol Multiphysics.Fig.  0.7 Sensor prototype, (a) 

straight finger, (b) 22.5 degree bending, (c) 45 degree and (d) 90 degree corresponding to fully bent finger. 
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Fig. 4.9 shows the received sensor codes versus five degrees of finger bending which has been 

tested on three candidates. 

Read ranges of 2.5 m for straight finger and 1.5 m at 866 MHz for fully bent finger has been 

achieved. This shows an average realized gain of -10 dB which shows improvement compared 

to the simulation which can be related to the difference between the phantom model and the 

actual test subject, as illustrated in Fig. 4.10. For achieving the maximum read range the RFID 

chip should face the Voyantic antenna. A 2.5 m read range for a small low-profile on-body 

RFID sensor is considered a very acceptable distance. 

 

 

 

 

 

 

 

 

 
Fig.  4.10 Read range of the sensor on candidate 1 at 

different levels of finger bending. 

Fig.  4.9 Sensor code versus different degrees of finger bending. Inset graph illustrates a comparison between 

capacitance values obtained by simulation and experiment using the tag provider sample as reference [188]. 

This difference is mainly due to introduction of electrodes. 

 

Fig.  0.8 Sensor code versus different degrees of finger bending. Inset graph illustrates a comparison between 

capacitance values obtained by simulation and experiment using the tag provider sample as reference [188]. 

This difference is mainly due to introduction of electrodes. 
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4.1.6 Conclusion 

    The design and measurement of a wireless pop-up strain sensor is reported. This design 

consists of three main components, small loop antenna, pop-up capacitive sensor and RFID 

chip. The antenna has been matched to the input impedance of the RFID chip to resonate at 

European RFID band of 866 MHz. The capacitive sensor has been designed using compressive 

buckling technique and it is able to change the capacitance value with respect to the level of 

finger joint bending by buckling and thus changing the distance between the two plates. This 

capacitive sensor offers capacitance when moving from straight finger to a fully bent finger. 

Integrating the design with RFID chip makes it possible to detect this capacitance changes 

wirelessly by reading the sensor codes receiving from the reader. Read range of 2.5-1.5 m was 

achieved despite the compact sensor size and their proximity to the lossy human body. 
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Chapter 5       

Conclusion and Recommendations for future works 

 

5.1   Conclusions from this research 

  The research work presented in this thesis is concerned with the development of 3D pop-up 

strain sensors based on compressive buckling technique. Prototype systems, including pop-up 

antennas, pop-up FSS structures, pop-up capacitive sensors and RFID elements have been 

implemented and experimentally proven effective for the strain sensing measurement. The 

prototype system was extensively evaluated on laboratory-scale test rigs. Test results obtained 

have demonstrated that the developed system performs well under laboratory operating 

conditions. In this chapter, the conclusions that have been drawn from the research programme 

are summarised and the recommendations for future work are highlighted. 

5.1.1 Modelling pop-up antennas  

  A numerical model of an 3D assembly of antennas based on compressive buckling technique 

for strain sensing application was established. Based on the developed model, the sensitivity, 

selectivity, frequency response and the fatigue profile of the system were analyzed. Moreover, 

the repeatability of the sensors was also defined. The effects of the geometric parameters of the 

2D precursor on the performance of 3D final shape and subsequent optimization were achieved. 

For designing pop-up antennas, the following key parameters are recommended in 

consideration of modelling results: 

 

• For designing and optimising the operation of pop-up sensors, multi-physics modelling 

is required.  Thus the good knowledge of coupling of the different physics and using 

the data of each completed studies in another one and also optimising the features to 

avoid time consuming simulations by for example using shell for all thin ribbons or 

other useful boundary conditions to reduce the meshing are highly recommended.  

• The supporting substrate must be modelled with hyperelastic option in COMSOL 

which provides more freedom to apply large deformations while fully recoverable. 
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• The copper sheet used in designing the pop-up sensors must be very thin (micro-meter 

scale) in order to be tolerable for elastomeric substrate. Otherwise, the substrate cannot 

bear the stretch-release mechanism or after a few cycles will fail. 

• Choosing the right bonding locations plays a key role in designing small and at the same 

efficient antennas. In fact, the frequency shift which happens during the 3D conversion 

of the 2D precursor occurs due to creation of mutual capacitances. Therefore, by 

selecting the appropriate number of bonding sites and the right locations of them, we 

will be able to control the capacitive effect. 

• When designing the 2D precursor of the antenna the maximum possible strain must be 

considered in choosing the feed gap length to avoid any collision and thus short circuit. 

This consideration also applies for defining an appropriate periodicity of pop-up FSS 

structures. 

• By stacking several metal ribbons on each other and appropriately insulate them with 

glue or any other dielectrics, multiband operation can be achieved. The main step in 

this design is choosing the optimised dimension of the flat state to work at one of the 

applicable known frequency bands. 

 

5.1.2 Integration of human body and pop-up antennas 

 The electrical properties of human body tissues significantly affect the operation of the pop-

up antennas. These interferences include a shift in frequency response of the antenna, a 

decrease in antenna gain and efficiency. Consideration of a layered human tissue modelling 

with their electrical properties is highly recommended. The Young’s modulus of elastomeric 

substrates varies in the range of 10 kPa to a few MPa. The most available and cost-effective 

elastomeric substrate with matches well with flexibility of the human skin is Dragon skin which 

has been used in this thesis. 

5.1.3 Integration of pop-up capacitive sensor with RFID technology 

   As the compressive buckling methods can be applied to almost all available materials, it is 

possible to achieve bigger capacittance change range by making multi-layered electrodes 

including metal and dielectrics. In this thesis mylar layers have been used.  

    Integration of pop-up sensors with RFID technology for wireless sensing is one of the main 

contributions of this thesis. Single-chip sensing capability via affordable sensor tags enables 

substantially lower cost, easily deployed, maintenance-free, battery-free and multiple stimuli 
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monitoring platform. propose a passive UHF radio frequency identification tag design which 

can detect the level of strain. 

5.2 Recommendations for future research 

   The research work presented in this thesis has demonstrated the viability and potential of 

pop-up sensors in the strain sensing. The strain parameter can be created directly by mechanical 

strain or indirectly by vapour swelling, temperature change, humidity, light emission and other 

parameters.  In this thesis only two main parameter such as mechanical strain induced by skin 

and finger movement as well as vapor swelling have been studied. There are, however, other 

areas that need further research and improvements in the near future. The key areas are: 

 

• Integration of pop-up sensors with stimuli-responsive polymers. These Responsive 

polymer-based materials can change their physical dimensions upon exposure to 

external stimulant such as temperature, humidity, etc.  

Furthermore, there are a few lab-made polymers that can respond to a few stimuli at 

the same time. However, most of the available and studied stimuli-responsive polymers 

exhibits a very small dimension change in response of external stimulant. Therefore, 

more work is needed to improve these polymers to be expandable enough for the better 

performance of pop-up structures. The effect of sensing environment on the sensor 

performance is the other important factor to be considered. 

   For example, using pop-up antennas for humid sensing needs further consideration 

of the bonding method and also avoiding corrosion of the metal ribbon using as the 

antenna.  

• Despite this significant progress, challenges remain, especially in structural designs to 

enable enhanced levels of comfort and minimally invasive bio‐integration and to offer 

a high degree of mechanical deformability after solid encapsulation.  

Further studies are needed to avoid the adverse effects of mechanical loads induced by 

the unmatched mechanical properties with the biological tissues such as cardiac 

muscle. developing structural substrate materials whose nonlinear, anisotropic stress–

strain responses can accurately reproduce those of human tissues/organs in targeted 

applications, robably in a spatially variant manner is highly recommended.  

Encapsulation is essential in most practical applications, either to physically protect 

the surrounding tissues/organs, or to avoid the degradation of functional components 

due to the chemical reactions that can occur upon contact with biofluids. 
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• As the current introduced pop-up sensors are in 3D configurations, for on skin 

application they may cause some limitations such as difficulty in wearing cloths. 

Therefore, one solution can be encapsulation of these structures. 

• These pop-up structures can be designed in a way to respond to stretch and release of 

the underlying elastomeric substrate by rotation of the selectively bonded pattern 

which can be used to design polarization reconfigurable pop-up antennas. 
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