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Abstract 

As graphene has been discovered since 2004, a large amount of papers investigating 

the fundamental physical and chemical properties of graphene has been published. 

However, the applications that perfect taking advantage of graphene’s properties are 

bare. This thesis focused on the development of graphene and graphene oxide (GO) 

based materials and their applications for electromagnetic ranges such as antennas, 

absorbers, wireless energy harvesting devices, sensors, and so on. 

In this thesis, physical exfoliation of graphene from graphite particles has been well 

discussed and compared. Both popular bath sonication and mechanical shear-mixing 

methods have been used and compared. The cost, concentration and conductivity of 

exfoliated graphene have been optimized. Moreover, the graphene based low-cost 

screen printing inks have been developed and discussed in this thesis. Excellent 

conductivity property allows engineers to produce wireless connectivity antenna 

operational from MHz to tens of GHz. Applications of printed, flexible Near Field 

Communication antenna (NFC), ultra high frequency Radio Frequency Identification 

(RFID) tags, wireless NFC sensors and ultra-wideband energy harvesting system have 

been designed, fabricated and demonstrated in this thesis. 

Due to the advances of ink preparation, cost and electrical properties, chemically 

exfoliated GO is used to replace physical exfoliated graphene on certain occasions. 

Printing and novel reduction process which can control reduced graphene oxide’s (rGO) 

conductivity has been demonstrated as well. The fabricated rGO laminate not only can 

be used in flexible electronic circuits as conductors or resistors but also highly efficient 

to absorb microwave radiations with proper design. A printed Jaumann structured 

microwave absorber has been characterized and compared with standard absorber 

which is consisted by graphene loaded composites. 

This thesis also presents the latest microfluidic RFID sensors for stretch sensing. The 

liquid, high conductive alloy based conductor has excellent sensitivity and repeatability 

comparing with lossy, rigid graphene based materials.   
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Statement of novelty 

In chapter 3, very high concentration graphene ink with the highest conductivity so far 

was proposed. Pure graphene printed long range UHF RFID tag, low loss NFC coil 

antenna and wideband slot antennas were first reported.  

 

In chapter 4, a novel graphene coated, multi-functional elastic sponge structure was 

proposed. Based on the conductive sponge, a practical wide band microwave absorber 

and an elastic supercapacitor were demonstrated. 

 

In chapter 5, the conductivity of reduced graphene oxide laminates under different 

reduction levels was monitored. The first light weight, printed rGO based microwave 

absorber was proposed. 

 

In chapter 6 and 7, two different types of stretchable antenna were designed and 

fabricated for wireless stretch sensing. This is the first attempt to replace wired 

stretchable sensors on soft robotics by using RFID technology. 
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1 Introduction 

1.1 Motivation 

The research of wearable electronics, health care and internet of thins (IoT) has 

been accelerated since ten years ago. Various electronic devices ranging from sensors 

to wireless antennas are connected together. Due to the flexible requirement of wearable 

devices, traditional PCB technology cannot satisfy. The novel printed electronic 

technology is growing up because of the flexibility, fast production, low cost and less 

waste. The total market of the printed electronics industry in 2024 is estimated to 

$ 13.35 billion. Among these, flexible monitors, touch screens, stretchable circuits and 

printed NFC, RFID tags are widely used in practical applications [1,2]. 

Since the development of inkjet printing technology [3], the silver nanoparticle-

based conductive inks have received much attention because of the highest conductivity 

[4]. However, polymers and surfactants which would severely degrade conductivity [1] 

must be added to avoid the aggregation problem. Secondly, the raw material is 

expensive silver. Therefore, researchers are trying to use alternative conductive metals 

such as aluminum and copper. Unlike conductive silver oxide, aluminum oxide and 

copper oxide are excellent insulating materials that would cover the surface of these 

metal nanoparticles and then block electron flow [5]. The electronic devices that printed 

by these active metal typically have poor durability. Moreover, the annealing process is 

also required to sinter metal nanoparticles. But most polymer substrates such as paper 

and plastic film cannot tolerate high temperatures [6]. In order to replace expensive 
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metal particles, metal nanowire was developed [7] with lower contact resistance and 

better transparency. A stretchable patch antenna was fabricated by silver nanowire [8] 

and a conductive line was printed by copper nanowire [9]. Many works have solved the 

problems of metal nanowires from laboratory to industry except the expensive raw 

materials. Another approach is using conductive polymers rather than metal. As some 

of the conductive polymers behave like semiconductors [10], conductive sensors have 

been printed and fabricated in [11,12]. However, the cost, chemical instability [13] and 

low conductivity still limit their application on conductors. Benefit from the excellent 

conductivity and stable structure, carbon-based materials have attracted more attention 

since the invention of carbon nanotubes (CNT). The electrical conductivity of single-

wall CNT is close to metal [14]. However, the single-wall CNT is challenging to be 

prepared and van der waals force makes CNTS extremely easy to get aggregated. Any 

stabilization method would degrade CNT’s conductivity [15,16]. Although many 

outstanding works have demonstrated the conductive printing of CNT [17,18], there is 

still a long way to go before practical. 

Graphene, which is a planar atomic layer of carbon atoms is the latest promising 

carbon-based material and related to CNT in which a single-walled CNT can be thought 

as monolayer graphene flakes rolled into a cylinder. Graphene has all the advantages 

for conductive ink, such as oxide free, highly conductive and low cost, etc. Previous 

works have demonstrated that graphene conductive ink can be printed by many popular 

printing methods: screen printing [19], inkjet printing [20], gravure printing and 

sputtering [21]. To prepare the graphene inks, graphene flakes must be exfoliated from 
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graphite particles. Manual exfoliation and CVD growth are not possible because of low 

efficiency. Only mechanical (ultrasonic, shear exfoliation, etc.) and chemical (graphene 

oxide-reduced graphene oxide) routes are possible. For mechanical routes, the 

concentrations of graphene flakes are quite low and poisoned solvents are used. For 

chemical routes, the conductivity of reduced graphene oxide is relatively low due to its 

defects. Current works are still mainly focusing on the ink preparation and printing 

areas. Well designed and practical applications are barely reported. 

This thesis first studies the high concentration and conductivity graphene ink 

preparation through both ultrasonic exfoliation, shear exfoliation and chemical 

exfoliation. Graphene-based conductors, antennas, absorbers, sensors and 

supercapacitor were designed and fabricated by using the prepared graphene inks. After 

being inspired by the wireless sensor and graphene RFID antenna, battery-free, soft 

RFID stretch sensors were fabricated in the last chapter 6 and 7.  

1.2 Thesis outline 

The thesis includes eight chapters. Chapter 1 introduced the motivations. In chapter 

2, some fundamental theories and background knowledge are listed for the analyses of 

graphene, antenna test and microwave parameters measurement. The detailed results 

are presented from chapter 3 to 7 with the format of journal publications. Figures in this 

thesis have been rearranged. The thesis structure and relations of chapters are shown in 

Figure 1-1. 
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Figure 1-1: The thesis outline. 

 

In chapter 3, the concentration of graphene ink has been dramatically increased by 

using the novel, environmentally friendly solvent: Cyrene. Antennas from high 

frequency band to microwave band have been printed and characterized. A graphene 

printed NFC temperature sensor and a wireless energy harvesting system were 

demonstrated in this chapter. As the ultrasonication method still requires long 

processing time, shear exfoliation was discussed in chapter 4 with concentration and 

conductivity optimization. A graphene loaded sponge was prepared and it’s electrical 

and microwave applications have been presented. In chapter 5, reduced graphene oxide 

was prepared and discussed. The rGO laminates’ conductivity can be controlled 

accurately for EM shielding or absorption applications. Chapter 6 and 7 demonstrated 
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stretchable RFID sensor tags and the whole measurement system. Galinstan was 

applied as conductor to ensure the continuity of antennas. Journal papers according to 

the sequence of chapters are listed in Table 1-1. 

Table 1-1: Journals, manuscripts and the corresponding chapters in the thesis. 

Chapter Publications 

3 "Sustainable production of highly conductive multilayer graphene ink for 

wireless connectivity and IoT applications." Nature communications 9.1 

(2018): 5197. 

Kewen Pan, Yangyang Fan, Ting Leng, Jiashen Li, Zhiying Xin, Jiawei 

Zhang, Ling Hao, John Gallop, Kostya S. Novoselov & Zhirun Hu 

4 "3D graphene/polymer porous spongy for sensing and microwave 

absorbing applications" Submitted to Advanced Functional Materials 

Kewen Pan, Ting Leng, Jiashen Li, Kostya S. Novoselov & Zhirun Hu 

5 "Controlled reduction of graphene oxide laminate and its applications for 

ultra-wideband microwave absorption." Carbon Volume 160, 30 April 

2020, Pages 307-316. 

Kewen Pan, Ting Leng, Jun Song, Chengyu Ji, Jiawei Zhang, Jiashen Li, 

Kostya S. Novoselov & Zhirun Hu 

6 "Soft Wireless Battery-free UHF RFID Stretchable Sensor based on 

Microfluidic Technology." IEEE Journal of Radio Frequency 

Identification 3:4, 252-258 (2019). 

Kewen Pan, Lijun Teng, Leng Ting, Xinyao Zhou, Adam A. Stokes and 
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Zhirun Hu 

7 "Soft Radio-Frequency Identification Sensors: Wireless Long-Range 

Strain Sensors Using Radio-Frequency Identification." Soft robotics 6.1 

(2019): 82-94. 

Lijun Teng, Kewen Pan, Markus P. Nemitz, Rui Song, Zhirun Hu, and 

Adam A. Stokes 
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2 Background theory and concepts 

2.1 Graphene modeling 

Graphene has unique outstanding proprieties since Geim and Novoselov 

discovered the new material in 2004 [1]. Some excellent proprieties, including high 

electron mobility [1] and electrical conductivity [2] are very useful for electronic 

applications. The band structure of monolayer graphene is well discussed [3]. The 

conduction and valence bands of graphene touch at Dirac point where the energy is zero. 

For low energies, the dispersion relation is linear near the Dirac point. The charge 

carriers behave like massless Dirac fermion. Therefore, the band gap of ideal graphene 

is zero which means graphene is neither semiconductor nor metal but semimetal. This 

unique property makes the charge carriers can be continuously turned between electrons 

and holes by shifting energy levels electrically or magnetically. The carrier mobility 

limitation in graphene is 200,000 𝑐𝑚2𝑉−1𝑠−1 with the carrier density of 1012 𝑐𝑚−2 [4]. 

The corresponded conductivity is 108 S/m, which is the highest conductivity that we 

know at room temperature [5]. The measured carrier mobility peak of suspended 

graphene flake is 230,000 𝑐𝑚2𝑉−1𝑠−1 [6]. However, suspended graphene is difficult to 

be fabricated as practical devices. The measured highest mobility of graphene on the 

top of SiO2 is much lower because of the electron scattering phenomenon of the 

substrate [7]. Moreover, the manual exfoliated graphene is not fabrication friendly. 

Chemical vapour deposition (CVD) method is more commonly used for the large area 

synthesis of graphene. The mobility dropped to approximately 4000 𝑐𝑚2𝑉−1𝑠−1[8]. In 
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conclusion, both substrate, doping from the air, chemical residual or defects would 

significantly affect the mobility and conductivity of graphene. 

Apart from the excellent mobility, the tenability of carrier density under an external 

electrical field makes graphene a good candidate for designing tunable components. 

Novoselov and Geim [1] found the graphene-based back gated transistor structure can 

be turned by voltage. Also, microwave propagation performance of graphene has been 

reported [9,10]. Therefore, graphene is possible to be applied as reconfigure antennas 

[11], filter [12], frequency selective surface [13], etc. To accurately describe the tunable 

behavior, graphene can be modeled as a thin layer conductor with surface conductivity 

𝜎. By using Kubo’s formula [9], the surface conductivity of graphene can be described 

as the sum of inter-band and intra-band. The intra-band can be expressed as [9]: 

𝜎𝑖𝑛𝑡𝑟𝑎(𝜔) =
𝑒2𝑘𝐵𝑇𝜏

𝜋ℏ2(1+𝑗𝜔𝜏)
{

𝑈𝑐

𝑘𝐵𝑇
+ 2 ln(𝑒−𝑈𝑐/𝑘𝐵𝑇 + 1)}           (2.1) 

while 𝑘𝐵𝑇 ≪ |𝜇𝑐|, the conductivity of inter-band can be approximated as: 

𝜎𝑖𝑛𝑡𝑒𝑟(𝜔) =
−𝑗𝑒2

4𝜋ℏ
𝑙𝑛(

2|𝑈𝑐|−(𝜔−2Γ)ℏ

2|𝑈𝑐|+(𝜔−2Γ)ℏ
)      (2.2) 

𝜔  is the radian frequency, 𝜏  is the scattering time, 𝑒  is the charge of an electron, 

𝑘𝐵 is Boltzmann’s constant, 𝑇  is temperature, ℏ =  ℎ/2𝜋  is the reduced Planck’s 

constant, and 𝑈𝑐 is the chemical potential. The final conductivity can be expressed as: 

𝜎 = 𝜎𝑖𝑛𝑡𝑟𝑎 + 𝜎𝑖𝑛𝑡𝑒𝑟               (2.3) 

In the microwave region, the transition of inter-band threshold  ℏ𝜔 < 2|𝐸𝐹| , 

therefore the intra-band contribution of conductivity domains and the surface 

impedance can be simplified as: 

𝑍𝑠 = 1/𝜎𝑖𝑛𝑡𝑟𝑎           (2.4) 
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Figure 2-1: The surface conductivity tunability of graphene in microwave and THz frequency [14]. 

 

From above analysis, the surface conductivity of monolayer graphene is the 

function of chemical potential 𝑈𝑐. As seen in Figure 2-1, the surface conductivity of 

graphene under room temperature, ranging from low frequency to infrared bands has 

been plotted with different chemical potentials 0, 0.1, 0.2 and 0.4 eV. For the higher 

frequency (>100 GHz but <10 THz), the imaginary part of conductivity changes 

dynamically with the increasing of chemical potentials. However, for the microwave 

band (<100 GHz), the imaginary part is not responding to the varying of chemical 

potentials. The real part seems more sensitive. Therefore, graphene behaves more like 

a tunable resistor in microwave region. 

As can be seen, any varying of chemical potential would turn the surface 

impedance of graphene. The chemical potential of graphene is determined by its carrier 

density: 

𝑛𝑠 =
2

𝜋ℏ2𝑉𝐹
2 ∫ 𝜀[𝑓𝑑(𝜀) − 𝑓𝑑(𝜀 + 2𝑈𝑐)]𝑑𝜀

∞

0
             (2.5) 

where 𝑉𝐹 ≈ 1 × 106 𝑚/𝑠  and 𝑓𝑑 = 1/(1 + 𝑒(𝜀−𝑈𝑐)/𝑘𝐵𝑇)  is the Fermi distribution 



33 

 

function. Thanks to the field-effect structure, the changes in chemical potential can be 

achieved by turning the gate voltage [15]. The carrier density 𝑛𝑠  is determined by 

external electric field 𝑉𝐷𝐶 : 

𝑛𝑠 = 𝜀0𝜀𝑟𝑉𝐷𝐶 /𝑡𝑒        (2.6) 

where 𝜀0 is free space permittivity, 𝜀𝑟 is relative permittivity of insulator, 𝑡 is the 

thickness of insulator and 𝑒 is the electron charge. The relationship between external 

voltage and chemical potential is illustrated in Figure 2-2. 

 

Figure 2-2: The relationship between applied voltage and chemical potential [16]. 

 

For the better demonstration of the tunability of graphene in microwave region, a 

coplanar waveguide (CPW) tunable transmission line with back-gated graphene 

structure was simulated by applying Kubo model [16]. The simulation model is 

demonstrated in Figure 2-3. The structure is built on 350 μm thick undoped high 

resistive silicon substrate (Resistivity: 20 kΩ∙ cm). The thin 90 nm silicon dioxide 

reduces the external voltage lower than 30 V. 70 nm gold was evaporated on the top. 

The external voltage is applied between the gold and undoped silicon substrate. 
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Figure 2-3: The structure of the constructed CPW graphene switch in vertical cross view (left) and top 

view (right) [16]. 

 

In the ‘on’ state of the graphene transmission line, there is no external voltage 

applied. The signal is divided to graphene sheet and another port. In the ‘off’ state, the 

external voltage is applied to graphene which forces the conductivity increasing. Signal 

path is shorted and reflected. There are no signal passes through the transmission line. 

Simulated transmission coefficient (S21) is shown in Figure 2-4. The effects of chemical 

potentials on the S21 can be clearly observed, corresponding well with above analysis. 

 
Figure 2-4: The magnitude of measured transmission S21 over the frequency range 0–110 GHz 

respectively [16]. 

 

However, pure mono-layer graphene flakes are quite difficult to be obtained. The 

low-cost approaches are using sonication [17], shear exfoliation [18]. The final products 
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would be few-layer graphene (<3 nm) or graphene nano pellets (> 3 nm). Their mobility 

and conductivity would be degraded due to the increased interlayer channels [19]. The 

electrical behaviors are more close to graphite structure. Therefore, for such printed 

(inkjet or screen printing) graphene thin layer laminates can be modeled as an ohmic 

sheet because its thickness is thinner than skin depth in microwave region and the 

dimensions of voids are orders shorter than wavelength.  

2.2 Basic theories 

2.2.1 Sheet resistance 

Although conductivity (𝜎) or resistivity (𝜌) is an essential property for all materials. 

It is not practical in design or simulation for uniform thin films. The more convenient 

way is using sheet resistance. It is expressed as Ω/sq [20]. In the coventional 3-D 

conductive materials, the resistance is: 

𝑅 = 𝜌
𝐿

𝑊𝑡
         (2.7)  

where 𝜌 is the resistivity, 𝐿 is the length, 𝑊 and 𝑡 are the width and thickness of 

cross-section, respectively. By combining the resistivity and thickness: 

 𝑅 = 𝑅𝑠
𝐿

𝑊
         (2.8) 

𝑅𝑠 =
𝜌

𝑡
          (2.9) 

where 𝑅𝑠 is sheet resistance. 

2.2.2 Skin depth and surface resistance  

In the real world, a perfect conductor does not exist. A good conductor such as 
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metals, the conductive current is orders higher than the displacement current. Therefore 

the propagation constant of a plane wave can be approximated by ignoring 

displacement current and the skin depth can be expressed as [21]: 

𝛿𝑠 = √
2

𝜔𝜇𝜎
        (2.7) 

where 𝜔  is angular frequency, 𝜇  is permeability of the conductor and 𝜎  is 

conductivity. The magnitude of currents in the conductor decreased by 36.8% after 

traveling each skin depth. In microwave regions, the skin depth of metal conductors 

usually is less than micrometers. However, for the higher loss of printed graphene 

laminates and thin, monolayer graphene, the skin depth issue must be considered for 

low loss microwave components. 

In real microwave applications, the conductor loss must be considered. The surface 

resistance can be written as [21]: 

𝑅𝑠 =
1

𝜎𝛿𝑠
=

𝜌

𝛿𝑠
= √

𝜔𝜇

2𝜎
       (2.8) 

The expression of the surface resistance and DC sheet resistance is similar in formula 

expressions. 

2.2.3 Antenna gain measurement 

For the gain and radiation pattern measurement of antennas, the electromagnetic 

illumination source must generate uniform plane wave. To satisfy this requirement, the 

source antenna and receiving antenna must be in the far-field zones of each other. The 

minimum distance of two antennas can be calculated as [22]: 

𝑅𝑚𝑖𝑛 = 2𝐷𝑚𝑎𝑥
2 /𝜆        (2.9) 
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where 𝐷𝑚𝑎𝑥 is the maximum length of the source antenna. 

 
Figure 2-5: Antenna measurement methods [23]. 

 

The most commonly used antenna measurement methods are standard antenna 

method and three-antenna method. Expensive standard antennas are required for the 

standard antenna method because the measurement accuracy depends on these antennas. 

In this thesis, the three-antenna method is used for all gain and radiation pattern 

measurement. In Figure 2-5, all three antennas are measured as a pair (transmitting and 

receiving). Assuming the polarization and matching are perfect, Friis transmission 

equation can be used to calculate antenna gain: 

𝑃𝑟

𝑃𝑡
= (

𝜆

4𝜋𝑅
)2𝐺𝑡𝐺𝑟         (2.10) 

where 𝑃𝑡 is the power that transmitted from the source antenna; 𝑃𝑟 is the power that 

received from receiver antenna; 𝜆  is wavelength; 𝑅  is the distance between two 

antennas; 𝐺𝑡, 𝐺𝑟  are the gain of transmitting and receiving antennas. This equation can 

be rewritten in decibel format as: 

𝐺𝑡(𝑑𝐵)+𝐺𝑟(𝑑𝐵) = 20 log10 (
4𝜋𝑅

𝜆
) + 10 log10 (

𝑃𝑟

𝑃𝑡
)    (2.11) 

Combine the results of three pair’s measurement (antenna 1 & 2, antenna 1 & 3 and 
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antenna 2 & 3). Equ. (2.11) can be expended as: 

𝐺1(𝑑𝐵)+𝐺2(𝑑𝐵) = 20 log10 (
4𝜋𝑅

𝜆
) + 10 log10 (

𝑃1

𝑃2
)    (2.12) 

𝐺1(𝑑𝐵)+𝐺3(𝑑𝐵) = 20 log10 (
4𝜋𝑅

𝜆
) + 10 log10 (

𝑃1

𝑃3
)    (2.13) 

𝐺2(𝑑𝐵)+𝐺3(𝑑𝐵) = 20 log10 (
4𝜋𝑅

𝜆
) + 10 log10 (

𝑃2

𝑃3
)    (2.14) 

Then simplified as: 

𝐺1(𝑑𝐵)+𝐺2(𝑑𝐵) = 𝐴       (2.15) 

𝐺1(𝑑𝐵)+𝐺3(𝑑𝐵) = 𝐵       (2.16) 

𝐺2(𝑑𝐵)+𝐺3(𝑑𝐵) = 𝐶       (2.17) 

In final, the gains of the three antennas can be obtained simultaneously: 

𝐺1(𝑑𝐵) =
𝐴+𝐵−𝐶

2
          (2.18) 

𝐺1(𝑑𝐵) =
𝐴−𝐵+𝐶

2
          (2.19) 

𝐺1(𝑑𝐵) =
𝐵+𝐶−𝐴

2
          (2.20) 

2.2.4 Permittivity and permeability measurement 

(Nicolson-Ross-Weir (NRW) method) 

In this thesis, graphene loaded conductive sponges were fabricated in chapter 4 and 

their electrical permittivity and permeability in X-band were measured by standard 

waveguide NRW method [24]. The reflection coefficient Γ  is calculated by S-

parameters [24] that obtained from the waveguide: 

Γ =
𝑍𝑠−𝑍0

𝑍𝑠+𝑍0
=

√
𝜇𝑟
𝜀𝑟

−1

√
𝜇𝑟
𝜀𝑟

+1
       (2.21) 

The transmission coefficient 𝑇 is given by [24]: 

𝑇 = 𝑒−
𝑗𝜔

𝑐 √𝜇𝑟𝜀𝑟𝑑
        (2.22) 
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where 𝑐 is the speed of light in vacuum; 𝑑 is the thickness of the sample in 

X-band waveguide. In the meantime, the reflection and transmission coefficient 

can be written as: 

Γ = 𝑋 ± √𝑋2 − 1        (2.23)  

𝑇 =
𝑆11+𝑆21−Γ

1−(𝑆11+𝑆21)Γ
        (2.24) 

 

Where 

𝑋 =
𝑆11

2 −𝑆21
2 +1

2𝑆11
            (2.25) 

From Equ. (2.21~2.24), we could combine them as: 

𝑥 =
𝜇𝑟

𝜀𝑟
= (

1+Γ

1−Γ
)2        (2.26) 

𝑦 = 𝜇𝑟𝜀𝑟 = − [
𝑐

𝜔𝑑
ln

1

𝑇
]

2

       (2.27) 

It should be noticed that 𝑇 is a complex number and the solution of ln
1

𝑇
 would have 

complex results plus 2𝜋𝑛, where 𝑛 is the integral of (
𝑑

𝜆
). Therefore, a thin sample 

(wavelength in the sample 𝜆 > sample thickness 𝑑) or time domain techniques [24] 

must be involved to get correct results. Then the relative permittivity 𝜀𝑟  and 

permeability 𝜇𝑟 can be simplified as: 

𝜀𝑟 = √
𝑦

𝑥
         (2.28) 

𝜇𝑟 = √𝑥𝑦         (2.29) 

In final, 𝜇𝑟 can be calculated as [24]: 

𝜇𝑟 =
1+Γ

Λ(1−Γ)√
1

𝜆0
2−

1

𝜆𝑐
2

       (2.30) 

and 𝜀𝑟 can be obtained as: 
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𝜀𝑟 =
(

1

Λ2+
1

𝜆𝑐
2)𝜆0

2

𝜇𝑟
        (2.31) 

 

For the waveguide measurement with sample holder [25]: 

1

Λ2 = (
𝜀𝑟𝜇𝑟

𝜆0
2 −

1

𝜆𝑐
2)        (2.32) 

where  𝜆0  is the corresponded wavelength of free space and 𝜆𝑐  is the cutoff 

wavelength of the X-band waveguide. From Equ. (2.30) and (2.31), both permittivity 

and permeability are frequency dependent. A Labview program and Keysight N9918A 

vector network analyzer (VNA) are used in this thesis.   
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Abstract  

Printed electronics offer a breakthrough in the penetration of information technology 

into everyday life. The possibility of printing electronic circuits will further promote 

the spread of the Internet of Things applications. Inks based on graphene have a chance 

to dominate this technology, as they potentially can be low cost and applied directly on 

materials like textile and paper. Here we report the environmentally sustainable route 

of production of graphene ink suitable for screen-printing technology. The use of non-

toxic solvent Dihydrolevoglucosenone (Cyrene) significantly speeds up and reduces the 

cost of the liquid phase exfoliation of graphite. Printing with our ink results in very high 

conductivity ( 7.13 × 104  S m-1) devices, which allows us to produce wireless 

connectivity antenna operational from MHz to tens of GHz, which can be used for 

wireless data communication and energy harvesting, which brings us very close to the 

ubiquitous use of printed graphene technology for such applications. 

3.1 Introduction 

Development of printed conductive inks for electronic applications has grown rapidly 

due to widening applications in transistors [1], sensors [2], antennas [3,4], radio 

frequency identification (RFID) [5–7] tags, wearable electronics [8], etc. As conductor 

is the core component in printed electronics, efforts have been mainly focused on 

providing highly conductive metal nanoparticle inks, especially using silver 

nanoparticles [9]. Silver nanoparticle inks are widely used because of their high 
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conductivity and good levelling property. However, silver is too expensive to be 

employed for low cost applications [10]. Other metal nanoparticles such as copper or 

aluminium are much cheaper but can be easily oxidized. To avoid oxidation, a sintering 

process is necessary after printing [11,12]. However, in the case of heat sensitive 

substrates (paper, plastic, etc), sintering can’t be applied. Conductive polymers can also 

be fabricated as conductive film. This technique is however both chemically and 

thermally unstable [13]. Carbon nanotubes (CNTs) were once seen as an alternative for 

metal nanoparticles. The extremely high junction resistance between CNTs results in 

lower surface conductivity and hinders their applications [14]. The printed electronics 

industry has long been crying out for low cost highly conductive inks. 

Graphene ink, a dispersion of graphene flakes in solvents, can be easily patterned via 

spraying [15], screen printing [16], inkjet-printing [17,18] and doctor-blading [19] 

techniques. For antenna printing applications, spraying is a less reported method, 

suffering from lacking of flatness in films. Inkjet-printing and doctor blading methods 

are complementary, the former having high accuracy and cost, in contrast to the latter. 

In addition, inkjet-printing has to print many cycles [20] to achieve low sheet resistance, 

which costs time and is not economically viable for mass production. Considering costs, 

printing accuracy and surface conductivity, screen printing technique is the best 

candidate for industrial scale production. However, few screen-printed graphene 

devices have been reported including electrodes [13,21,22], electronic circuits [23] and 

antennas [16,19,24]. Most graphene ink processes use organic solvents such as N-

Methyl-2-pyrrolidone (NMP) and dimethylformamide (DMF). They are toxic, with low 
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concentrations, and unsustainable, preventing them from using for industrial scale 

production.  

Here we report the use of a cellulose derived solvent, Dihydrolevoglucosenone 

(Cyrene), which is not only non-toxic, environmentally friendly and sustainable but 

also can provide higher concentration of graphene ink, resulting in significant cost 

reduction for large-scale production. In this work, low cost, environmentally friendly 

and sustainable, highly conductive graphene ink (10 mg mL-1) has been developed and 

was further concentrated to 70 mg mL-1 for screen printing. More importantly, we have 

demonstrated that printed graphene antennas, ranging from high frequency band (a few 

tens of MHz) to microwave band (a few tens of GHz), can be applied across the entire 

RF spectrum. As critical demonstrations, a printed graphene enabled battery-free 

wireless body temperature sensor, RFID tags and RF energy harvesting system for 

powering battery-free devices that are capable of sensing resistive and capacitive 

sensors are presented, illustrating the potential of low cost, screen printed graphene 

enabled wearables for IoT applications such as healthcare and wellbeing monitoring, 

also embodying sustainability and disposability, all of these are critical factors to enter 

the mass-produced market. 

3.2 Results 

3.2.1 Ink characterization.  

Conductive graphene ink has been researched for a number of years. It is now 

possible to obtain defect free, less oxidized and stable graphene flakes by liquid phase 
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exfoliation [25,26] which can be deposited on different substrates. Many organic 

solvents with specified surface energy [27] have been verified for graphene exfoliation 

under bath sonication treatment with low residual and better stability such as NMP and 

DMF [27,28]. However, low concentrations, environmentally harmful and toxic 

properties of these organic solvents have prevented their applications from industrial 

scale graphene ink production [29]. Alternative method is to exfoliate graphene in low 

cost aqueous-based solutions with surfactants [30–32]. A recent work [33] proposed 

ultra-high concentration (50 mg mL-1) graphene slurry in water, but oxidization on the 

edge of graphene flakes still degrades its conductivity. 

Bio-based Cyrene (CAS: 53716-82-8) was first identified as a high-performance 

solvent for graphene dispersion in 2017 [29]. The solvent not only has appropriate 

polarity [29,34] and surface tension [27,29,35] which are especially suitable for 

graphene ink preparation, but also the concentration of dispersion where graphene can 

exist stably is at least an order higher than other organic solvents [29]. Moreover, 

Cyrene is non-toxic and easily extracted from cellulose which is abundant on Earth, has 

a great potential for low cost, environmentally friendly and sustainable industrial scale 

graphene ink production. However, for printed electronic applications, the most crucial 

property, electrical conductivity of Cyrene based graphene ink, has not been reported, 

nor have its electronic applications. 

In this work, expanded graphite was added into Cyrene and NMP (as comparison). 

Graphene flakes were produced during sonication treatment. Firstly, the sonication time 

for exfoliation was investigated as it is of significance for large-scale ink production. 
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Samples were extracted at different sonication time. It is easy to remove unexfoliated 

graphite particles in extracted samples via centrifugation and filtration (see 3.4 

Methods). It has been noticed that long sonication period also affects the quality of 

graphene flakes and degrades the conductivity of graphene [36]. For wireless 

connectivity applications, the conductivity of the printed graphene pattern is crucially 

significant. Thin graphene flakes allow for the best stacking; however, they end up with 

the maximum number of interfaces, which potentially can increase the resistance. Thick 

graphene flakes allow one to reduce the number of interfaces between the flakes, but 

they do not guarantee good stacking and result in a number of voids when printed. The 

conductivity can be maximized by selecting flake thickness, otherwise low conductivity 

increases connection loss and jeopardises the ink applications. To evaluate conductivity, 

the sheet resistance variations of the graphene laminate under different sonication time 

in both NMP and Cyrene solvents were plotted in Figure 3-1. As it can be seen, the 

sheet resistance of the graphene laminate decreases rapidly within the first 8 hours 

ultrasonic exfoliation in Cyrene whereas it takes 20 hours in NMP to reach the similar 

sheet resistance. The rate of decreasing of sheet resistance with Cyrene ink is 

significantly faster than that of NMP ink (red and black dash lines), which exceeds 0.6 

Ω sq-1h-1 between 4 to 8 hours. The minimum sheet resistance of Cyrene ink is 0.78 Ω 

sq-1, which happens at 8 hours sonication. After that, the sheet resistance rises as 

sonication time further increases because the longer sonication time leads to smaller 

flake sizes as well as damages sp2 network of graphene flakes [36], affecting the 

graphene flake’s electrical conductivity, which is not recoverable. For NMP solvent, the 
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decreasing rate of sheet resistance is slower. The minimum sheet resistance is 0.77 Ω 

sq-1, happens at 48 hours sonication. That said, although the physical properties of both 

solvents are quite similar [29], the best sonication time for NMP is 6 times longer than 

that for Cyrene, which indicates that Cyrene has better exfoliation efficiency compared 

to NMP, providing an advantage in time saving and cost reduction for large-scale 

graphene ink production. 

 
Figure 3-1: Quality of exfoliated graphene flakes in Cyrene: Measured average sheet resistance values 

(left axis, measured 5 times per point) and variation (right axis) of sheet resistance as function of 

sonication time (black line: NMP, red line: Cyrene). 

 

The electrical conductivity of dried and compressed graphene laminate (8 hours 

exfoliated in Cyrene, see in 3.4 Methods) is 7.13 × 104 S m-1, higher than any work 

reported so far [37–39], confirming that Cyrene is an excellent solvent with higher 

exfoliation efficiency and less defects on graphene flakes for replacing traditional toxic 

organic solvents. 
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Figure 3-2: Sheet resistance variation (measured 5 times per point) with different CAB concentration 

and the insert sample of 10 mg mL-1graphene ink with 1 mg mL-1 CAB. 

 

Binder-free graphene ink and its applications have been reported [16,40]. However, 

the adhesion was less impressive. For practical applications, adhesive materials are 

normally added in the ink. The drawback for adding adhesive materials is that it will 

significantly degrade the ink electrical conductivity. In this work, cellulose acetate 

butyrate (CAB) was added into the Cyrene graphene ink, acting as a polymer assisted 

agent. CAB can stabilize the ink because the electrostatic repulsion between CAB 

molecules prevents graphene flakes from restacking and aggregation [41], also 

enhances adhesion and anti-scratching performance of the printed pattern. However, 

addition of CAB to the ink decreases its conductivity dramatically. In order to 

understand the relationship between CAB concentration and sheet resistance, 0.05, 0.1, 

0.2, 0.3, 0.4, 0.5, 1, 2, 3, 5 and 10 mg CAB was dissolved into 1 mL of pristine graphene 

ink (10 mg mL-1 , exfoliated in Cyrene for 8 hours) with a short period of sonication 
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treatment. As can be observed in Figure 3-2, the sheet resistance of the graphene/CAB 

laminate rises relatively rapidly when CAB concentration is less than 100 μg mL-1 but 

slowly increases while the CAB concentration is between 100 μg mL-1 to mg mL-1 . The 

sheet resistance is about two times higher than that of pristine graphene laminate when 

the concentration of CAB is 1 mg mL-1. The sheet resistance increases logarithmically 

for CAB concentration over 1 mg mL-1. To achieve good conductivity as well as 

printing quality, 1 mg mL-1 CAB concentration was applied in this work. The insert in 

Figure 3-2 shows the ink sample.  

 
Figure 3-3: AFM image of graphene flakes on silicon substrate; scale bar is 1 µm. 

 

Atomic Force Microscopy (AFM) was used to characterise graphene flakes (prepared 

from graphene/CAB ink, 10 mg mL-1 with 8 hours sonication). Clear graphene flakes 

are shown in Figure 3-3 with lateral area of 6× 6 m, which confirms the stable 

existence of few-layers graphene nanoflakes in the high concentration ink (AFM image 

of a single graphene nanoflake profile can be seen in Supplementary Figure 3-20).  
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Figure 3-4: (a) Thickness histograms and (b) flake size. 

 

The measured flake thickness and size distribution (291 flakes were counted) are 

peaked at 5 nm (Figure 3-4a) and 2.5 × 103 nm2 (Figure 3-4b), respectively. It is worth 

noticing that the statistics follow lognormal distribution of high power sonication of 2D 

materials as expected [42].  

 

Figure 3-5: FTIR characterization of Cyrene graphene ink with and without CAB. 

 

FTIR and Raman spectroscopy were used to investigate the quality of exfoliated 
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graphene flakes. Figure 3-5 illustrates the FTIR spectra of pure exfoliated graphene, 

exfoliated graphene with CAB assisted and CAB itself. Compared to reduced graphene 

oxide (rGO) or chemically derived graphene, it is worth noticing that no peaks 

associated with −OH (∼1340 cm−1) and −COOH (∼1710−1720 cm−1) groups are 

detected for the exfoliated graphene [43] (black line in Figure 3-5). The absence of 

peaks is evidence that the graphene flakes is composed of largely defect-free material. 

CAB is a polymer that has been partially esterified but still has large numbers of 

hydroxyl groups which have broad OH absorption located at 3490 cm−1 (blue line). A 

characteristic peak is seen at 1756 cm−1 attributed to CAB (C=O stretch) which can also 

be observed on graphene/CAB (red line).  

 

Figure 3-6: Raman spectra of Cyrene graphene ink with and without CAB. 

 

Raman spectroscopy of exfoliated graphene is shown in Figure 3-6, featuring the 

breathing mode of sp2 carbon atoms at D-band (1355 cm-1), G-band (1583 cm-1), 

associated with in-phase vibrations of the graphite lattice, the relatively wide 2D-band 
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at 2731 cm-1 and an overtone of the D-band [27,44]. Low D/G ratio indicates fewer 

defects on graphene flakes [45], which is significant for electron flow and no structure 

change of graphene flakes can be detected by Raman in the graphene/CAB sample. 

 
Figure 3-7: SEM images of screen printed graphene on paper (a Uncompressed and c Compressed screen-

printed graphene laminates with 300X magnification; scale bar is 30 µm, b Uncompressed and d 

Compressed screen-printed graphene laminates with 10kX magnification; scale bar is 1 µm.) 

 

Morphological features of graphene/CAB laminate were investigated by using SEM. 

Graphene flakes can be clearly seen at Figure 3-7a,b. Uncompressed graphene is curly 

and has poor adhesion between flakes. It is obvious that graphene flakes were randomly 

stacked to each other. There are gaps (dark holes) between the flakes, severely 

degrading the contact quality. Around the gaps, electron flow between the graphene 

flakes appears between the edges and tips of the flakes, which results in a relatively 

large sheet resistance (37 Ω sq-1). Hence, the following compression process is 
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significant for improving sheet resistance. A paper rolling machine (Agile F130 Manual 

Mill) was used to compress the printed patterns. As it can be seen in Figure 3-7e,f, the 

surface is no longer coarse after compressing, graphene flakes are piled sequentially 

with face-to-face contacts, dramatically reducing the sheet resistance. The sheet 

resistance of compressed patterns was measured to be 1.2 Ω sq-1 on average, 30 times 

smaller than uncompressed patterns. 

 

3.2.2 Antennas design and fabrication. 

A commercial manual screen printer was used in this work. Figure 3-9a, b, c 

demonstrate the straightforward steps of graphene antenna screen-printing: a graphene 

ink is uniformly added on the exposed screen with negative antenna patterns and a 

squeegee is moved from one side to another, transferring the ink on to the substrate, b 

thermal annealing and c compression.  

 
Figure 3-8: Graphene antenna fabrication using screen printing technology. Screen-printing steps: a 

Patterning graphene ink via exposed screen and squeegee, b Annealing printed patterns and c 

Compressing dried pattern with steel rolling machine. 

 

Ultrahigh graphene concentration (70 mg mL-1) screen-printing ink was achieved 

via rotary evaporation from 10 mg mL-1 graphene/CAB ink, as seen in Figure 3-10 (the 

viscosity data can be found in Supplementary Figure 3-21).  
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Figure 3-9: Cyrene based graphene ink and high concentrated (70 mg mL-1) screen printing ink. 

 

The screen printer and printed graphene antenna patterns are illustrated in Figure 

3-10a. The resolution of our screen printed patterns is 0.4 mm. A cross-section view of 

the screen-printed graphene/CAB laminate on paper is shown in Figure 3-10b. There is 

no obvious boundary between graphene and paper, revealing good adhesion.  

 

Figure 3-10: a Demonstration of printed antennas on A4 paper. b SEM cross-section view of the 

printed graphene antenna; scale bar is 1 µm. 

 

The printed patterns have excellent mechanical flexibility, as shown in Figure 3-

11. Such flexible property has a great potential in wearable, deformable IoT 

applications [46]. The average thickness of screen-printed graphene laminate is 7.8 m 

and conductivity can therefore be calculated as 3.7 × 104 S m-1which is approximately 

about half of that of the pristine graphene ink (without CAB) but still has about the 
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same conductivity as recently reported work [47] which however requires high 

temperature (350℃) annealing. Additional bending and adhesion performance of the 

printed graphene/CAB pattern were tested. Low residual blue tape (BT-150E-KL) was 

used to test adhesion performance by sticking and peeling off from printed pattern 

repeatedly47. The sheet resistance of pristine graphene pattern doubled after first cycle. 

In the meantime, the sheet resistance of graphene/CAB pattern increased 5%. After 10 

cycles, the sheet resistance of graphene/CAB pattern increased 40% whereas pristine 

graphene pattern was peeled off from paper completely and its sheet resistance became 

too large to be measured (>20 MΩ sq-1) at cycle 7. In a bending test, a 3 cm × 1 cm 

rectangular pattern was printed and compressed. The pattern was bent from 0º to 90º 

for 2000 cycles while its resistance only increased 5%, which is comparable to other 

published works [48].  

 
Figure 3-11: Flexibility of the printed graphene antenna. 

Three different types of antennas were printed, ranging from Near Field 

Communication (NFC, Figure 3-12a), Ultra High Frequency (UHF, Figure 3-12b) 

Radio Frequency Identification (RFID) to C-X-Ku ultra-wideband slot antennas (Figure 

3-12c). These antennas were designed for low cost, flexible and disposable wireless 
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applications. For instance, the environmentally friendly printed graphene NFC antenna 

can replace traditional metal NFC antenna for access card applications. The wideband 

slot antenna can replace metal antennas for ultra-wideband (UWB) data communication 

with conformability and lower cost. All antennas were designed and simulated by using 

commercial full-wave electromagnetic simulation software CST. In the simulation, the 

printed graphene/CAB laminate was modelled as ohmic sheets because the laminate 

thickness is much smaller than its skin depth. One of the beauties of using graphene ink 

to print antennas is that the sheet resistance can be controlled from one to tens of ohms 

per square. This provides extra design freedom depending on the antenna applications. 

For high gain, high efficiency antennas, lower sheet resistance will be required. For 

wideband antennas, however, relatively higher sheet resistance ink can be used if the 

radiation efficiency is not critical. The geometrical dimensions of the antennas are all 

illustrated in Figure 3-12a-c (sheet resistance details can be found in Supplementary 

Figure 3-22). The inner line and gap width of coplanar waveguide (CPW) transmission 

line applied on wideband slot antenna is 3 mm and 0.4 mm respectively.  

 

Figure 3-12: a-c Printed graphene antennas’ geometric parameters (mm): a NFC antenna (without NFC 

chip and jumper), b UHF RFID antenna, c wideband slot antenna. 
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3.2.3 NFC battery-free temperature sensor. 

 

Figure 3-13: a-c Healthcare applications (a Illustration of graphene printed NFC temperature sensing 

system, b Demonstration of measurement and c recorded data of body temperature). 

 

NFC technology plays an increasingly important role with the development of IoT 

technology. It not only can be applied for access or ID cards but can also be used for 

other near field wireless monitoring applications, such as wireless healthcare and 

wellbeing monitoring. In this work, a wireless body temperature monitoring system has 

been designed and demonstrated. The sensor tag consists of disposable graphene 

printed planar coil antenna, temperature sensor (NTHS0603N17N2003JE, VISHAY) 

and functional NFC chip (RF430FRL152H, Texas Instruments), as shown in Figure 3-

13a (more information can be found in Supplementary Figure 3-23 and Supplementary 

Note 1). The printed graphene NFC antenna harvests RF power for the chips and 

provides data communication when activated by the reader. The real-time temperature 

monitoring is illustrated in Figure 3-13b at the distance of 2.5 cm between tag and 

reader. The near field reader (TRF7970AEVM, Texas Instruments) communicates with 

the sensor tag for continuously recording body temperature and uploads data to a 

designated terminal. Figure 3-13c illustrates a data frame that was transmitted from the 
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near field temperature sensor. There is no transmission error in 250 s measurement 

period. A clear, repeatable high and low temperature variation can be observed when 

the near field sensor is placed on the human skin and removed from it. This can be very 

useful for wireless monitoring patients’ temperature in hospital wards and even at home. 

The data can then be relayed to the cloud and analysed by professional health workers 

remotely. 

 

3.2.4 Long read range UHF RFID antenna.  

 

Figure 3-14: a-c UHF RFID tag applications demonstration (a Illustration of printed graphene RFID 

antenna system, b Read range and c radiation pattern (E-field, at 915 MHz)). 

 

In order to further demonstrate the potential of printed graphene antennas, a UHF 

RFID antenna has been designed, optimized and printed for long read range 

communication, as shown in Figure 3-14a. The antenna tag consists of a radiator 

(printed graphene), T-matching network (printed graphene) and an RFID chip (Impinj 

Monza R6). One of the most important technical merits for a UHF RFID antenna tag is 

its read range r, which can be calculated by [49]: 

𝑟 =
𝜆

4𝜋
√

𝑃𝑡𝐺𝑡𝐺𝑟𝜏

𝑃𝑡ℎ
           (3.1) 
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where 𝜆  is the wavelength, 𝑃𝑡  is the transmitted power from the reader antenna, 

𝐺𝑡  is the gain of the reader antenna, 𝐺𝑟  is the gain of tag antenna, 𝑃𝑡ℎ  is the 

minimum threshold of the power needed to activate the RFID chip and  𝜏  is the 

matching factor, which varies from 0 to 1 and is given by [50]: 

𝜏 =
4𝑅𝑐𝑅𝑎

|𝑍𝑐+𝑍𝑎|2                        (3.2) 

where 𝑍𝑐 , 𝑍𝑎 represent chip impedance and antenna input impedance, respectively. 

𝑅𝑐 , 𝑅𝑎  are the real parts of the chip and antenna impedance. Conjugate impedance 

matching is required between the RFID antenna and the chip in order to maximize 

the matching factor, resulting in maximal read range. The maximum read range of 

the printed graphene UHF RFID antenna versus frequency is illustrated in Figure 3-

14b, which shows that a 9.8 m read range at 917 MHz was achieved and the tag has 

long read range of over 9 m from 854 MHz to 971 MHz, covering the whole UHF 

RFID band (860 MHz~960 MHz). This is a very useful property as it provides 

enough frequency shift redundancy for printing tolerance and different application 

environments. This result, doubling the read range of the nearest work in printed 

graphene RFID [19], rival to aluminium etched commercial RFID antennas and silver 

ink printed RFID ones [51]. For a more intuitive demonstration, the radiation pattern 

in the E-plane at 915 MHz was plotted against maximum read range instead of 

antenna gain and the data was recorded for every 10º rotation, as shown in Figure 3-

14c. A typical dipole pattern can be seen from the radiation pattern where the 

maximum reading range occurs at 0º and 360º, the minimum read range happens at 

90º and 270º. 
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3.2.5 Ultra-wideband antenna and energy harvesting 

applications.  

 

Figure 3-15: Measured reflection coefficient (S11) of the graphene printed slot antenna. 

 

Figure 3-15 shows the reflection coefficient (S11) of the printed graphene ultra-

wideband slot antenna. The 10 dB bandwidth is from 3.8 GHz to 15.5 GHz, achieving 

more than 120% fractional bandwidth. This wideband characteristic is very useful for 

upcoming 5G mobile communication and UWB radar applications [52]. The 

fundamental resonance of the slot antenna is around 5 GHz and low reflection extends 

close to 9 GHz. Above 9 GHz, the higher resonance modes start to play the major role. 

The fundamental and higher mode resonances overlapped around 9 GHz, resulting in a 

wide bandwidth (simulated surface current distributions on the antenna at 9 GHz and 

12 GHz can be seen in Supplementary Figure 3-24).  



63 

 

 

Figure 3-16: Measured slot antenna gain (three-antenna method). 

Antenna gain was measured at the maximum gain point and shown in Figure 3-16. 

The antenna gain varies from 2.5 dB to 6 dB from 4.6 GHz to 13.5 GHz. The radiation 

patterns for the printed graphene ultra-wideband slot antenna under different 

frequencies are illustrated in Figure 3-17. All data were plotted with linear form for 

comparison. As the first two radiation patterns at 4 GHz (Figure 3-17a) and 8 GHz 

(Figure 3-17b) show a typical symmetrical dipole pattern, this demonstrates that the 

antenna is working in its fundamental resonance mode. The gain maximum occurs at 

0º. The radiation level at the front side is slightly stronger than the back side, probably 

due to the loss of paper substrate. For the radiation pattern at 12 GHz (Figure 3-17c) 

and 14 GHz (Figure 3-17d), typical dipole radiation patterns have disappeared, 

indicating higher mode resonance.  
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Figure 3-17: a-d Measured radiation pattern at a 4 GHz, b 8 GHz, c 12 GHz and d 14 GHz. 

 

There are various wireless signals in free space at any moment of time. Such 

wireless energy can be harvested and stored to power up low-power, battery-free 

electronic devices intermittently. This strategy is becoming highly desirable due to the 

fast development of wireless sensor networks (WSNs) and IoT technologies [53,54]. 

Here we demonstrate a printed graphene-enabled RF energy harvesting system. The 

harvesting system consists of an ultra-wideband printed graphene slot antenna, low 

pass filter that can suppress harmonic radiation [54] and rectifier with 4-stage 

Cockcroft–Walton voltage multiplier which converts the RF to DC power and 

provides the required output voltage to drive low power CMOS devices, as shown in 
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Figure 3-18a,b (the reflection coefficient of the conversion circuit can be found in 

Supplementary Figure 3-23).  

 

Figure 3-18: a Illustration of RF energy harvesting system, b Measurement set up. 

 

To measure the conversion efficiency of the harvesting system, an RF signal 

generator and standard gain horn antenna which provides accurate RF energy and gain 

were used. The printed graphene antenna and conversion circuit were placed at 2 m 

away in an anechoic chamber. 5.8 GHz was applied in the measurement because more 

and more wireless devices (e.g. 5G WiFi, UAVs) are using this free license channel. 

The antenna total efficiency, circuit conversion efficiency and overall RF-to-DC 

conversion efficiency of the system were measured and plotted in Figure 3-19. 
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Figure 3-19: Measured efficiencies and output DC voltage as a function of different RF power levels. 

 

It can be observed that the printed graphene antenna has constant efficiency (51%) 

for different RF power levels since the antenna is a linear device. The overall RF-to-

DC conversion efficiency varies with RF power due to the diodes’ nonlinearity and 

reaches its maximum of 22% (Rload = 10 kΩ), which can be further improved by using 

diodes with lower barrier height in the voltage multiplier. From the view of IoT 

applications, high quality printed 2D material sensors [55,56] can be embedded into 

the system with the same printing process. A prototype of RF powered, battery-free 

low-power square wave oscillator which converts the sensors’ analogue outputs to 

frequency modulated signals is developed and demonstrated here. The oscillator 

consists of two CMOS NOR gates (SN74AUP1G02), variable resistor (resistive 

sensor) and variable capacitor (capacitive sensor), as shown in Figure 3-18a, which 

can be powered wirelessly as long as the incident RF power is over -12 dBm. One of 

the generated square waveforms by the system with frequency of 5 kHz and peak to 
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peak voltage of 2 V can be observed from the oscilloscope in Figure 3-18b, 

experimentally verifying that the printed graphene enabled RF energy harvesting 

system is fully functional. 

3.3 Discussion 

Environmentally friendly, sustainable, low cost, highly conductive and 

concentrated screen printing graphene/CAB ink has been developed. High-quality 

pristine graphene sheets were exfoliated and dispersed in Cyrene with the concentration 

of 10 mg mL-1. Using Cyrene has eliminated the use of toxic solvents, significantly 

simplifying post production treatments, especially propitious for industrial scale 

manufacturing. Exfoliation times and conductivity of Cyrene graphene ink were 

measured and compared to those of NMP one. Conductivity of  7.13 × 104 S m-1 has 

been achieved after compressing, which is the highest reported so far. After adding CAB 

as stabilizing agent and rotary evaporation, the further concentrated graphene ink (70 

mg mL-1) becomes screen printable. The printed graphene/CAB laminate still achieved 

high conductivity of 3.7 × 104  S m-1. The prototype NFC antenna in the high 

frequency region, high-performance RFID antenna working in ultra-high frequency 

band and ultra-wideband antenna operating in microwave bands all provide evidence 

that printed graphene antennas can replace traditional metal antennas for wireless 

identification, sensing and data communications for low cost and ubiquitous wireless 

connectivity. Furthermore, graphene-based NFC temperature sensors for healthcare and 

wellbeing monitoring and graphene enabled energy harvesting system that can power 
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battery-free CMOS oscillator have been successfully demonstrated, opening an avenue 

for low cost, environmentally friendly and sustainable printable devices at upcoming 

IoT applications.  

3.4 Methods 

3.4.1 Liquid exfoliation of graphene with high 

concentration.  

Expandable graphite with +50 mesh flake size was purchased from Sigma-Aldrich. 

Cyrene (Dihydrolevoglucosenone, >99%) was provided by Circa Group Pty Ltd. N-

methyl-2-pyrrolidinone (NMP, >99%) was from Alfa Asia. Cellulose acetate butyrate 

(CAB, butyryl content 35-39%) was from Arcos Organics. Graphene nanoflakes were 

obtained via the liquid phase exfoliation method. Expandable graphite was placed in a 

ceramic crucible and then heated in an 800 W commercial microwave oven for 30 s to 

obtain expanded graphite with fewer layers. The expanded graphite flakes were stirred 

and washed in deionized water to remove residual acid until the pH is close to 7. Then, 

the mixture was dried in an oven for 5 hours at 100 °C. Dried expanded graphite was 

deposited into NMP solvent (10 mg mL-1) and Cyrene (10 mg mL-1) respectively where 

these organic solvents provide appropriate surface energy for sonication processes. 

After that, the mixture was sonicated in an ultrasonic bath (SHESTO, UT8061-EUK). 

Samples were extracted at 0, 2, 4, 6, 8, 10, 12, 14, 16, 20, 24, 32, 40, 48, and 56 

sonication hours for sheet resistance measurement. 
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3.4.2 Screen-printing high concentration graphene ink 

preparation.  

The exfoliated graphene nanoflakes were obtained in the dispersion after 

sonication. A 300-mesh stainless steel screen filtered the mixture first. After that, 

unexpanded graphite particles were removed after 5 mins low speed centrifugation (500 

rpm). After that, the graphene dispersion was concentrated to 10 mg mL-1 with vacuum 

rotary evaporation (Buchi R-114 Rotavap evaporator). CAB was added into Cyrene as 

polymer stabilizing agent to increase the stable existence of graphene flakes in Cyrene 

and improve the printing performance. In order to achieve appropriate viscosity for 

screen-printing, the graphene concentration of 70 mg mL-1 was achieved (mixture of 

graphene flakes, CAB and Cyrene) by vacuum rotary evaporation. Before printing, the 

mixture was mechanically agitated for 5 minutes and bubbles inside the ink were 

removed after a short period of vacuum treatment. The printing screen with 62 mesh 

was specially fabricated with capillary film (ULANO, EZ50-Orange) to achieve 

uniform laminate of graphene paste. Then, the sample was dried and annealed in an 

oven (vacuum) at 100 °C for 5 hours (comparison of antenna gains printed with Cyrene 

based graphene ink (8h sonication time) and NMP based graphene ink (20h sonication 

time) can be found in Supplementary Figure 3-25). 

3.4.3 FTIR.  

Both of graphene, CAB and graphene-CAB samples were annealed in an oven 

(vacuum) at 100 °C for 48 hours to ensure dryness and avoid errors of measurement. 
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They were mixed with potassium bromide (KBr) with 1:20 mass ratio and ground in an 

agate mortar, respectively. FTIR data were recorded by a Fourier transform infrared 

spectrometer (Nicolet 5700). 

3.4.4 Raman.  

Films of exfoliated graphene (without CAB), graphene/CAB ink and CAB were 

coated on SiO2/Si substrate. Raman spectra were acquired with a Renishaw System 

1000 Raman Spectrometer. Micro-Raman spectrometer at a 50×  objective, with an 

incident powder of 2.3 mW. The system has within 1.5 cm-1 spectral resolution at 514 

nm. 

3.4.5 Atomic force microscopy.  

Atomic force microscopy imaging of few layer graphene was measured with a 

Bruker Dimension Icon in tapping mode. The concentration of graphene/CAB ink is 10 

mg mL-1 and 100 L ink sample was spin-coated (3000 rpm, 1 min) on a clean SiO2/Si 

substrate and washed by acetone, distilled water and isopropyl alcohol sequentially. The 

AFM sample was dried in an oven for 5 hours at 100 °C. 

3.4.6 Scanning electron microscopy.  

Scanning electron microscopy was performed using a ZEISS Sigma HV. Aperture 

size is 7 m. The field emission gun is 5 KV and signal was acquired from InLens. For 

the cross-section measurement, the paper with printed graphene on top was soaked in 

liquid nitrogen and cut by scalpel. 
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3.4.7 Conductivity measurement.  

Sheet resistance is used to describe the thin film resistance regardless of film 

thickness, it can be written as: 

𝑅𝑠 =
𝜌

𝑡
                         (3.3) 

where 𝑅𝑠  is sheet resistance, 𝜌  is the resistivity of the film and 𝑡  represents the 

thickness of film. For the measurement of sheet resistance variation with different 

ultrasonic treatment times, the ink was first filtered via a 300-mesh stainless steel screen. 

Small unexpanded graphite particles were removed after 5 mins low speed 

centrifugation (500 rpm, 5 mins). To avoid coffee-ring effect, a filter paper (Whatman 

qualitative filter paper, Grade 5) was held on a glass funnel (140mL Aldrich Buchner 

funnel) by vacuum. After that, 60 L of the filtered sample was dropped on filter paper. 

The ink was annealed in an oven for 5 hours (100 °C) and compressed with the rolling 

machine. The sheet resistance was measured using 4-point probe station (Jandel, 

RM3000) and semiconductor characterization system (Keithley, 4200C).  

3.4.8 Antenna reflection coefficient measurement.  

For reflection coefficient measurement (S11), the ultra-wideband slot antenna was 

directly connected to a calibrated Vector Network Analyzer (VNA, Fieldfox N9918A, 

Keysight). 

3.4.9 Radiation pattern measurement.  

There are three graphene printed antennas to measure gain by themselves. The 
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SMA (RS PRO, 526-5763) connector was connected with the antenna using conductive 

epoxy (Circuit works CW2400). The measurement distance between any two adjacent 

antennas is 0.6 m, satisfied with far field requirement. The three antennas measurement 

method does not need a calibrated reference antenna; the gain of the antennas can be 

solved after measuring S21 with different combinations: 

𝐺𝑎 =
𝑆21

𝑎𝑏+𝑆21
𝑎𝑐−𝑆21

𝑏𝑐−10lg(
4𝜋𝑑

𝜆
)2

2
 [𝑑𝐵]               (3.4) 

where 𝐺𝑎  is the measured graphene antenna gain, 𝑆21
𝑎𝑏, 𝑆21

𝑎𝑐,  𝑆21
𝑏𝑐 are measured S21 

[in dB] between different antennas (𝐺𝑎 , 𝐺𝑏, 𝐺𝑐 : printed graphene antenna). The last 

term describes free space loss and depends on wavelength 𝜆 and distance 𝑑 between 

measured antennas. 

Radiation patterns of the antenna were recorded using an antenna measurement 

system (Antenna Measurement Studio 5.5, Diamond Engineering) and N9918A VNA. 

The data was recorded every 2º rotation. Standard horn antenna was used as 

transmitting antenna. Different bands of horn antennas were used: C, X bands (Narda, 

standard gain horn, model 643, 642 and 640) and Ku band (Steatite Q-par Antennas, 

standard horn, QSH18).  

3.4.10  RFID antenna measurement.  

Read range and radiation pattern measurement was performed using a professional 

RFID measurement setup (Voyantic Tagformance measurement system) with EIRP=4 

W. Before measurement, the system was calibrated and the effects of receiver antenna 

gain, cable and free-space loss were eliminated. For read range measurement, the 
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system sweeps linearly from 800 MHz to 1 GHz with 3 MHz steps. For radiation pattern 

measurement, the frequency is 915 MHz and data were recorded every 10º rotation. 

3.4.11  Antenna efficiency measurement.  

The antenna total efficiency was measured by using rotary table, Antenna 

Measurement Studio 5.5 and N9918A VNA. The circuit conversion efficiency was 

measured using RF CW source (MARCONI, 6200) and precision multimeter (Agilent, 

U1251A). 
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3.5 Supplementary figures 

 

Figure 3-20: A single graphene nanoflake profile measurement. Atomic force microscopy image of a 

single graphene nanoflake exfoliated in Cyrene a and the corresponded cross section heights b. 

 

 
Figure 3-21: Viscosity of the screen printable ink. Measured viscosity data of the screen printable ink 

with the graphene concentration of 70 mg mL-1 and CAB concentration of 7 mg mL-1. 
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Figure 3-22: Antenna dimensions and sheet resistance. The blue rectangles represent measured sheet 

resistance at this point. The variation was caused by unflatness of the exposed screen. The average sheet 

resistance for the nearfield antenna is 1.2 Ω sq-1; for RFID antenna is 2.88 Ω sq-1; for wideband slot 

antenna is 3.72 Ω sq-1. The red lines indicate specific dimensions (mm). 

 

 
Figure 3-23: Printed graphene temperature monitoring system. Schematic sensing and conversion circuit 

a and PCB b. Photo of the entire wireless sensor c. The conductive epoxy (CW2400, Circuitworks) was 

used to connect graphene antenna and the PCB. 
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Figure 3-24: Energy harvesting Antenna and circuits. Surface current distributions of the C-X-Ku band 

wideband antenna at fundamental resonance (4GHz) and harmonic resonance (12GHz) a. Reflection 

coefficient of matched conversion circuit b. 

 

Figure 3-25: Antenna gain based on different graphene inks. Red line: Cyrene based graphene ink (8h 

ultrasonic treatment). Blue line: NMP based graphene ink (20h ultrasonic treatment). The 8h Cyrene 

based antenna has slightly higher gain than 20h NMP based antenna because the conductivity of 8h 

Cyrene printed pattern is slightly higher. 

 

3.6 Supplementary notes 

Supplementary Note 1: Temperature monitoring system converting circuits. 

In order to demonstrate the functionality of the graphene printed NFC antenna, a 

commercial NFC chip (RF430FRL152H) which is integrated with NFC module and 
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microcontroller was connected to the antenna. The capacitor C5 in Supplementary 

Figure 3-23a together with internal capacitor of the NFC chip constitute an LC 

resonance circuit which operates in 13.56 MHz. The RTD temperature sensor 

(NTHS0603N17N2003JE, VISHAY) in Supplementary Figure 3-23a was connected to 

R1 and R3, which are standard resistors. The absolute measurement accuracy is 0.3% 

when refresh frequency is 0.5 Hz. 

 

Supplementary Note 2: Temperature monitoring system program. 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%Kewen Pan 

%TRF7970A EVM testing program for tag2 

%6/May/2016 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

clear;clc;  %Clear 

i=1; 

j=0; 

buffer=zeros(1,50); 

delay_time=0.01; 

  

dev_name = 'Silicon Labs CP210x USB to UART Bridge'; 

[~,res]=system('wmic path Win32_SerialPort'); 

ind = strfind(res,dev_name); 

if (~isempty(ind)) 

    port_name = res(ind(1)+length(dev_name)+2:ind(1)+length(dev_name)+5);      

    fprintf('COM-port is %s\n',port_name); 

    try 

          

        s = serial(port_name); 

        set(s,'BaudRate', 

111700,'DataBits',8,'StopBits',1,'Parity','none','FlowControl','none','terminator','ETX' ); 

         

        s.ReadAsyncMode='continuous'; 

        s.Timeout=0.02 

        s.InputBufferSize = 1024; 

         

        s.OutputBufferSize = 1024;  

         

        fopen(s); 

        fprintf('%s is opened\n',port_name); 

    catch err 

        fprintf('%s\n%s\n',err.identifier,err.message); 
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    end 

else 

    fprintf('COM-port is not find\n'); 

end 

fprintf(port_name); 

fprintf(' serial port open success!'); 

pause(1); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%s.status   %Serial port status check 

%instrfind  %Specification 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

fprintf(s,'%s','0108000304FF0000');%find evm broad 

data=fscanf(s); 

if strcmp(data(1),'T'); 

    fprintf('found TRF7970A\r'); 

   % pause(delay_time); 

else 

    fprintf('cannot found TRF7970A\r'); 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

fprintf(s,'%s','010A0003041001210000');%register write request1 

data=fscanf(s); 

if strcmp(data(1),'R'); 

    fprintf('register1 write success\r'); 

   % pause(delay_time); 

else 

    fprintf('register write error1\r'); 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

fprintf(s,'%s','010C00030410002101000000');%register write request2 

data=fscanf(s); 

if strcmp(data(1),'R'); 

    fprintf('register2 write success\r'); 

  %  pause(delay_time); 

else 

    fprintf('register write error2\r'); 

end    

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

fprintf(s,'%s','0109000304F0000000');%AGC Toggle 

data=fscanf(s); 

if strcmp(data(1),'A'); 

    fprintf('AGC toggle success\r'); 

  %  pause(delay_time); 

else 
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    fprintf('AGC Toggle error\r'); 

end    

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

fprintf(s,'%s','0109000304F1FF0000');%AM PM Toggle 

data=fscanf(s); 

if strcmp(data(1),'A'); 

    fprintf('AM PM Toggle success\r'); 

 %   pause(delay_time); 

else 

    fprintf('AM PM Toggle error\r'); 

end  

while 1 

    while 1 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

        set(s,'terminator','ETX' ); 

        fprintf(s,'%s','010B000304140401000000');%ISO15693 Inventory Request 

        data=fscanf(s);  

        if length(data)<35; 

            fprintf('ISO15693 Inventory Request error\r'); 

        else 

            fprintf('ISO15693 Inventory Request success\r'); 

            %   pause(delay_time); 

            fprintf(data); 

            break; 

        end    

    end 

%%%%%%%%%%%%%%%%%Basic configuration success%%%%%%%%%%%%%%%% 

 

%%%%%%%%%%%%%%%%Write functional register%%%%%%%%%%%%%%%%%%%% 

        fprintf(s,'%s','010F00030418402100010203800000');%Reg 00 

        data=fscanf(s); 

        d=data(17); 

        if strcmp(data(17),']'); 

           fprintf('Reset failed\r'); 

           fprintf('Tag disconnected\r'); 

           %buffer=zeros(1,50); 

           break; 

        end    

  

    fprintf(s,'%s','010F00030418402100010203000000');%Reg 00 

    data=fscanf(s); 

    if strcmp(data(1),'R'); 

        fprintf('Reg00\r'); 

        fprintf(data,'\r'); 
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    %    pause(delay_time); 

        fprintf(data); 

    else 

        fprintf('Write reg 00 failed\r'); 

    end    

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

    fprintf(s,'%s','010F00030418402101010100400000');%Reg01 

    data=fscanf(s); 

    if strcmp(data(1),'R'); 

        fprintf('Reg01\r'); 

        fprintf(data,'\r'); 

    %   pause(delay_time); 

        fprintf(data); 

    else 

        fprintf('Write reg 01 failed\r'); 

    end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

    fprintf(s,'%s','010F00030418402102000000000000');%Reg02 

    data=fscanf(s); 

    if strcmp(data(1),'R'); 

        fprintf('Reg02\r'); 

        fprintf(data,'\r'); 

    %   pause(delay_time); 

        fprintf(data); 

    else 

        fprintf('Write reg 02 failed\r'); 

    end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

    fprintf(s,'%s','010F00030418402103000000000000');%Reg03 

    data=fscanf(s); 

    if strcmp(data(1),'R'); 

        fprintf('Reg03\r'); 

        fprintf(data,'\r'); 

    %   pause(delay_time); 

        fprintf(data); 

    else 

        fprintf('Write reg 03 failed\r'); 

    end 

     

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

    fprintf(s,'%s','010F00030418402104191919190000');%Reg04 

    data=fscanf(s); 

    if strcmp(data(1),'R'); 

        fprintf('Reg04\r'); 
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        fprintf(data,'\r'); 

    %    pause(delay_time); 

        fprintf(data); 

    else 

        fprintf('Write reg 04 failed\r'); 

    end 

%%%%%%%%%%%%%%%%%%%%%%%Config 

finished%%%%%%%%%%%%%%%%%%%%% 

   while 1 

       set(s,'terminator',']' ); 

%%%%%%%%%%%%%%%%%%%%%%Start 

sample%%%%%%%%%%%%%%%%%%%%%%%% 

  

    

        fprintf(s,'%s','010F00030418402100010203000000');%Reg 00 

        data=fscanf(s); 

         if strcmp(data(17),']'); 

                fprintf('Write reg 00 failed\r'); 

                 fprintf('Tag disconnected\r'); 

                 %buffer=zeros(1,50); 

                break; 

            end    

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%% 

  

%%%%%%%%%%%%%%%%%%%%Start 

reading%%%%%%%%%%%%%%%%%%%%%%%% 

    fprintf(s,'%s','010B000304180020120000');%Read reg 0x12 

    data=fscanf(s); 

     if strcmp(data(19),']'); 

         fprintf('Read reg 0x12 failed\r'); 

            fprintf('Tag disconnected\r'); 

             

         break; 

     end    

  

     if strcmp(data(18),'z'); 

         fprintf('Read reg 0x12 failed\r'); 

            fprintf('Tag disconnected\r'); 

             

         break; 

     end    

      

   Stand_res=[data(23),data(24),data(21),data(22)]; 
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   Sensor_res=[data(27),data(28),data(25),data(26)]; 

   

    Resistance=(hex2dec(Sensor_res)/hex2dec(Stand_res))*100;%cal sensor R 

    Temp=-1.27*Resistance+203;%exp curve fitting 

     if (Temp>=0)&&(Temp<=50) 

    buffer=[buffer(2:end), buffer(1:1)];%left shift 1 bit 

    buffer(50)=Temp;%push in 

    plot(buffer,'Linewidth',3);  

    set(gca, 'FontWeight', 'bold', 'FontName','Calibri','FontSize',14) 

    title('Graphene Based Yarn Temperature Sensor'); 

    ylabel('Temperature'); 

    xlabel('Time'); 

    grid on; 

    drawnow; 

    pause(0.5); 

   %  else  

          

     end 

  end 

  

end 

fclose(s); 

delete(s);   

clear s   

%close all;  
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Abstract 

In this paper, we have fabricated and characterized a novel graphene loaded highly 

stretchable and conductive sponge. Conductivity optimized graphite/graphene 

dispersion has been researched and its conductivity was increased up to 7 × 104 S•m-

1. Due to the outstanding electrical properties, the applications of soft microwave 

absorbers in X-band (8.2-12.4 GHz) has been demonstrated. A double layer absorber 

design can achieve effective absorption (above 0.9) in the whole band, with only 4 mm 

thick. Another four layers of design can absorb effectively when incident microwave 

angle varies from 0° to 60°. The flexibility of graphene flakes and polymer enables the 

conformal applications of absorbers. Moreover, a soft, stretchable supercapacitor was 

fabricated in this paper. It can be stretched up to 200% of its original length, where the 

capacitance retention stands after 100 cyclic charge-discharge tests. This work not only 

revealed the possibilities that the novel multi-functional sponge can do on electronic 

devices but also opened a new door for stretchable and wearable electronics.  

4.1 Introduction 

As graphene loaded composites have already been well researched for decades, 

many outstanding progresses have been achieved. However, a severe issue that cannot 

be solved is that the electrical conductivity of such composites is relative low [1,2]. The 

consequence is that the measurement of such low conductivity materials (normally MΩ 

level) requires more power and complex circuits. It hindered these composites’ 
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electrical applications. This phenomenon is natural to be explained as all graphene 

flakes are covered by insulating polymers, where electron flow is difficult. The way to 

solve this problem is to increase graphene content [3]. However, excessive graphene 

loading would degrade its mechanical properties [4]. Moreover, the high loading of 

graphene would raise the cost, and residual in graphene dispersion may affect cross-

linking if epoxy was used. Therefore, coating a thin layer of graphene on sponge-based 

material is another route that can significantly increase graphene flakes density in the 

coating layer. Due to several advantages of graphene sponges such as three-dimensional 

graphene networks, high surface area [5], high electro/thermal conductivities [6,7], high 

chemical/electrochemical stability [8], high flexibility and elasticity [9], extremely high 

surface hydrophobicity [10], and so on, they have been used to demonstrate a feasibility 

way for bridging the nano-scale properties of graphene-based materials to practical 

macro-scale applications. Their practical applications include compositing materials 

[11], the use as the electrode materials for electrochemical sensors [12], the use as the 

absorbers for both gases and liquids [13], and the use as electrode materials for devices 

involved in electrochemical energy storage and conversion [14–16]. Furthermore, with 

successful implementation, these three-dimensional structures offer a border range of 

applicability and more exceptional performance than those achieved with two-

dimensional graphene. 

Several methods have been successfully developed, demonstrating the feasibility in 

preparing high quality and high-performance graphene sponges [17]. These methods 

include the templated growth of graphene on nickel sponges [18], direct sponging of 
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graphene oxide (GO) solutions [19], self-assembly [20] and several others. Among 

these methods, the CVD growth technique can produce well-defined, large pore size 

structures with high conductivity, and the material's quality can be primarily controlled 

by process variables during the CVD growth. However, the high temperature, sacrificial 

template and multistep processing limit the scalability. The self-assembly technique 

using the reduction of GO is compatible with the simultaneous growth of other 

composite materials. The properties and performance of the formed graphene sponges 

are shown to be strongly dependant on the quality and size of the GO precursor, the 

type of the reducing agents, cross linkers, doping agents and the pH of synthetic 

solution. Although the direct freeze drying self-assembly is simple, it is heavily 

dependent on size and concentration, in which controlling ice crystal formation and 

cracking on a larger size scale is a challenge. Moreover, most of the sponges reported 

are on a small lab scale and despite reported flexibility and elasticity, most graphene 

sponges remain fragile and easily broken or torn without careful handling. Therefore, 

all of the methods require further development to promote robust, scalable sponges at 

low cost and with less restacking.  

In order to overcome all problems mentioned above, a cost-effective strategy has 

been developed to fabricate large-scale 3D graphene/elastomer sponge, as shown in 

Figure 4-1. No hydrothermal assembly process, solvothermal treatment or freeze-

drying are required. This method does not require complicated and energy-consuming 

synthetic steps. The raw materials are commercialized graphene, elastomer, and 

porogen particles (NaCl in this paper). At initial, NaCl particles are mixed with 
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graphene dispersion and then filled in a metal mold with constant pressure. After that, 

the annealing process will evaporate solvents and burn out additional polymer. Then, 

hardener mixed Ecoflex 00-50 is injected into the mold. Until Ecoflex is completely 

cross-linked, graphene flakes are bonded, the rest NaCl particles can be dissolved in 

water. 

In this paper, a low cost but high conductive graphite/graphene (Gp&Gr) dispersion 

was optimized and discussed in advance. Then the porous sponge was fabricated. 

Detailed fabrication and characterizations are presented. Due to the outstanding 

electrical performance, Jaumann structured multilayer absorbers which operate in X-

band have been proposed, where each layer of the absorber was carefully optimized 

based on the measured permittivity of sponges. We also demonstrated the design 

process which can be straight applied to other materials. Thanks for the excellent 

stretchability of Ecoflex. The application of the sponge is not limited by EM wave 

absorption. Therefore, a soft, double-layered supercapacitor was fabricated and 

measured. The two examples revealed the enormous potential of Gp&Gr loaded 

sponges. More applications such as sensors, microwave shielding and soft electrodes 

are waiting to be explored.  



92 

 

 
Figure 4-1: Schematic illustration of Gp&Gr loaded high conductive sponge fabrication process. 

 

4.2 Results 

As printing electronic technology has been developed for decades, transistors and 

sensors [21] are now possible to be printed on flexible substrates. The low-cost 

manufacturing leads IoT and wearable electronics coming to daily life. Conducting 

materials are the fundamental part of all printed electronic circuits and also accounts on 

a high percentage within cost. It is significant to select cheap conductive materials in 

low-cost electronic systems. Unfortunately, silver based conductive inks are still the 

most commonly used in real products due to its excellent electrical and ink properties 

[22,23]. In order to reduce cost, cheaper but more reactive metals such as copper and 

nickel are used for conductive inks. The durability of these inks is not excellent because 

of oxidation [24]. After that, the organic conducting materials have been developed with 

high conductivity [25] but still orders lower than metal based inks. Since 2004 [26], the 
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research of liquid phase exfoliated graphene inks has last for years [27], the better 

conductivity and lower cost of raw materials nowadays make graphene based ink to be 

a better alternative choice of conductive ink. At initial, ultrasonic treatment was applied 

to exfoliate graphite particles with appropriate solvents which have similar surface 

energies with graphene [28]. On the contrary, low concentration and toxic solvents 

hindered the ink’s application. Polymers and surfactants [29] were added into graphene 

inks, which can raise concentration and also avoid aggregation problem. The latest 

research reports [30] that the concentration of ultrasonication assisted graphene ink was 

raised to 10 mg mL-1 and conductivity after compressing was enhanced to 7.13 × 104 

S•m−1. Although the processing steps have been optimized in this report, ultrasonic 

treatment still requires 8 hrs at least. The development of the shear mixing exfoliation 

method boosts the production of graphene ink. Comparing with the ultrasonication 

method, the yield of shear mixing method is an order higher while the energy density 

keeps the same [31]. Following the significant progress, high concentration inkjet [32] 

and screen printing [33] graphene inks were produced with different solvents and 

surfactants [34–36]. However, in spite of the high yield of graphene flakes, the 

surfactants are barely possible to be removed from the final printed conductive pattern, 

which severely degrades electrical conductivity. A recent study [37] that using 

nitrocellulose (NC) as dispersing agent achieved very high conductivity because NC 

can drastic decompose around 200 ℃. However, the yield is still less attractive for 

scale-up production. 

As graphene has been well researched, we know that mono-layer graphene has 
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super high electrical conductivity [38]. Due to the interlayer channel effect [39], the 

electrical conductivity of few-layer graphene (FLG) decreases with the increase of 

thickness. From previous literatures, the contents of mono-layer graphene flakes are 

very few. FLG (<3nm) and graphene nano pellets (GNP >3nm) are the main ingredients 

of graphene inks. On the other hand, the centrifugation process separates graphite 

particles but the conductivity of those inks is limited lower than 105 S•m-1, which is 

similar to carbon blacks [40]. Therefore, is that meaningful to separate graphene flakes 

for conductive ink with such low conductivity and yield? 

As a matter of fact, the conductivities of graphene inks are affected by many 

reasons. Our previous research [30] has confirmed that different size and thickness 

distributions of the flakes plays a significant role. Thinner graphene flakes have higher 

conductivity. These flakes result in better stacking, but much more interfaces between 

flakes, which may increase resistance. Thick graphene flakes reduced the number of 

interfaces, but its poor stacking would lose adhesion, also produce several voids after 

printing. It is difficult to analyse these parameters quantitatively, but optimizing flake 

distribution to achieve maximum electrical conductivity and yield is obtainable via 

adjusting centrifuge speeds.  
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Figure 4-2: High conductive Gp&Gr ink characterization. (a) AFM image of 2K RPM centrifuged 

Gp&Gr dispersion on silicon dioxide substrate; scale is 5 µm×5 µm. (b) Height distribution of flakes. 

 

In this work, graphite flakes and NC were added into ethyl acetate for shear mixing 

processing (see 4.4 Methods). The final 2000 RPM centrifuged product was 

characterized by Atomic force microscopy (AFM). Clear layered graphene flakes are 

shown in Figure 4-2a with a lateral area of 5 × 5 μm. The measured thickness 

distribution in Figure 4-2b is peaked at 1.5 nm, which confirmed the existence of 

graphene flakes. It is worth noticing that the lateral size of graphene flakes in Figure 4-

2a is less than 1 um, consistent with previously reported shear mixing product [37]. 

AFM can only characterize thin layered graphene but unexfoliated graphite particles in 

this sample cannot be separated completely due to the low-speed centrifuge.  
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Figure 4-3: Optical image of the AFM sample, scale bar is in the image. 

 

Therefore, microscope image of the sample is shown in Figure 4-3. The blue flakes 

might be graphene but gold flakes are definitely very thick graphite particles. 

Comparing with graphene flakes, graphite particles are fewer in the amount but account 

exceedingly at weight percentage. The effect of size distribution on conductivity will 

be quantitatively discussed. 

 

Figure 4-4: DSC analysis of pure NC. 

 

Differential scanning calorimetry (DSC) was used to investigate the decomposition 
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temperature of NC, as plotted in Figure 4-4. There was no heat flow variation when 

temperature was below 150 ℃, which indicates the stable existence of NC. While 

temperature was rising, the heat flow increased exponentially, indicating the 

spontaneous combustion took place. After that, heat flow dropped back to 0.2 W/g when 

temperature reached 190 ℃. According to the literature [41], the primary 

decomposition process was complete and residual materials kept reacting at higher 

temperature.  

 
Figure 4-5: TGA results of dried dispersion samples with different centrifuge speed and NC content. 

The less weight loss at high temperature represents higher Gp&Gr flakes concentration. 

 

Thermo Gravimetric Analysis (TGA) results were plotted in Figure 4-5, samples 

have little weight variation at initial. Pure NC has a sharp transition of weight 

percentage around 195 ℃. The promising low residual result is not agreed with 

previous reported [37] because the nitrogen content of NC that we used in this paper is 

much higher (>13%wt). Benefiting from the low residual characters, it is possible to 

enhance ink conductivity with low temperature (<240 ℃) annealing. For the rest inks, 
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we can see that inks with higher NC concentration and lower centrifuge speed have less 

weight drop, which indicates higher Gp&Gr concentration. After calculation, we 

plotted the Gp&Gr concentration in Figure 4-6.  

 
Figure 4-6: Calculated graphene concentration from Figure 4-5. 

 

The concentration dropped linearly for 5 mg/mL NC samples. However, there is a 

significant drop between 1k and 2k RPM for 10 mg/mL NC samples. For 1k RPM 

sample, the Gp&Gr concentration is 3.6 times higher than 2k RPM sample. It would be 

really attractive for industrial production if the conductivity is not much different. 

Furthermore, both two derivative curves from TGA results in Figure 4-7 show main 

peaks around 200 ℃ but the decomposition speed of lower NC concentration sample 

was faster, which suggested the interaction Gp&Gr flakes only alter the decomposition 

speed of NC rather than temperature.  
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Figure 4-7: The derivative of the 3K RPM TGA results with different NC contents. 

 

 

Figure 4-8: Measured temperature ramping in annealing process. 

 

Based on the above analysis, we set and monitored the annealing sequence of dried 

dispersion, as shown in Figure 4-8. At initial, the sample was heated to 100 ℃ and kept 

for 30 min. After that, the temperature ramping rate was set to 2 ℃/min because NC 

would not decompose at low temperatures. Until the temperature reaches 150 ℃, the 

ramping rate was minimized to 0.2 ℃/min to ensure uniformly heating. On the other 
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hand, it can avoid drastic decomposition of NC, which may blow off Gp&Gr flakes. 

We increased the ramping speed to 1℃/min from 300 ℃ to 400 ℃ and then kept for 

1.5 hr to ensure full decomposition of residual. Morphological features of the dried 

laminate were observed by scanning electron microscope (SEM).  

 

Figure 4-9: Post-processing of the dried conductive laminates and sponges. (a) SEM image of the dried 

Gp/Gr dispersion. Flakes have been enveloped in NC. (b) SEM image of the annealed sample, NC has 

been completely removed and graphite fragment can be clearly observed. 

 

Figure 4-9a demonstrated the 2k RPM sample, flakes cannot be observed because 

of the coverage of NC. After the annealing process, flakes can be clearly seen in Figure 

4-9b. The porous stacking structure was formed by the escape of decomposed gas. 

However, it would severely degrade the contact between flakes, resulting in low 

conductivity. Based on our previous study [30], mechanical compression forced flakes 

restacking together, hence conductivity would be improved. The flakes distribution is 

not practical for real production. We choose centrifuge speed as the main parameter to 

investigate conductivity variation. The centrifuged inks were dropped on 5cm×5cm 

glass substrates and then annealed in oven. After cooling down, 20 points on each 

sample were randomly selected for sheet resistance and height measurement.  
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Figure 4-10: Conductivity measurement of the annealed laminates as a function of centrifuge speeds. 

 

As shown in Figure 4-10, inks with high NC concentration generally have better 

conductivity. The high NC concentration ink (red line) doubled its conductivity at 2k 

RPM centrifuge speed while low NC concentration ink (black line) almost quadruple. 

This result confirmed the removal of large graphite flakes would massively increase 

conductivity. However, it can be observed that both lines decreased gradually after 

centrifuge speed was higher than 3k RPM, indicating higher contents of small flake 

graphene would actually decrease conductivity. This unexpected result indicates that 

blindly pursuing graphene is useless. Those small graphene flakes cannot give better 

conductivity. In the meantime, the lower graphene concentration due to high-speed 

centrifuge leads to poor production efficiency. Consequently, the best graphene ink 

must achieve a balance between concentration and conductivity rather than separating 

graphene at any cost. In this paper, 2k RPM centrifuged and 10 mg/mL NC loaded 

graphene ink was selected because of the highest conductivity (7 × 104 S•m-1). 
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Figure 4-11: (a) Magnified cross-section view of the fabricated sponge, the white part is not conductive 

(polymer) and the grey part are conductive (Gp&Gr flakes). (b) The cross-section SEM image of the 

sponge under low magnification, clear cube shaped holes can be seen. (c) The magnified SEM image of 

the conductive surface, flakes have been well covered by cross-linked Ecoflex polymer.  

 

As the development and problems of porous conductive materials were discussed 

in the previous section, a conductive and highly stretchable sponge was fabricated in 

this paper. The fabrication steps can be found in 4.4 Methods. To demonstrate the 

structure of sponge, the cross-section view of SEM images were shown in Figure 4-

11a,b. The bright white part is insulated material (Ecoflex polymer), and the grey part 

is conductive. It revealed the bearing part of the sponge is puer Ecoflex which provides 

its mechanical stretchability. The Gp&Gr flakes were coated on the surface. Comparing 

with the previously reported work [2], such structure has higher flakes density while 

the flakes’ contents are the same. Therefore, the coated layer provides excellent 

electrical conductivity. The small holes in Figure 4-11b were formed because of the 

staked NaCl crystals. It also allows water to go through for NaCl crystals’ removal. 

Nevertheless, Gp&Gr flake structure cannot be observed from the magnified SEM 

image (Figure 4-11f), which means flakes were clad entirely and immobilized in 

Ecoflex. Predictably, the electrical properties would be stable and resistance relaxing 

time would be short when the sponge is deformed. Take a step further, the SEM sample 

was also observed under microscope, as shown in Figure 4-12a. Black fragments can 



103 

 

be clearly seen at the sides of the polymer wall. 

 
Figure 4-12: (a) The optical image at 50×. (b) Mapping of the intensity ratio of 2707 cm-1 (Graphene 

2D band) and 2896 cm-1 (Ecoflex C-H). 

 

 

Figure 4-13: Raman results of the sponge cross-section, where mark 1,2 and 3 are corresponded to the 

area in Figure 4-12b. 

Raman spectroscopy was used to identify the sample. We first measured the pure 

Ecoflex polymer and polymer area in the sample. They are precisely the same (blue and 

black lines). The main peaks locating around 2896 cm-1 are the C-H [42] stretching of 

Ecoflex. The weaker 2956 cm-1 and 1409 cm-1 peaks were formed by CH2 [43]. 

Secondly, the area with black fragments was measured (area 2 in Figure 4-12b). There 

is no shift of the polymer peaks or generation of new peaks, indicating no chemical 
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bond was formed between polymer and flakes. Also, explicit sp2 carbon atoms 

breathing mode at D-band (1346 cm−1), G-band (1572 cm−1), associated with the in-

phase vibrations of graphite lattice, the relatively wide 2D-band at 2707 cm−1 and an 

overtone of the D-band is observed [31]. In final, we measured the flakes exposed area 

(area 1 in Figure 4-12b), only shown the graphite peaks and very weak C-H peak. 

However, none of the samples observed the existence of nitro groups (-NO2). This is 

also the evidence that NC was completely decomposed to gas in the annealing step. For 

intuitive demonstration, the Raman mapping image (2707 cm−1 2D-band/2896 cm-1 C-

H peak) was shown in Figure 4-12b. The green and red areas that surrounded the 

polymer structure represent higher Gp&Gr content. In contrast, only a few scattered 

flakes can be seen in polymer. 

 
Figure 4-14: X-band sponges’ permittivity and permeability measurement set up. 

 

As the fabrication process and material characterization of the porous sponge has 

been discussed in 4.2 Results, its microwave properties which are necessary for 

exploring microwave absorbers will be demonstrated in this section. 

 For the measurement of microwave permittivity (𝜀𝑟) and permeability (𝜇𝑟), a pair 
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of X-band waveguide was used and the porous sponges were cut into cuboids that can 

fit into waveguide spacer, as shown in Figure 4-14.  

 
Figure 4-15: Measured real part (a) and imaginary part (b) of permittivity. 

 

S-parameters were measured using a calibrated Vector Network Analyser (VNA, 

Keysight N9918A). Reflections and transmissions of the sponge were acquired through 

VNA. Based on these vector data, it is possible to calculate both 𝜀𝑟 and 𝜇𝑟 through 

the waveguide method [44,45]. There are 1024 points for the S-parameter measurement 

from 8.2 GHz to 12.4 GHz and all points were converted to the corresponding 𝜀𝑟 and 

𝜇𝑟 . In Figure 4-15 a and b, the real (𝜀𝑟
′  ) and imaginary (𝜀𝑟

′′ ) parts of the relative 

permittivity with different Gp&Gr contents were plotted, respectively. The real part 

permittivity of pure Ecoflex brick is higher than the sponge (black and red lines) but 

their imaginary parts keep the same. It reveled that Ecoflex is a very good low loss 

material. As more Gp&Gr flakes were added for higher filler weight percentage, the 

greater real and absolute imaginary parts were achieved. Also, the results show the 

shaper increasing of loss tangent ( 𝑡𝑎𝑛𝛿 = |𝜀𝑟
′′/𝜀𝑟

′ | ) with higher flakes’ weight 
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percentage. In the meantime, the materials’ magnetic permeability was calculated. 

 
Figure 4-16: (a) and (b) is the real part and imaginary part of permeability, respectively. 

 

Although all materials have responses to magnetic fields but graphite, graphene or 

Ecoflex are not ferromagnetic nor ferromagnetic materials. Their responses to magnetic 

fields are negligible [47], in other words, close to free space permeability. Therefore, 

the real parts of permeability in Figure 4-16a is close to 1, not related to the weight 

percentage of flakes. The same conclusion can be obtained in Figure 4-16b. 

 

Figure 4-17: Corresponded wave impedance of the sponges with different graphene content. 

 

To start design microwave absorbers, we calculated wave impedance (TEM) of 
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sponges by the equation: 

𝜂𝑥 = √
𝜇0

𝜀0
√

𝜇𝑟

𝜖′−𝑗𝜀′′        (4.1) 

where 𝜇0 and 𝜀0 are the free space permittivity and permeability. From the results in 

Figure 4-17, we can see the higher Gp&Gr flakes loading would reduce wave 

impedance; in other words, stronger reflection to an incident electromagnetic wave [48]. 

Therefore, layered RAM structure absorber can be designed by utilizing the diversity 

of reflection. 

 

Figure 4-18: (a) Transmission line equivalent circuit model of the microwave absorber. (b), (c) 3D 

illustration of the proposed four and two layers’ microwave absorber. Thickness and Gp&Gr contents are 

marked. 

 

We suppose a plane TEM wave illuminates on an infinite absorber which is consisted 

by layered sponges with different flakes content, as depicted in Figure 4-18a. Reflection 

coefficient (RL) of the absorber is able to be evaluated by the well-known equation:   

𝑅𝐿 = 20𝑙𝑜𝑔10 |
𝑍𝑥−377

𝑍𝑥+377
|      (4.2) 

𝑍𝑥 is the input impedance of the top layer (air-absorber interface) and it can be written 

from transmission line theory: 

𝑍𝑥 = 𝜂𝑥
𝑍𝑥−1+𝑗𝜂𝑥tan (𝛽𝑥𝑙𝑥)

𝜂𝑥+𝑗𝑍𝑥−1tan (𝛽𝑥𝑙𝑥)
      (4.3) 

where 𝑙𝑥 is the thickness, 𝑍𝑥−1 is the input impedance of the last layer and 𝛽𝑥 is the 
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propagation constant that can be expressed as: 

𝛽𝑥 = 2𝜋𝑓√𝜇0𝜀0√𝜇𝑥(𝜀𝑥
′ − 𝑗𝜀𝑥

′′)     (4.4) 

The equivalent circuit model of the Jaumann absorber is illustrated in Figure 4.2-3d. 

The black component represents wave impedance of each layer and the last layer is 

metal where its wave impedance can be approximated to 0. The absorption of the 

Jaumann absorber is mainly contributed by dielectric losses of the sponges and 

matching with air. As we have precisely calculated permittivity, the dielectric losses are 

known, while the matching condition has to consider each layers’ permittivity, thickness 

frequency, etc. Consequently, a Matlab program with transmission line algorithm was 

provided in the supplementary material to help design the most efficient absorber. 

In order to verify the performance of MATLAB designed absorber. Two X-band 

absorbers with two layers and four layers were designed and then simulated by using 

commercial software CST MWS. The 3-D view of the absorber structure is 

demonstrated in Figure 4-18b,c. For the two layers absorber, the first layer towards air 

has 2%wt flakes content, 2.2 mm thick while the second layer flakes content is 12%wt, 

1.8mm thick. For the four layers absorber, flakes content was 1%, 2%, 5% and 9%, 

respectively. The corresponded thickness of each layer is 4, 2.4, 4 and 3.8 mm. In the 

simulation, the Gp&Gr flakes loaded sponges were modeled as normal materials with 

measured permittivity and permeability. Periodic unit cell boundary was used in CST 

to avoid the edge effect. Because the absorber structure is symmetry in x-y plane, the 

response is precisely the same for both vertical and horizontal polarized waves. 
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Figure 4-19: (a) Simulated reflection results of four layers absorber at perpendicular and angled incident 

conditions. (b) Simulation results for two layers absorber with the same incident angles. 

 

The calculated and simulated amplitude of reflection coefficients of two layers 

absorber have been plotted in Figure 4-19a. It can be seen that the calculated (green 

dash line) result achieved low reflection (<-10 dB) at whole X-band. The maximum 

absorption is -44dB which was contributed by the resonance of absorber at 9.25 GHz. 

The fullwave simulation results (black line) agreed well with calculated results from 

the equivalent circuit model, although the resonance shifted to 10 GHz. For the thicker 

four layers absorber in Figure 4-19b, the maximum reflection is better than two layers 

absorber. Also, the resonance may have moved further down outside X-band, achieving 

a flat response. In real applications, the incident microwave comes from all angles. 

Typically, Jaumann structured absorber has its best performance at vertical incidence. 

Therefore, if an absorber can effectively absorb microwave at higher incident angles, 

the performance is better. However, the transmission line model cannot calculate the 

performance while incident wave is not perpendicular to the absorber. In this paper, 

fullwave simulation was used to evaluate angled incident wave performance. Firstly, 
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the TE incident wave reflection of two layers absorber with 45° incident angle was 

simulated and illustrated. Under this situation, -10 dB bandwidth cannot be achieved 

over X-band because of the stronger reflection from 8.2 to 8.5 GHz. Also, the resonance 

peak became broadband. For the four layers absorber, the reflection is 10 dB stronger 

on average. While the incident angle was increased to 60°, the reflections are worse for 

both absorbers but thanks to the outstanding performance at initial 0°, four layers 

absorber is still able to maintain its reflection lower than -10 dB. Similar behavior for 

TM incidence can be observed at two layers absorber. However, the performance of 45° 

TM incidence is even better at four layers absorber. There is a broad resonance occurred 

around 10.4 GHz, which probably caused by λ/4 resonant between the top and bottom 

layer. Take a step further, the absorbers’ performance can be more intuitively expressed 

by EM absorption:  

1 − |𝑆11|2 − |𝑆21|2       (4.5) 

where 𝑆21  is transmission coefficient which is negligible in this case. Results are 

shown in Figure 4-20.  

 

Figure 4-20: Calculated microwave absorptions, effective absorption generally above 0.9. 
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For a practical absorber, effective absorption is generally above 0.9 [49]. The two 

layers absorber can only achieve this standard while incidence wave is close to vertical. 

In the meantime, four layers absorber can effectively absorb microwave from 0° to 60° 

and the maximum absorption is 0.99998 at 8.89 GHz. In conclusion, the four layers 

absorber performed better at the expense of thickness (14.2 mm) while the thinner 

absorber (4 mm) can be applied where the weight and space are sensitive. Moreover, 

the highly flexible and conformable sponge is not only limited to flat or slightly bent 

surfaces but suitable to any curved objects, which takes a step forward to our previous 

work [49].  

 

Figure 4-21: (a) Cyclic voltammetry (C-V) curves of the fabricated supercapacitor with varied charge 

speeds. (b) Measurement of equivalent series resistance (ESR), the small schematic in (b) is the DC 

equivalent circuit for ESR measurement. 

 

Because of the surprisingly excellent electrical conductivity of Gp&Gr laminates, 

the applications of the highly stretchable sponge are not limited to microwave absorber. 

The porous structure and high surface area of graphene flakes make the sponge an 

alternative selection for soft, deformable supercapacitor. To verify the feasibility, a 

supercapacitor with soft Ecoflex based shell was fabricated in this section. The 
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capacitive performance of the Ecoflex-graphene sponge material was evaluated by a 

two electrodes symmetrical system with Diethylmethyl(2-methoxyethyl)ammonium 

bis(trifluoromethylsulfonyl)imide (DEMMA-TFSI) ionic electrolyte. The cyclic 

voltammetry (CV) measurement results in Figure 4-21a. It exhibits a quasi-rectangular 

curve of a double layer capacitor[50] while the scanning rate of the applied voltage is 

5 mV/s. However, under the higher scanning rate, distorted curves can be observed. 

The slightly tilted shape is caused by charge transfer resistance (leakage current). In 

addition, the broadband redox reaction peaks appeared (ion insertion or extraction to 

Gp&Gr/DEMMA-TFSI interface) while the applied voltage is within 0-0.8V. From 10 

mV/s to 100 mV/s, the redox peaks shift to higher voltages [51]. Other peaks that 

appeared around 2 V are proportional to scanning voltage which proved these peaks are 

not contributed by leakage current. From previously reported papers [52,53], the series 

DC parasitic resistance (include capacitor resistance and contact resistance between 

electrode and sponge) together with the capacitance constitutes a low pass filter with a 

relatively higher time constant, resulting to the deformation of the rectangular shape 

and these peaks [54–56]. In order to get better understanding of the tilted CV curve, the 

equivalent series resistance 𝑅𝑖  (ESR) was measured by connecting a load resistor 

𝑅𝐿 = 10 Ω  (more details illustrated in supplementary materials). The result is 

demonstrated in Figure 4-21b. In the initial 5 μs, the supercapacitor can be considered 

as constant voltage source but the voltage at supercapacitor terminals dropped 0.84 V. 

Therefore, the calculated 𝑅𝑖  is 7.24 Ω  which is intensely higher than commercial 

supercapacitors [57,58] and also leads to a considerably long time constant. This 
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phenomenon is shown from the round flat discharge CV curves. Fortunately, the contact 

resistance and sponge resistance in this experiment can be further minimized via doping 

[59] or conductive coating process[60].  

 

Figure 4-22: (a) Galvanostatic charge-discharge (GCD) profile of the supercapacitor. (b) Measured 

leakage currents versus applied voltage and time. 

 

The capacitive performance and specific capacitances under different charging speeds 

were evaluated by galvanostatic charge/discharge (GCD) curve with 

charging/discharging current from 0.1 to 10 mA/g. All charging processes halt at 2 V 

and discharging processes halt at 50 mV. The results were measured and plotted in 

Figure 4-22a and measurement schematic diagram can be found in Supplementary 

materials. Symmetrical triangular charge/discharge shapes can be observed when 

current density is 5 or 10 mA/g, revealing a standard behaviour of electric double layer 

supercapacitor [61]. However, we found the distortion of the charge current curves are 

worse while the charge current decrease. For instance, the GCD curve under 0.1 mA/g 

is close to a quadrilateral shape. We suspect the distortion is related to the unfinished 

ion insertion process and leakage current. Therefore, the supercapacitor was connected 
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to a precision voltage source and then charged 8 hrs with different voltages for steady-

state leakage current measurement. All logged data can be found in Figure 4-22b. The 

current density at 0.4 hr (turning point of 0.1 mA/g curve) is 151.26 μA/g, which is 

significantly higher than 0.1 mA/g charge current density in GCD measurement. When 

the applied voltage reaches 2 V (2.52 hrs), the current density is still 65.9μA/g. Apart 

from the constant leakage current, the low drop rate of the current density is due to the 

slow ion penetration process from Ecoflex sponge to graphene flakes’ surface. That 

explained the distortions of GCD curves in low charge current densities. After 8hrs, the 

stable current density can be considered as leakage current density, which is 37.2 μA/g. 

 
Figure 4-23: (a) Leakage currents after 8 hrs stabilization. (b) Calculated specific capacitance from GCD 

results. 

The steady-state leakage current densities versus different applied voltage were 

recorded in Figure 4-23a. In lower voltage region, the leakage current is mainly 

contributed by residues and other ions within electrolyte. The logarithmic relationship 

also indicates that high voltage may electrolyze the supercapacitor’s electrolyte, which 

is not recoverable. Similar behaviors can be found in [62–64]. 

From GCD curves, capacitance can be calculated by employing the formula [58]: 
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𝐶𝑠 =
𝐼

𝑚∙𝑑𝑉/𝑑𝑡
        (4.6) 

where 𝑑𝑉/𝑑𝑡 is the slope of GCD’s discharge curve and 𝑚 is the weight of graphene 

flakes. In order to ensure the accuracy of capacitance calculation [65,66], the nearly 

linear parts of discharge curves were selected (0.5 V to 1.5 V). Figure 4-23b presents 

calculated capacitance under different discharge current densities. At 0.1 mA/g, the 

supercapacitor exhibits 118 mF/g specific capacitance. In contrast, the specific 

capacitance drops to 26 mF/g while current density increased to 10 mA/g. Such a 

difference is resulted by low ion diffusion speed due to large ion size [67], Ecoflex 

blockage, high viscosity of the ionic liquid [68] and thick separator, which all drag 

down ion movement speed. It is worth to be noticed that specific capacitance is three 

orders lower compering with rGO/polymers based supercapacitor [69–72] because the 

specific surface area of graphite flakes is orders lower than well chemical intercalated 

graphene oxide. However, the structural defects and unreduced oxygen groups on rGO 

flakes lead to a less stable electrode interface. During the capacitor retention test in 

Figure 4-24a, the capacitance only dropped 2% after 5000 times full (2 V) 

charge/discharge cycles, which shown a better capacitance retention comparing with 

the above literatures. 

 
Figure 4-24: (a) Measured capacitor retention with full charge (2 V) and discharge (<50 mV) cycles. (b) 

Stretch test of the supercapacitor. Only 1.7% capacitance lost after 100 times cyclic test. (c) The 
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demonstration of a fully charged supercapacitor can work effectively to power up an electric circuit for 

a short period even though it has been bent. 

 

From the above discussion, the proposed supercapacitor is not comparable to other 

carbon-based materials in capacity or charging speed. On the other hand, firmly bonded 

graphite flakes and elastic separator provides excellent stretchability. In Figure 4-24b, 

the supercapacitor was stretched up to 200% of its original length. The capacitance 

increased during the initial 10% stretch, then decreased linearly after that. There is still 

43% capacitance remaining while the supercapacitor was doubled its original length. 

Additionally, only 1.7% capacitance lost (red star mark in Figure 4-24b) after 100 times 

stretching test. The promising stretchability results are compatible with previous 

reported [59,73,74]. To further demonstrate its stretchability, the supercapacitor was 

bent and connected to a nano power microcontroller (MSP430G2553) which was 

running a game. It is capable of supporting the microcontroller running a game for 

seconds, as demonstrated in Figure 4-24c. 

4.3 Conclusion 

We have applied the high conductive graphene loaded sponge to radar absorbers 

and supercapacitors in this paper. Shear exfoliation of graphene has been discussed. 

The best centrifuge speed which achieved the highest conductivity has been measured. 

Also, the structure of Gr&Gp/Ecoflex sponges is demonstrated with Raman and SEM 

characterization. Based on the measured permittivity and permeability of the sponges, 

two RAM structured radar absorbers have been designed. Both of them can absorb 

microwave energy effectively in the whole X-band, but the thicker one has better 



117 

 

absorption versus different incident angles, which is more suitable for conformable 

applications. Moreover, the soft supercapacitor was fabricated with outstanding 

stretchability. The capacitance retains 98.3% after 100 times of double-length stretch 

test. In conclusion, this work has demonstrated the potential of massive electronic 

applications that graphene-based materials can be applied, not limited to one specific 

area. 

4.4 Method 

4.4.1 Shear Mixing exfoliation of graphene. 

NC was synthesized to assist the exfoliation of graphene. 200 mL 98% sulfuric acid 

(258105 from Sigma Aldrich) was carefully poured into 100 mL 70% nitric acid 

(438073 from Sigma Aldrich) with a temperature controller which keeps the 

temperature around 20 ℃. After 5 mins agitation, shredded absorbent cotton fiber was 

added slowly into the mixture and temperature should be maintained lower than 30 ℃. 

The reaction process lasts 4 hours. We washed the products a few times to remove acids 

and immersed them in 800 mL 1% hot sulphuric acid solution 10 mins to remove sulfate. 

The final step is to neutralize residual acids. NC was immersed into 800 mL 0.05% hot 

sodium carbonate (791768 from Sigma Aldrich) solution for 20 mins and then washed 

with DI water until PH is close to 7. This step is extremely critical because NC is not 

stable under acid environments. It would slowly decompose, which may cause fire or 

explosion. The final neutralized NC was dried completely in vacuum drier and then 

dissolved in ethyl acetate (270989 Sigma Aldrich) for safer storage. 
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In order to prepare graphene inks, 100 g natural graphite flakes with +100 mesh flake 

size (332461 from Sigma Aldrich) were poured into 1000 mL NC/ethyl acetate mixtures 

(NC concentrations are 5 mg/mL and 10 mg/mL respectively). A water-cooling system 

keeps the temperature at 20 ℃. The modified shear mixer (L4R, Silverson) sheared 

each sample 4 hours with 8000 RPM. After that, samples were centrifuged three times, 

20 mins each. 

4.4.2 Preparing Gp&Gr loaded conductive sponge. 

In order to prepare the conductive sponge, salt (S9888) from Sigma Aldrich was 

sieved between 40 (0.42 mm) and 70 (0.21 mm) mesh. Sieved salt was poured into large 

beakers which contain 2000 RPM centrifuged Gp&Gr mixture. Then, the mixed slurry 

was heated on a hot plate at 70 ℃ with mild agitation. This step is to remove excessive 

ethyl acetate. After that, the semi-solid slurry was poured into sponge mold (more 

details about the mold can be found in supplementary information). Afterward, the mold 

was heated in an oven with nitrogen protection. In this step, ethyl acetate and NC were 

removed sequentially from the mold but with different temperature ramping rates. A 

high temperature ramping rate would speed up the decomposition process of NC which 

is really dangerous. While the mold was completely cooled down, Ecoflex 00-50 was 

mixed and inhaled into the mold via vacuum and salt can be dissolved by water after 

the cross-linking of Ecoflex. We left the final product in 25 L hot water (80 ℃) and 

changed the water frequently until silver nitrate cannot detect the existence of Cl-. In 

the final, the sponge was placed in an oven to evaporate all moisture. 
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4.4.3 Atomic force microscopy 

Atomic force microscopy imaging of the shear mixed product was measured with 

Bruker Dimension Fast Scan in peak force mode. 100 μL of 2000 RPM centrifuged 

Gp&Gr mixture was spin-coated on an O2 plasma cleaned SiO2/Si substrate. Until dried, 

the sample was heated in nitrogen protected oven 5h at 400 ℃ to remove NC. After 

that, the sample was washed by acetone, distilled water and isopropyl alcohol 

sequentially. 

4.4.4 Scanning electron microscopy 

Zeiss Ultra 55 was used for scanning electron microscope measurements. The field 

emission gun is 5 KV. For the cross-section measurement, the sponge samples were 

soaked in liquid nitrogen and cut by a scalpel. 

4.4.5 Raman 

Raman spectra were acquired with Horiba Xplora Plus. The single and mapping 

results were measured under ×50 objective, with an incident power of 5 mW. The 

wavelength is 532 nm 

4.4.6 TGA and DSC 

The Gp&Gr mixtures with different centrifuged speeds were completely dried in 

an oven for 12 hr at 80 ℃. 0.1g of each dried sample was placed in a platinum boat and 

analyzed under nitrogen protection. Temperature ramping rate is 5 ℃/min. 
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4.5 Supplementary information 

 

Figure 4-25: Electronic circuit schematic for supercapacitors’ GCD measurement. 

 

 

Figure 4-26: Circuit diagram for ESR and leakage current tests.  
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Abstract 

In this work, we first screen print thin graphene oxide laminates on Kapton film and 

then chemically reduce to reduced graphene oxide (rGO) with desired sheet resistance 

by controlling printing cycles and reduction time. The thin rGO laminates have a wide 

range of conductivity from 2.8 S•m-1 up to 1.3 × 104 S•m-1, exhibiting excellent 

consistency of electric performance even after 50000 times bending. Commonly used 

rGO reduction level characterization methods have been compared with the proposed 

sheet resistance method. It is revealed that the later has high variation with reduction 

time, providing a new method for reduction monitoring of rGO. Benefiting from the 

tunability of its sheet resistance, the rGO laminate not only can be used in flexible 

electronic circuits as conductors or resistors, but also highly efficient to absorb 

microwave radiations with proper design. Therefore, a printed, three-layer, Jaumann 

structured microwave absorber has been designed, fabricated and characterised. The 

maximum microwave absorption rate is up to 99.9997% where the -10 dB fractional 

bandwidth is more than 153%, which covers L, S and C bands. Moreover, the fabricated 

absorber can absorb efficiently even when the incident angle is as low as 20°. Full 

design procedure, simulation and measurement results are presented. 

5.1 Introduction 

With the fast development of 5G [1] and IoT [2] technologies, the protection for 

electromagnetic (EM) wave radiation is becoming of significance nowadays. Not only 

considering the higher EM wave density may have side effects to human, but 
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commercial wireless communication bands adding with newly developed multiplexing 

technology (e.g. MIMO) causes strong EM wave interference, which is difficult to be 

eliminated [3]. One most commonly used EM radiation protection technique is EM 

shielding, which normally uses metal based [4,5] or carbon based [6–9] 

films/composites to cover the objects which can reflect the EM waves. Recently, studies 

on EM shielding functional devices using rGO and rGO composites have been reported, 

such as rGO composite films [10,11], rGO/SiO2 [12], rGO coating on foams [13], 

rGO/carbon fibres [9, 13], rGO/epoxy composite [15], rGO compressed films [16] and 

doped rGO [17,18]. rGO hybrid structure with magnetic materials have also been 

investigated [19]. The basic motivation to use graphene based materials for EM 

shielding is because graphene can have high carrier mobility as well as high electrical 

conductivity [20]. However, rGO is not graphene [21,22], and the sp2 structure of 

graphene is considerably degraded during chemical exfoliation/reduction process and 

its π-π stacking becomes less stable [8]. The highest reported mobility of rGO is only 

320 cm2V-1s-1 [23], resulting in a much lower electrical conductivity. This is the root 

cause why commercial aluminium foil provides much better shielding effectiveness (SE) 

than any rGO based shielding materials. In order to achieve better SE, thicker samples 

or doped rGO films have been investigated. They however still performed much inferior 

to their metal counterpart.  

While EM shielding is very useful to protect human or electronic circuits from 

unwanted radiation, the reflected wave can act as a new radiating source to promote 

propagation of EM wave which can cause unwanted effects on human and operation of 
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electronic equipment that are not protected nearby, i.e. electromagnetic interference 

(EMI) [24]. In order to alleviate reflected waves, EM absorbing technique has been 

developed. Different to EM shielding, EM absorbing is able to either convert the 

incident EM energy to heat [25] or scatter it [26] to various directions by whittling down 

the EM radiation to have smaller radar cross section (RCS). Decades ago, Dallenbach 

[27] and Salisbury absorbers [28] were invented for RCS reduction. Jaumann absorber 

was invented afterwards to provide much wider absorption bandwidth [29]. In the last 

decades, frequency selective surface (FSS) and metamaterial based ultra-wideband, 

flexible and low profile absorbers have been reported [30–33].  

Lightweight CVD graphene millimetre-wave absorbers with 28% fractional bandwidth 

at 140 GHz was first reported [34]. After that, multilayer, large area CVD graphene 

absorber at microwave band [25,35] and electrically tunnable CVD graphene-

electrolyte structured absorber [36], tunable absorber based on patterned graphene 

metasurface were also demonstrated [37]. However, the difficulties of the wet transform 

process (from Cu/Ni to electrolyte or dielectric materials), the costs of large area CVD 

graphene sheets and varied surface resistance due to unwanted doping during each 

process have hindered them from low cost, large-scale applications.  On the other hand, 

printed graphene absorbers [30] have been proved to be a promising alternative 

considering lightweight, low cost, flexibility and wide ranges of applications. However, 

precisely controlling the sheet resistance of a graphene laminate is still very challenging. 

Most reported works related to graphene inks have been focusing on enhancing the 

conductivity via compressing [38–42], photonic annealing [43], etc. In EM wave 
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absorber design, the absorbance really depends on the matching conditions between the 

free space and the absorber. The conductivity is of less importance. The higher electric 

conductivity does not guarantee better absorbance. The surface conductivity of rGO, 

on the other hand, can be controlled with high precision. Therefore, rGO can prove to 

be a solution, not only due to its near 100% yield, but also its surface conductivity can 

be precisely controlled during chemical reduction process which provides wideband 

and better absorbance. However, rGO based EM wave absorber has been barely 

reported so far.   

In this work, we report a rGO microwave absorber on Kapton [44] film, which 

covers L, S and C bands. Detailed design and fabrication procedures of the microwave 

rGO absorber are presented. In order to match the free space characteristic impedance 

to the absorber for wideband absorption, multi-layered rGO structures have been 

proposed and the surface resistivity of each layer has been carefully designed and 

realized. In doing so, we have demonstrated a novel approach to accurately control the 

surface resistance of rGO laminates. The critical path to the success of rGO wideband 

absorber is the control of the sheet resistance. The conventional approach to make rGO 

solution from reduction of graphene oxide (GO) solution is not suitable for precise 

control of the sheet resistance. In addition, the aggregating issue of rGO flakes are 

difficult to be eliminated. Instead, GO was first printed on the Kapton film and the 

reduction process was then followed in this work. It is revealed that the reduction speed 

of the printed GO laminate is much slower than the reduction of GO solution [45], 

which enables the control of the sheet resistance much easier and accurate. In the 
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meantime, the sheet resistance change of rGO laminates during reduction process is 

wider than any existing reduction monitoring approaches, potentially very useful as an 

indicator to monitor the relative reduction level of rGO.  

5.2 Experimental detail 

5.2.1 Material preparation 

The expended graphite flakes were purchased from Qingdao Huatai Sealing and 

Lubrication Co. L-ascorbic acid (255564-100G) was from Sigma-Aldrich. Potassium 

permanganate was obtained from Alfa Aesar. Sulfuric acid (>95%), hydrochloric acid 

(32%) and Hydrogen peroxide (>30%) are all from Fisher Scientific. 

We used the well-known improved Hummers method to produce GO from graphite. 

First, 5 g expanded graphite flakes were washed by deionized water twice and dried in 

oven. The dried powder was poured into 1000 mL concentrated sulfuric acid under 

mechanical stirring. A temperature controller (JULABO F250) was connected to 

control temperature around 20 ℃. After 30 minutes stirring, 50 g KMnO4 was slowly 

added to the mixture where temperature of the mixture was lower than 50 ℃. The 

mixture turned to green because of MnO3
+. After 24 hr reaction, 1000 mL deionized 

water and 250 mL H2O2 were added (temperature <50 ℃). Until the temperature 

dropped to 20 ℃, 1000 mL 3% HCl solution was added to the golden colour mixture, 

which removed solid MnO2 particles. The mixture was stirred for another 24 hr and 

then centrifuged at 8000 rpm until PH≈6. Finally, the GO solution was centrifuged at 

low speed (500 rpm) for 5 min, repeated three times to remove graphite and impurity 
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particles. 

5.2.2 Preparation of rGO laminates 

The GO solution was further concentrated to 25 mg/mL via vacuum rotatory 

evaporator (Buchi R-114 Rotavap evaporator) with the temperature of 50 ℃. The semi-

automatic screen-printing machine (YICAI Ltd) was used to print the GO on 50 µm 

thick Kapton films (RS stock number: 536-3952) which had been pre-cleaned by 

acetone, deionized water and isopropyl alcohol. The screen is of 250 µm pole size to 

allow the penetration of large GO flakes. Before printing, the GO solution was 

mechanically agitated for 5 min and bubbles inside the ink were removed after a short 

period of vacuum treatment. Before the next printing pass, samples were completely 

dried in vacuum oven. To acquire different thickness and sheet resistance, we have 

printed 6 different samples from 1 layer to 6 layers which were labelled as “1” to “6”. 

In order to reduce GO, we first prepared 1 L fresh L-AA solution (4 mg/mL) and heated 

to 65 ℃, then the printed GO films were immersed into the solution. Samples were 

extracted after 1, 3, 5, 9, 15, 27 hr reaction.   

5.2.3 Characterization 

AFM image of GO sheets was measured with a Bruker Dimension Icon in peak-

force mode. Scan rate is 0.2 Hz. The concentration of GO solution was diluted to 0.1 

mg mL−1 and 100 μL ink sample was spin-coated (3000 rpm, 1 min) on a pre-cleaned 

SiO2/Si substrate. For Raman measurement, GO laminates were printed and reduced on 
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pre-cleaned SiO2/Si substrate where the processes are exactly the same as that on 

Kapton film. Raman spectra were acquired with a Renishaw System 1000 Raman 

Spectrometer at ×50 objective, with an incident power of 2.3 mW. The system has 

within 1.5 cm−1 spectral resolution at 514 nm. XRD, XPS and TGA use the same Raman 

samples. For FTIR measurement, potassium bromide (KBr) was annealed in oven at 

100 °C for 24 hr to ensure dryness. Samples and KBr were mixed with 1:50 mass ratio 

and then grounded in an agate mortar. FTIR data were recorded by a Fourier transform 

infrared spectrometer (Nicolet 5700). For SEM characterization, Zeiss Ultra 100 was 

used with 20 μm aperture size. The field emission gun is 5 KV. For the cross-section 

measurement, samples were immersed in liquid nitrogen and cut by a scalpel. 

The sheet resistance was measured by 4-point probe station (Jandel, RM3000) and 

semiconductor characterization system (Keithley, 4200C). Sample thickness was 

measured by SEM. For absorber measurement, two double-ridged guide antennas 

(Model 3115, ETS-Lindgren) from 0.75 GHz to 18 GHz were direct connected to a 

calibrated VNA (Fieldfox N9918A, Keysight).  

We built a bending tester with LEGO bricks, as shown in Figure 5.2-3e. Four wires 

resistance measurement method was used to avoid cable and connector resistance. The 

bending tester was controlled by custom Labview program and NI-DAQ (USB-6211), 

resistance data was measured by digital multimeter (NI USB-4065) which operated in 

6.5 digits resolution, 100 kΩ range. 
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5.3 Results and discussion 

 

Figure 5-1: (a) AFM image of GO sheets on silicon dioxide substrate; scale bar is 1 µm. (b) Height of 

GO sheets in AFM image (green line). (c) Measured viscosity of the screen printable GO ink with the 

concentration of 25 mg mL-1. 

 

Figure 5-1a shows the surface topography of GO sheets. Large, flat GO sheets 

indicate no aggregation in water [45]. Cracked surface were formed due to the 

vaporization of water [46]. Comparing with mechincal exfolicated graphene sheet [38], 

the rugged surface of GO sheets is the evdience of successful oxdiation because defects 

and oxygen functional groups are attached [47]. The surface height variation of GO 

sheets is approximately 1 nm. Average GO sheet thickness were calculated from 

overlaped GO sheets, which is 0.72 nm, shown in Figure 5-1b. This result confirms the 

existance of single layer, moderate oxided GO sheets [48–50]. 

Once the GO water dispersion was concentrated to 25 mg/mL (see 2.2), the GO 

solution turned into dark brown paste and was ready for screen printing. The viscosity 

was measured and shown in Figure 5-1c. The shear thinning properity is capable to 

achieve approperite screen printing viscosity at a high shear rate. In this work, we 

choose the shear rate of 200 S-1 where corresponded viscoisty is 1.7 Pa•S (1~2.5 Pa•S  

is suitable for high speed screen printing [51]). 
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The GO films (GO laminate + kapton) were soaked in L-AA solution for reduction 

(see Methods). Reduction progress was characterized by choosing different samples 

which were reduced with 1, 3, 5, 9, 15 and 27 hr.  

 

Figure 5-2: (a) Raman spectra of rGO laminate with different reduction times (0 hr, 1 hr, 3 hr, 5 hr, 9 hr, 

15 hr and 27 hr). (b) ID/IG intensity ratio of Raman spectra in (a). 

 

Raman spectroscopy was used to characterize the reduction level of GO. The two 

prominent peaks in Figure 5-2a are located at 1340 cm-1 and 1594 cm-1, which are D-

band (plane defects of GO) and G-band (first order Raman scattering of graphite 

structure of GO). Two weak peaks can be found in 2500 cm-1 to 3000 cm-1 region, one 

is flat G’ band at 2680 cm-1, the other one is called D+G mode [52], which again 

confirmed significant amount of defects in GO. The intensity ratio of D-band and G-

band is plotted in Figure 5-2b to estimate the disorder level of rGO [45]. The ratio 

increases with the reduction time except the last point (27 hr). This inversed pheromone 

was probably caused by the formation of the small size of sp2 structure and the defects 

of graphene which was formed by removing oxygen functional groups [45,53]. The 

logarithmically varying relationship indicates that most of the reduction process 
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finished in the first 5 hr (22% change of ID/IG) whereas the following 22 hr reduction 

only changes 5%. In other studies, the similar relation can be observed but with a much 

shorter reduction time [45,54]. This is because L-AA molecules have to penetrate into 

GO sheets before starting reaction with GO. 

 
Figure 5-3: FTIR characterization of rGO laminates with different reduction times. 

 

Figure 5-3 shows the Fourier-transform Infrared Spectroscopy (FTIR) spectra of 

GO and rGO with different reduction times. For GO (black line), all peaks can be 

clearly observed. First, the broadband water O-H stretching vibrations which centred at 

3450 cm-1 are mainly contributed by water molecules. A narrower and weak peak 

located at 1725 cm-1 is C=O stretching vibrations from carbonyl and carboxyl groups 

of GO [55]. It can be noticed that the peak is getting weaker after reduction, not 

detectable after 5 hr reduction process. The peak at 1630 cm-1 represents C=C stretching 

from non-oxidized graphite structure. The other important peak at 1400 cm-1 is –OH 

vibrations of hydroxyl groups from graphene. The last peak around 1200 cm-1 is 

attributed to C-O (epoxy) group vibration. From the 27 hr reduced graphene oxide, the 
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peaks located at 1400 cm-1 and 1200 cm-1 are still detectable, which confirms that the 

reduction process is not entirely complete [18]. Nevertheless, ascorbic acid has good 

effect to remove carbonyl and carboxyl groups on graphene oxide. 

 

Figure 5-4: XRD spectra of rGO laminate with different reduction times. 

 

The X-Ray Diffraction (XRD) patterns of GO and rGO as a function of reducing 

time are displayed in Figure 5-4. A sharp and intense peak centered at approximate 9.5° 

indicates the existence of GO for 0 hr of reducing time. With the increasing in reducing 

time from 1 hr to 3 hr, the peak has move towards higher diffraction angle and become 

broadening simultaneously, which demonstrates that the crystal quality has deteriorated 

because of the removal of oxygen functional groups and the decease of interlayer 

spacing. With reduction time increasing further, the peak of GO disappears gradually 

and the peak positioned at around 25° becomes predominant, which shows that C=C 

bonds have restored. The peak is still highly broad as the crystal structure of rGO has 

been destroyed. The calculated d-spacing for GO is 0.908 nm. It drops to 0.36 nm on 

average after 27 hr of reduction which is closed to graphite structure [56]. In general, 
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the XRD differences of rGO laminates are distinct when the reduction time is lower 

than 5 hr, but less distinguishable after 5 hr. 

 

Figure 5-5: (a) Wide scan XPS spectra of rGO laminate with different reduction times. (b) The calculated 

carbon/oxygen ratio from XPS. 

 

X-Ray Photo-electron Spectrometry (XPS) is an powerful tool to analysis the 

element surface content [57,58]. In Figure 5-5a, we have plotted XPS results of GO and 

rGO samples with different treatment time. The peaks of C1s, N1s (residue from the 

reaction between L-AA and Kapton film) and O1s can be clearly observed, which again 

confirms the successful oxidation of graphite. To examine the reduction level of rGO, 

carbon to oxygen ratio (C/O ratio) has been studied and shown in Figure 5-5b. The low 

C/O ratio of GO represents the high oxidation level [18]. C/O ratio kept rising as 

reduction time increasing. The increasing rate of first 5 hr is fastest (removal of oxygen 

functional groups) whereas no obvious change can be seen after 15 hr, which can be 

interpreted that the L-AA reduction process for GO is almost finished in 15 hr.  



139 

 

 

Figure 5-6: (a) TGA results of rGO laminate with different reduction times. The less weight loss at high 

temperature represents better reduction. (b) Weight ratio of GO and rGO laminates from TGA results at 

different temperatures (300℃ and 100℃). 

 

Thermo Gravimetric Analysis (TGA) results are plotted in Figure 5-6a, samples 

have different weight percentage at initial 100 °C. The 8 % variation between GO and 

rGO-27h is attributed to the evaporation of residual water and light thermal reduction 

[59,60]. In GO and some rGO samples, a significant weight drop occurs around 190 °C 

because of the decomposition of carboxyl and hydroxyl groups [45]. However, the 

samples after 9 hr reduction do not have obvious weight loss which indicates the 

removal process has almost completed. The further decompositions of H atoms bonded 

to the aromatic ring [61] and more stable function groups (10~15 %wt in each sample) 

occur mildly with temperature increasing while electrical properties remain [62]. The 

weight ratio (300 °C and 100 °C) can be used to compare the weight loss between 

samples and indicate the reduction level, as shown in Figure 5-6b. The GO sample has 

lost 48% weight whereas only 11% weight has dropped for the rGO after 27 hr reduction. 

It is worth noticed that the weight ratio has similar behaviour with C/O ratio in Figure 

5-5b. 
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Figure 5-7: Sheet resistance measurement of rGO laminate (from 1 printed layer to 6 printed layers) with 

different reduction times. 

 

The sheet resistance of the rGO laminates were measured using four point 

resistance measurement system and the results were shown in Figure 5-7. We printed 

different layers (1 layer to 6 layers) to obtain desired sheet resistance. 10 points on each 

sample were selected randomly for four point measurement. From the results, it can be 

seen that the reduction process produces a wide variation of sheet resistance. Thanks to 

the semi-automic printer, the printing speed was constant, resulting in a promising 

uniform laminate. The variation of sheet resistance at all samples didn’t exceed 15%. 

As it can be seen, the sheet resistance of all layers decreased over an order of 

magnitudes in the first three hours of reduction and much slower afterwards. The 

average thickness of 27 hr reduced samples from 1 layer to 6 layers are 86.4 nm, 231.35 

nm, 453.2 nm, 625.3 nm, 879.8 nm and 1259 nm, respectively. The corresponded 

conductivity can be calculated as 1.29×104 S•m-1, 0.95×104 S•m-1, 0.89×104 S•m-1, 

0.81×104 S•m-1, 0.63×104 S•m-1 and 0.54×104 S•m-1. Due to the fact that the reduction 

process is not uniform and the surface of rGO laminate exhibits the highest reduction, 
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it is not surprising that the samples’ conductivities are same, but inversely proportional 

to thickness. In contrast, Raman and XPS can only characterize the surface reduction 

level. We further investigated the reduction level of rGO versus reduction time through 

the first order derivative of Raman [63], XRD, XPS [64], TGA [65] and sheet resistance 

(measured on the large samples printed on Kapton film), as depicted in Figure 5-8.  

 

Figure 5-8: 1st derivative of Raman, XPS, XRD and sheet resistance results. 

 

It can be seen that Raman ID/IG ratio shows the lowest variation to reduction time. The 

variation of TGA and XPS are in about the same order. XRD has about two-order higher 

variation than those of TGA and XPS in the first 5 hr. It can also be observed that the 

variations of all these characterization techniques are higher in the first few hours of 

reduction. This phenomenon is explainable because most reduction takes place in the 

first few hours. In this work, we have introduced sheet resistance for the first time to 

indicate the reduction level of rGO. Although temperature, different contents of oxygen 

functional groups and structure defects would affect sheet resistance and conductivity 

of rGO samples [66], the derivatives of the sheet resistance are at least two-orders 
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higher than that of XRD, revealing that the removal of oxygen functional groups and 

restoration of C=C bonds have resulted in a giant variation of the conductivity, 

especially in the first few hours. Therefore, we believe that sheet resistance can be 

potentially very useful to characterize the relative reduction level of rGO samples. 

There is no need of making extra samples on SiO2/Si substrate. The sheet resistance can 

be measured directly on any substrates. 

 

Figure 5-9: (a,b) SEM images of rGO laminates (1 printed layer (a), 6 printed layers (b)), scale bar is 10 

µm. (c) SEM cross-sectional view of the rGO laminate with 3 printed layers and scale bar is 100 nm. 

 

Morphological features of 27 hr reduced rGO laminate can be observed under SEM. 

Figure 5-9a shows the rGO surface with 1 printed layer. Few wrinkles can be observed 

on the surface, but no folded edges, indicating well re-stacked rGO sheets [67]. More 

details can be observed from TEM results in supplementary Figure 5-18. The SEM 

image of rGO laminate with 6 printed layers has more wrinkles on the surface, as shown 

in Figure 5-9b. More wrinkles will affect the flake stacks, resulting higher contact 

resistance. This presumably contributes to the aforementioned conductivity drop as the 

number of printed layer increases. The magnified lateral view in Figure 5-9c 

demonstrates that the rGO sheets (3 printed layers) are parallel stacked on the substrate 

(Kapton film).  

For a microwave absorber, it would be desirable that the absorber can be flexible 
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to wrap curved metal components. Therefore, we have investigated the flexibility of the 

rGO laminate on Kapton film (6 printed layers). The measurement setup for the bending 

test is illustrated in Figure 5-10a.  

 
Figure 5-10: (a) Bending test setup (upper: initial state, lower: banded state). (b) Bending test results of 

the rGO laminate with 6 printed layers. 

 

The system was constructed by LEGO bricks and driven by a pneumatic cylinder. 

Laminate under test was screw tightened on the top of arms and four thin copper wires 

were connected to four probe measurement system which eliminates the contact 

resistance between the wires and sample. At start, the radius of rGO-Kapton laminate 

was 35 mm. After bending, the radius dropped to 8 mm and bended angle is around 

135°. The repeated process was executed 50000 times where the resistance variations 

of the 4 and 27 hr reduced rGO laminates were recorded, as shown in Figure 5-10b. It 

can be seen that the 27 hr reduced rGO laminate is very stable, only 1 % drop of its 

resistance after 50000 times bending. The resistance variation of 4 hr reduced laminate 

after 50000 times bending are less than 9 %. This is a highly desirable property for 

conformable and flexible applications, e.g. PDMS [68] and Ecoflex [69]. 
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Figure 5-11: Absorber structure and fabrication (a) Cross-section illustration of the proposed three-layer 

microwave absorber. (b) Transmission line equivalent circuit model of the microwave absorber. 

 

The structure of the proposed microwave absorber (Jaumann layers) is depicted in 

Figure 5-11a. The black materials on the top and between the gaps are printed rGO 

laminates. The supporting Kapton film is represented as yellow, the blue parts are 

dielectric substrate which can be light weight foams or flexible materials depending on 

applications. The grey line at bottom is metal plate. Microwave propagation direction 

is −𝑧. The incident microwave induces current and reflections at rGO laminates. These 

reflected waves are designed to cancel out each other and the current dissipates as heat.  

To design the printed rGO microwave absorber, we start from the complex 

permittivity that can be expressed as the well-known formula: 

𝜀𝑟 = 𝜀′ − 𝑗𝜀′′           (5.1) 

where 𝜀′  is the dielectric constant of rGO and 𝜀′′  represents the loss, mainly 

contributed by the displacement current on rGO surface. As the thickness of the rGO 

laminate is far thinner than its skin depth at microwave region, we can consider that the 

current density is uniform. Therefore, the imaginary part in (1) can be rewritten as: 

𝜀′′ =
1

2𝜋𝑓0𝜀0𝑅𝑠𝑡
         (5.2) 

where 𝑓0 is the frequency of the incident wave, 𝜀0 is dielectric constant of free space, 
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𝑅𝑠 is sheet resistance of the rGO laminate where 𝑡 represents its thickness. The plane 

wave impedance of the rGO laminate can be written as [70]: 

𝜂𝑛 = √
𝜇𝑟𝜇0

𝜀′𝜀0−𝑗
1

2𝜋𝑓0𝑅𝑠,𝑛𝑡

        (5.3) 

rGO is not a ferromagnetic material, hence  𝜇𝑟 = 1 . The wave impedance here 

represents the characteristic impedance of the rGO laminates in the transmission line 

model (𝜂𝑛) in Figure 5-11b. The goal of absorber design is to match the free space 

impedance and input impedance of the absorber at operational frequency band.  

The rGO laminates were printed on Kapton films. In the design, the sheet resistance 

of rGO laminates, thickness and dielectric priorities of dielectric materials can be 

optimized to realize maximum absorption for a desired bandwidth. The input 

impedance of the first dielectric layer can be expressed as:  

𝑍𝐷𝑖 = 𝜂𝐷𝑖
𝜂𝑃𝐸𝐶+𝑗𝜂𝐷𝑖 tan(𝛽𝐷𝑖𝐿𝐷𝑖)

𝜂𝐷𝑖+𝑗𝜂𝑃𝐸𝐶 tan(𝛽𝐷𝑖𝐿𝐷𝑖)
         (5.4) 

where 𝐿𝐷𝑖 is the thickness of the dielectric material and 𝛽𝐷𝑖  is its propagation constant. 

𝜂𝑃𝐸𝐶  is the wave impedance of the ground metal plate. For perfect conductor, 𝜂𝑃𝐸𝐶 =

0. 𝜂𝐷𝑖  represents the wave impedance of the dielectric material (Kapton + dielectric). 

𝜂𝑛 can be calculated from (3).  

Similarly, the input impedance 𝑍𝑖𝑛  of a 𝑛-layer rGO laminate can be given by: 

𝑍𝑖𝑛 = 𝑍𝑛 = 𝜂𝑛
𝑍𝑛−1+𝑗𝜂𝑛 tan(𝛽𝑛𝐿𝑛)

𝜂𝑛+𝑗𝑍𝑛−1 tan(𝛽𝑛𝐿𝑛)
           (5.5) 

The propagation constant is: 

𝛽𝑛 = 2𝜋𝑓0√𝜇0𝜀0√𝜇𝑛 (𝜀𝑛
′ − 𝑗

1

2𝜋𝑓0𝑅𝑠,𝑛𝐿𝑛𝜀0
)     (5.6) 

The rGO laminate loss, dielectric material absorption and multiple reflections have 

been all included in 𝑍𝑛 , the matching between free space and the absorber can be 
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evaluated by the reflection coefficient Γ: 

Γ =
𝑍𝑛−𝑍0

𝑍𝑛+𝑍0
                          (5.7) 

where 𝑍0 is the free space characteristic impedance. Finally, the absorption A can be 

simply calculated as: 

𝐴 = 1 − Γ2            (5.8) 

In order to demonstrate that the equivalent circuit model method can be used to 

analyse the absorber, two different types of absorbers (broad band and narrowband) 

with the structure shown in Figure 5-11a were simulated using commercial software 

CST MWS [71].  

 

Figure 5-12: Performance comparison of calculated results from Figure 5-11b and simulated ones using 

full wave simulator CST. 

 

In the simulation, the printed rGO laminates were modeled as ohmic sheets. The Kapton 

film has dielectric constant of 3.4, dissipation factor of 0.008 with 0.05 mm thick and 

low loss foam (71-IG-F) has dielectric constant of 1.11 and dissipation factor of 0.0007. 

The foam is of 10 mm thick. As the structure is symmetry, the response is exactly the 

same for both vertical and horizontal polarized waves. 
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The sheet resistance of the rGO films for the broad band absorber, from bottom to 

top, are 350 Ω•sq-1, 350 Ω•sq-1 and 1870 Ω•sq-1, respectively. The narrowband one has 

the sheet resistance combination of 381 Ω•sq-1, 6000 Ω•sq-1, and 6000 Ω•sq-1, 

respectively. The calculated and simulated magnitudes of the reflection coefficient |Γ| 

are plotted in Figure 5-12. It can be seen that the broad band absorber (green dash line) 

achieves flat absorption from 2.7 GHz to 11 GHz and effective absorption (-10dB 

bandwidth) from 2 GHz to 12 GHz, which covers S, C and X bands. The full wave 

simulation results (black line) agreed very well with calculated results from the 

equivalent circuit model. For narrowband absorber, the centre frequency is 7.1 GHz. 

The calculated result shows that |Γ| achieved -65 dB (blue dash line) which means over 

99.9999% of incident RF signal at 7.1 GHz can be absorbed. Likewise, the simulation 

result (red line) only shifts a little to 7.2 GHz which may be caused by ignoring thin 

Kapton films in the calculation. It should be noticed that the centre frequency of such 

absorber structure is determined by dielectric layer permittivity and thickness. The un-

patterned rGO laminates can only be optimized to achieve maximum absorption either 

at single frequency point or maximum bandwidth over the desired bandwidth. 

 

Figure 5-13: Image of the fabricated three-layer microwave absorber. 
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In order to experimentally verify the design and simulation results, we have 

fabricated a three-layer wideband microwave absorber, as shown in Figure 5-13. The 

final sheet resistance of the rGO laminates were measured by 4-probes method where 

20 points were randomly picked for each sample. The measured average sheet 

resistance of layer 3 is 3180 Ω•sq-1 (13.1% error for 20 points), layer 2 is 588 Ω•sq-1 

(8.3% error) and the bottom layer is 180 Ω•sq-1 (7.9% error), as shown in Figure 5-14b.  

 

Figure 5-14: (a) Printed GO laminates. (b) L-AA reduced rGO laminates. 

 

A 0.5 mm thick copper plate was stuck at the bottom. Figure 5-15a illustrates the 

measurement setup in the anechoic chamber. A pair of double-ridged guide antennas 

(ETS: Model 3115) were acting as transmitting/receiving (T/R) antennas to measure 

the reflection from the absorber. They are slightly angled to obtain maximum reflection 

from the absorber. The distance between antennas and absorber is 2 m. The angle 

between two antennas is less than 2°. The incident angle can be considered to be 90°. 

A similar setup can be found in Figure 5-15b, where the angle between two antennas is 

90° and the incident angle is 45°.  
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Figure 5-15: (a) Perpendicular incident experiment setup. (b) 45° incident experiment setup ( 𝜃 

represents incident angle). 

 

Measurements were carried out from 1 GHz to 12 GHz for both incident angles. 

Due to the coupling effect between two antennas and the reflection from anechoic 

chamber walls (absorption performance of anechoic chamber degrades at lower 

frequency), the absorption of the sample was completely submerged in noise at low 

frequencies. Therefore, all RF measurements in this paper used Time Gating technique 

[72] to eliminate unwanted interference. First, as shown in Figure 5-16a, background 

noise without absorber was measured. It can be seen that the transmission coefficient 

between two antennas is less than -60 dB at the whole band, which is acceptable for our 

purpose. Secondly, the absorber itself was measured, plotted as black line in Figure 5-

16a. Last but not the least, an additional copper plate which has the same size as the 

absorber was measured for comparison and RCS calculation. The results were labelled 

as ‘metal’. Comparing with ‘metal’, the transmission coefficient of the rGO absorber is 

much lower from 1 GHz to 9 GHz, revealing that it has absorbed considerable amount 

of the incident EM energy. From these results, we can obtain the RCS of the absorber. 

It achieves the minimum of -42 dBsm at 3.5 GHz where the same size copper plate is 
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8.2 dBsm. In the region from 2 GHz to 6.3 GHz, the absorber can reduce over 90% 

RCS which again proves its excellent microwave absorption capability. Figure 5-16b 

shows the calculated, simulated and measured reflection coefficients. The calculated -

10 dB bandwidth is about the same as the simulated one. The measured one has a wider 

bandwidth due to the fact that lower end of the band has moved further down although 

the higher end has also shifted to the left. The measured reflection coefficients can be 

obtained after subtracting transmission coefficients of absorber and metal which 

achieved its minimum -55 dB at 3.5 GHz. It is worth noticed that comparing with 

calculated and simulated data, the measured reflection is slightly shifted to lower 

frequencies because of extra air gaps between absorber layers due to surface unflatness 

and fabrication error. The -10 dB fractional bandwidth for the simulated, calculated and 

measured reflections are 135%, 139% and 153%, respectively. Compared to previously 

reported absorbers, this work has much wider measured bandwidth [30,73]. EM 

absorption can simply be calculated by 1 − |𝑆21
𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟/𝑆21

𝑚𝑒𝑡𝑎𝑙|2  , where 𝑆21  is 

transmission coefficient. As shown in Figure 5-16b, both absorptions reach their 

minimum values around 9.5 GHz and then rapidly grow as frequency decreases or 

increases. The measured absorption of the absorber (blue dash line) covers from 1 GHz 

to 7.3 GHz where absorption is higher than 0.9 (0.999 absorption from 2.9 GHz to 5.6 

GHz), revealing that the absorber provides excellent wideband microwave absorption.  
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Figure 5-16: Microwave absorber measurement and comparison with simulation. (a) Measured 

transmission at perpendicular incident (solid lines) and RCS (dash lines). (b) Comparing calculated, 

simulated and measured reflection coefficients (solid lines) and absorptions (dash lines) at perpendicular 

incident. (c) Measured transmission TE wave at 45° incident condition (solid lines) and RCS (dash lines). 

(d) Comparing simulated and measured reflection coefficients (solid lines) and absorptions (dash lines) 

at different incident angles. 

 

A comparison of non-hybrid microwave absorbers based on graphene/rGO is provided 

as Table 5-1 in Supplementary data. To further understand the absorption, the simulated 

surface power densities of the absorber at 1, 3, 5, 9 GHz are illustrated in Figure 5-17. 

At 1 GHz and 9 GHz, little absorption takes place, most incident energy has reflected. 

Therefore, the current density is weak, resulting in lower power densities at all three 

layers. The first and second absorption peaks occur around 3 GHz and 5 GHz. It can be 

seen that most of the EM power has been absorbed in Layer 2 whereas Layer 3 

contributes a bit more absorption at 5 GHz. Consequently, the middle layer is the major 
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layer to absorb EM energy, the purpose of other two layers (especially layer 3) is to 

achieve wider bandwidth. Most absorbers reported are related to relatively low incident 

RF power. In this work, the output power of Vector Network Analyzer (VNA) is 3 dBm. 

If the incident power is very strong, high thermal conductive materials should be 

selected for dielectric layers between the rGO laminates to dissipate heat although rGO 

laminate itself is excellent thermal conducting material [8].  

 
Figure 5-17: Simulated surface power loss density of the absorber in different layers at 1, 3, 5, 9 GHz 

from left to right respectively. 

 

In practical applications, the incident microwave can come from any angles. If an 

absorber can effectively absorb microwave at a lower incident angle, it has better 

performance. It is useful to evaluate absorbers at different incident angles. 

Unfortunately, the equivalent circuit model cannot predict the performance when the 

incident wave is not perpendicular to the absorber. Therefore, full wave simulation and 

measurement have been used to evaluate the performance of the rGO absorber. Firstly, 

we measured the TE wave reflection where the incident angle 𝜃  is 45°. The 

measurement setup is illustrated in Figure 5-15b and the white holder which supports 

absorber is made by EM transparent foam (dielectric constant≈1). The procedure for 

transmission coefficient measurement was exactly the same as aforementioned. 

Compared with perpendicular incidence, it can be seen in Figure 5-16c that the 

absorption bandwidth has expanded and achieved better absorption at higher frequency. 
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The -10 dB absorption bandwidth is from 2 GHz to 10.8 GHz, indicating the absolute 

bandwidth is wider than 8.8 GHz, i.e., 138% fractional bandwidth. The measured RCS 

of the absorber is about 20 dB lower than that of metal from 3.5 GHz to 8.5 GHz and 

10 dB lower from 2 GHz to 11 GHz. The ripples on the measured data (both dash lines) 

were caused by edge scattering. We also provided comparisons of RCS reduction of 

functional absorbers reported in Table. S2 in Supplementary data. 

20° incidence condition was also studied numerically. It is found that the reflection 

at lower frequency increases significantly (blue line in Figure 5-16d), which leads the 

starting point of -10 dB bandwidth move to 4.8 GHz. Parallel polarized (TM) wave 

incidence condition was further simulated and compared. It can be seen that the 

bandwidth of 45° TM incident is close to that of 45° TE one, whereas the reflections of 

both 20° TE and TM incidents at higher band are less than -10 dB, resulting much wider 

bandwidths. Even though the reflection in passband is stronger for angled incidence 

conditions, the 90% absorptions for 45° incident conditions (Both TE and TM) are 

about from 2.1 GHz to 10.5 GHz. For 20° incident situations, Both TE and TM waves 

can achieve even wider bandwidth but the 10 dB absorption band shifts to higher 

frequency, starting from 4.1 GHz. It can be concluded that under the lower incident 

angles, the absorption and RCS reduction would deteriorate at lower frequency band 

but enhance at higher frequency band. The wideband and wide angle absorption of the 

rGO absorber demonstrated in this work can be very useful for flexible and conformal 

applications. 
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5.4 Conclusions 

In conclusion, we have demonstrated a chemically reduced rGO laminate with 

precisely controlled sheet resistance and its application for microwave absorption. A 

more accurate approach of controlling rGO sheet resistance was proposed and verified. 

The concentrated GO solution was first printed on a substrate (Kapton), dried and then 

reduced to rGO laminate. The sheet resistance of the rGO laminate was precisely 

controlled to the designed value by accurately controlling the reduction time and printed 

passes. The final rGO/Kapton thin film has excellent features of mechanical and 

electrical properties. Comparing with more commonly reported method (reduce GO 

solution first and then directly print rGO), the excellent performance of the rGO 

laminate in this work comes of no surprise because GO disperses quite well in water 

and has no aggregating problem, resulting in a uniform and cross bonded laminate. 

Moreover, ultrasonic treatment and extra surfactants [74] are no longer required in the 

proposed approach. Furthermore, it is experimentally verified that the sheet resistance 

can be potentially very useful for monitoring the reduction level of rGO due to its large 

sheet resistance variation with reduction times. The rGO/ Kapton films with different 

sheet resistance have been fabricated and their application for microwave absorption 

has been demonstrated, revealing a very good RCS reduction at L, S and C bands. The 

absorber is not sensitive to the incident modes and has a good tolerance to the incident 

angles. All these properties are highly desirable for microwave absorption applications. 

Additionally, the rGO laminate can be easily pattered to provide even better absorption 

performance, which has the potential to extend the rGO applications to flexible 
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connectivity and electronic components for wearable wireless communication, energy 

harvesting and sensing.   
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5.5 Supplementary figures 

 

   
Figure 5-18: (a) TEM image of 1-layer printed sample under low magnification, wrinkes of rGO sheets 

can be observed. (b) TEM image under high magnification.  
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5.6 Supplementary tables 

Table 5-1: Comparison between non-hybrid microwave absorbers based on graphene/rGO as absorption 

material. 

 

Type 

Frequency 

(GHz)  

Bandwidth 

(GHz)  

Absorption Ref 

Printed graphene 

resistive pattern 

10.4 to 19.7 9.3 0.9 [1] 

CVD-grown 

patterned 

graphene  

10.3 to 20 9.7 >0.8 [2] 

monolayer 

graphene on 

FTO glass 

13 to 16 3 >0.8 [3] 

graphene/PET 

film 

12 to 15 3 >0.8 and 0.9 

@12.6GHz 

[4] 

HNO3 doped 

patterned 

graphen 

5 to 16 11 >0.8 [5] 

This work 1 to 7.3 6.3 >0.9  

 

Table 5-2: RCS Comparison between reported functional radar absorbers. 

Type Frequency 

(GHz)  

Bandwidth 

(GHz)  

RCS 

reduction(dB) 

Ref 

Coding 

Diffusion 

Metasurface 

8.6 to 22.5 13.9 9.5   [6] 

FSS on paper 9.65 to 

10.42 

0.77 10.2  [7] 

capacitive 

circuit 

absorbers 

5.3 to 11.2 -5.9 10  [8] 

Carbon fiber 

/glass fabric 

composite 

8.7 to 19.2  10.5 10  [9] 

Chessboard 

AMC 

structure 

15.75 to 

41.3  

25.55 10  [10] 

absorptive 

coding 

metasurface 

6.5 to 20  13.5 10 [11] 

This work 3.5 to 8.5 5 20   
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5.7 Supplementary Matlab program for absorber 

optimization 

clc; 

clear all; 

u0=4*pi*10^(-7); 

e0=8.854187817*10^(-12); 

eg=12; %graphite permittivity 

t=10*10^(-6); %film thickness (m) 

L=15*10^(-3); %broad thickness (m) 

freq=0.1*10^9:10^8:10*10^9; % 91 points 

Wair=377; % dielectric broad wave impedance  

Wbroad=sqrt(u0/e0)*sqrt(1/(1.1-1i*0.00121)); 

Bair=2.*pi.*freq.*sqrt(u0.*e0); %wavenumber of dielectric broad 

Bbroad=2.*pi.*freq.*sqrt(u0.*e0).*sqrt(1.1-1i*0.00121); 

temp=0; 

R3=[]; 

R2=[]; 

R1=[];  

S11_threshold_outer=-10; 

S11_threshold_inner=-40; 

  

for Rs3=10:20:4000 

    for Rs2=10:20:3000 

        for Rs1=10:20:2000 

          

W3=sqrt(u0./e0).*sqrt(1./(eg+(1./(1i.*Rs3.*t.*2.*pi.*freq.*e0))));          

W2=sqrt(u0./e0).*sqrt(1./(eg+(1./(1i.*Rs2.*t.*2.*pi.*freq.*e0))));          

W1=sqrt(u0./e0).*sqrt(1./(eg+(1./(1i.*Rs1.*t.*2.*pi.*freq.*e0)))); 

B3=2.*pi.*freq.*sqrt(u0*e0).*sqrt(eg+(1./(1i.*Rs3.*t.*2.*pi.*freq.*e0

)));          

B2=2.*pi.*freq.*sqrt(u0*e0).*sqrt(eg+(1./(1i.*Rs2.*t.*2.*pi.*freq.*e0

)));          

B1=2.*pi.*freq.*sqrt(u0*e0).*sqrt(eg+(1./(1i.*Rs1.*t.*2.*pi.*freq.*e0

))); 

%wave impedance and number calculation complete 

%start Z calculation 

Zi1=Wbroad.*((0+1i.*Wbroad.*tan(L.*Bbroad))./Wbroad);          

Zi2=W1.*((Zi1+1i.*W1.*tan(B1.*t))./(W1+1i.*Zi1.*tan(B1.*t)));          

Zi3=Wbroad.*((Zi2+1i.*Wbroad.*tan(Bbroad.*L))./(Wbroad+1i.*Zi2.*tan(B

broad.*L)));        

Zi4=W2.*((Zi3+1i.*W2.*tan(B2.*t))./(W2+1i.*Zi3.*tan(B2.*t)));         
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Zi5=Wbroad.*((Zi4+1i.*Wbroad.*tan(Bbroad.*L))./(Wbroad+1i.*Zi4.*tan(B

broad.*L))); 

          

Zi6=W3.*((Zi5+1i.*W3.*tan(B3.*t))./(W3+1i.*Zi5.*tan(B3.*t))); 

          S11=20.*log10(abs((Zi6-377)./(Zi6+377))); 

          start_freq=2*10^9; 

          end_frequency=7*10^9; 

          start_point=round((start_freq-0.1*10^9)/10^8)+1; 

          end_point=round((end_frequency-0.1*10^9)/10^8)+1; 

          mid_point=round((start_point+end_point)/2); 

          mid_front_point=round((start_point+mid_point)/2); 

          mid_end_point=round((end_point+mid_point)/2); 

          if((S11(start_point)<S11_threshold_outer)&& 

(S11(end_point)<S11_threshold_outer)&& 

(S11(mid_point)<S11_threshold_inner)&& 

(S11(mid_front_point)<S11_threshold_inner)&& 

(S11(mid_end_point)<S11_threshold_inner)) 

              temp=temp+1; 

              plot(freq,S11); 

              hold on 

              R3(temp)=Rs3; 

              R2(temp)=Rs2; 

              R1(temp)=Rs1; 

          end          

        end 

    end 

end 

for i=1:3 

    Txt=actxserver('SAPI.SpVoice'); 

    Txt.Speak('program finished'); 

end 
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Abstract 

Stretchable microfluidic sensors have recently been developed and employed in 

many sensing applications. However, they are still in their early stage of development 

and facing considerable challenges, such as practical system integration due to the 

limitation of costs, wired connections and sensitivity. In this work, we present a 

compact soft wireless battery-free RFID stretchable sensor based on microfluidic 

technology. The proposed RFID sensor has high sensitivity and is able to be stretched 

to 160% of its original size. Moreover, the sensor is completely wireless powered and 

battery-free. It can be fully embedded into sensor carriers such as robots to eliminate 

wires, reduce the weight and increase the agility. Difference to known received signal 

strength indicator (RSSI) techniques for RFID sensing monitoring, resonance 

frequency shift is used in this work, significantly increasing the measurement accuracy, 

usefulness and reliability for many practical applications.  
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6.1 Introduction 

Passive RFID technology in UHF band (860MHz-960MHz) utilizes RF signals to 

detect and identify specific objects [1]. Nowadays there is a growing interest in 

exploring the use of RFID technologies in sensing and monitoring [2]. Stretch 

monitoring using passive RFID technology was first demonstrated in [3] and further 

developed in [4], [5]. However, the deformable metal wire RFID tags in [5] have very 

limited lifetime and poor repeatability due to the fatigue of metal wire. E-textile works 

in [4] overcome the metal fatigue problem by using stretchable conductive polymers. 

However, the measurement depends on the received signal strength indicator (RSSI) 

which is not only affected by the antenna gain, but also varies with distance between 

the RFID tag and the reader antenna. Therefore, an additional reference tag located in 

a specific position is required to calibrate the distance effect. Furthermore, coupling 

and polarization effects between sensor and the reference tag have to be considered 

because they are not constant, especially when tags are bended or twisted. 

Benefiting from the development of microfluidic technology and the discovery of 

non-toxic, room-temperature liquid alloys made with gallium, indium (eGaIn) and tin 

(Galinstan), researchers have successfully fabricated liquid conductors and antennas 

without metal fatigue problem, e.g. [22] and [23]. Impressive works on deformable soft 

antennas, such as stretchable microfluidic antennas made with liquid metal and hybrid 

silicone [8], microfluidic serpentine antennas with reversible stretchability and 

mechanical frequency modulation ability [9] have been demonstrated. As the 

fabrication process becomes mature, mechanically tunable soft antenna was first 
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reported using soft lithographic and rapid prototyping methods in [10]. After that, 

meandered dipole based stretchable RFID sensor has been reported in [11] and [12], 

where the measurement of stretch is based on RSSI and reference tag is still be required. 

In [13], a wireless stretchable RFID sensor which successfully converted the tensile 

elongation to frequency shift rather than signal strength was reported, significantly 

advanced the measurement reliability because the distance and angle between the tag 

and reader antennas are no longer relevant to the measurement accuracy. However, the 

antenna in [13] is a foot away from practical applications because of its lower Q factor, 

less sensitivity and nonlinearity.   

In this work, the antenna structure is evolved from metamaterial inspired split ring 

resonator (SRR), operating at its second electric resonant mode [14], which overcomes 

the disadvantages of meandered dipoles as stretching sensing antennas in [11-13]. A T-

matching network [15] was connected for conjugate matching with the RFID chip 

(Impinj Monza R6). The antenna has the size of 3.3×3.5×0.23 cm3 and the detection 

range of 6.7 m with the standard 3.28 W Equivalent Isotropic Radiated Power (EIRP).  

Antenna design, fabrication process and measurement results will be presented in 

Section II, III and IV respectively, followed by discussions on the tests of antenna 

bending and rolling effects. Finally, a soft actuator monitoring system will be 

demonstrated.   
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6.2 Design of metamaterial inspired liquid metal soft 

antenna 

 
Figure 6-1: Meandered SRR RFID sensor. (a) Antenna structure (red corn is feed port). (b) Fabricated 

device (3.3cm×3.5cm). (c) Geometry parameters. 

 

SRR is one of the most commonly used metamaterial structures and was first 

proposed in 1999 [16]. The strong coupling effects between the rings make the structure 

very sensitive to the change of the ring length and gap width. Such characteristics 

provide higher sensitivity compared with those of the meandered line antennas [5]. A 

SRR inspired antenna can have multimode resonances. Its fundamental resonance mode 

has been proved having low radiation efficiency [14], [17-19]because the radii of the 

rings are much smaller than the corresponding free space wavelength, which leads to 

low radiation resistance and efficiency [18-20]. Therefore, second resonance mode was 

chosen in this work. The antenna consisted of an SRR radiator, T-matching network and 

a RFID chip, as shown in Figure 6-1a,b. The antenna and matching network were 

designed and simulated using commercial EM simulation software CST MWS [26]. In 

the simulation, the liquid alloy was modelled as metal with a conductivity of 

2.3 × 106 S/m  [20]. The geometrical parameters of the antenna are illustrated in 

Figure 6-1c (c): a1=a2=16.5 mm, a3=2 mm, a4=4 mm, a5=5.8 mm, a6=8 mm, a7=a8=1 
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mm, b1=b2=14 mm, b3=5 mm, b4=1 mm, b5=11 mm. The thickness of bottom layer is 

2.3 mm with 0.1 mm thick liquid channel. The upper layer is 0.2 mm thick for sealing 

purpose. The second resonance mode of the SRR antenna has been studied [21]. The 

radiation resistance in this resonance mode is approximately 7 times higher than a same 

length half wave dipole. However, the input impedance of the commercial RFID chip 

(Impinj, Monza R6) is 12-j120Ω at 915MHz. The T-matching network, which connects 

the chip to the inner ring of the SRR antenna, is required to provide a conjugate 

matching between the chip and antenna for maximum power efficiency. The input 

impedance of the antenna is [15]: 

𝑍𝑖𝑛 =
2𝑍𝑡𝑛2𝑍𝑎

2𝑍𝑡+𝑛2𝑍𝑎
                           (6.1) 

where  𝑍𝑎 is the input impedance of the SRR antenna itself, 𝑍𝑡 is the input impedance 

of T-matching network, 𝑛  is current ratio between two arms. The overall input 

impedance 𝑍𝑖𝑛 can therefore be designed for conjugate matching with the RFID chip. 

 
Figure 6-2: Antenna equivalent circuit model (Left is RFID chip side and right is antenna side).  

 

In second resonance mode of SRR structure, the surface current distributions in both 

rings are of opposite directions [14] and phase. The resonance condition can still be 

analysed by using equivalent circuit model [19].To illustrate the relationship between 
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the resonance frequency and antenna structure, we plotted equivalent circuit model for 

the whole RFID tag in Figure 6-2.  𝐺𝑐 , 𝐺𝑡, and 𝐺𝑛 are the conductance of RFID chip, 

T-matching network loss and SRR antenna (caused by loss and radiation) respectively. 

𝐶𝑐  and  𝐶𝑎  represent the RFID chip input capacitor and SSR antenna parasitic 

capacitor where 𝐶𝑎 = 𝜋𝐿𝑥𝐶𝑝𝑢𝑙 [19] (𝐿𝑥 is the side length of antenna, 𝐶𝑝𝑢𝑙 is per unit 

length capacitor). 𝐿𝑡 and 𝐿𝑎 are the T-matching shorter arm equivalent inductor and 

antenna inductor. Resonance frequency 𝑓0 can be expressed as:  

𝑓0 =
1

2𝜋√𝐿𝑡𝑜𝑡𝑎𝑙𝐶𝑡𝑜𝑡𝑎𝑙
                           (6.2) 

where 𝐿𝑡𝑜𝑡𝑎𝑙 =
𝐿𝑡𝐿𝑎𝑛2

𝐿𝑎𝑛2−𝐿𝑡
  and 𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑐 + 𝐶𝑎𝑛2 . It is easy to find out that the 

resonance frequency degrades significantly due to the transformation of T-matching 

network and RFID chip capacitor. Therefore, both T-matching network and SRR 

antenna behave inductively. Under stretched condition, 𝐿𝑡 and 𝐿𝑎 increase because of 

longer current path, resulting the resonance frequency move down to lower frequencies. 

The measurement results between different stretching levels and frequency shifts are 

discussed in the following sections. 

6.3 Soft antenna fabrication 

Galinstan is a generic name of a series of room-temperature eutectic liquid alloys 

which consist of gallium (Ga), indium (In), and tin (Sn). Galinstan has desirable 

properties such as low toxicity and low reactivity of its component metals. Therefore, 

Galinstan is an excellent substitution for some conventional conductive liquid, such as 

toxic mercury and reactive sodium-potassium alloy. Galinstan used in this work has a 
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typical composition of 68.5% Ga, 21.5% In, and 10% Sn with the electrical conductivity 

of 2.3 × 106 S/m. It also has a large surface tension and great wetting properties on 

the surface of Ecoflex or other silicone rubber materials. Galinstan, therefore, can afford 

stable and reliable connections in the elastic channels [10] as it tends to hold their 

position even when a device is twisted, stretched, or severely folded.  

Ecoflex is one of the most commonly used substrate materials in fluidic devices due 

to its attractive high elasticity, uncomplicated fabrication, easy casting properties and 

excellent biocompatibility. In this work, we used Ecoflex type 00-50 to make elastic 

substrate of the SRR antenna. The elongation at break of Ecoflex 00-50 in tensile 

strength test with ASTM D412 system is 980% (defined as the percentage change in 

length or (
𝑙−𝑙0

𝑙0
) × 100%, [22]).  

 

Figure 6-3: (a) Top view of the Ecoflex liquid metal SRR antenna with detailed cross-section drawing of 

the RFID chip insertion. The initial length, width and thickness of the antenna are Lx=33 mm, Ly=35 mm 

and Lz=2.5 mm respectively. The channels with filled Galinstan in the Ecoflex substrate are 1 mm in the 
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width. The RFID chip was bonded on an aluminum film then inserted in the fluidic channels to connect 

with Galinstan; (b) when the antenna is under stretching, the length in X direction, the width in Y 

direction and the thickness in Z direction become Lx+∆Lx, Ly+∆Ly and Lz+∆Lz respectively.  

 

Figure 6-3a,b show the structure of the antenna without and with stretching 

respectively. Deformation of the antenna under stretch is significantly influenced by 

Poisson’s effect. For example, when the antenna is stretched in one direction, it becomes 

narrower and thinner in other directions. Such phenomenon changes the thickness of 

the antenna substrate and also affects its resonance frequency. The Poisson’s ratio (𝑣) 

of Ecoflex 00-50 is 0.49 which means this material is a nearly incompressible material 

which deforms elastically even under a very small strain. In Figure 6-3a, the original 

length, width and thickness of the antenna are represented by 𝐿𝑥 , 𝐿𝑦  and 𝐿𝑧 

respectively. When the antenna is stretched in X direction (𝐿𝑥 + ∆𝐿𝑥 ), as shown in 

Figure 6-3b, the thickness and width change to 𝐿𝑦 + ∆𝐿𝑦 and𝐿𝑧 + ∆𝐿𝑧. Eq. (3) shows 

the relationship between ∆𝐿𝑦/𝐿𝑦, ∆𝐿𝑧/𝐿𝑧 and 𝐿𝑥 + ∆𝐿𝑥 [22]: 

∆𝐿𝑦

𝐿𝑦
=

∆𝐿𝑧

𝐿𝑧
= (1 +

∆𝐿𝑥

𝐿𝑥
)−𝑣 − 1                     (6.3) 

It should be noticed when the length varies in X direction (𝐿𝑥), not only the width in Y 

direction, but the thickness will also change simultaneously. 
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Figure 6-4: Schematic illustration of the fabrication process and photograph of the stretchable fluidic 

antenna; (a) the soft-lithography mold made with 0.15 mm vinyl film (red) and 2 mm Acrylic substrate 

and frame (white); (b) uncured Ecoflex with height of 2 mm was poured into the soft-lithography mold; 

(c) the casted piece of Ecoflex was sealed with another 0.2 mm Ecoflex film; (d) the RFID chip bonded 

on an aluminum film was inserted into the channels in Ecoflex substrate; (e) two needles were used to 

inject Galinstan into the channels. (f) Photograph of the final prototype. 

 

Figure 6-4 (a)-(e) illustrate the fabrication process of the stretchable sensor: (i) A soft-

lithography mold to cast uncured Ecoflex with a 2 mm Acrylic board (Acrylic Cast, 

AMARI) and a piece of 0.15 mm self-adhesive vinyl film (CRAFTRKZO, d-c-fix®) 

were prepared. The Acrylic material, which was shaped with a laser cutter (Epilog 

Fusion), was used as the substrate and the frame in the mold. The vinyl film was used 

to form the structure of the channels in the mold. The profile of the antenna structure 

was cut on the vinyl film with a laser micro-machining system (Protolaser U3, LPKF) 

which contains an error rate less than 5%. (ii) Part A and part B of Ecoflex (type 00-50, 

Reynolds Advanced materials) were mixed at the ratio of 1:1. The uncured Ecoflex with 



176 

 

a controlled height of 2 mm was degassed under vacuum for five minutes and then 

poured into the soft-lithography mold. In order to fasten the curing, the mold was put 

into a convection oven at 65 °C for 20 mins. (iii) The channels were sealed in the casted 

2 mm Ecoflex layer with a piece of 0.2 mm Ecoflex film made with a spin coater. (iv) 

An RFID chip (Monza R6, Impinj) was bonded on an aluminum film then inserted in 

the channels. (v) Two 0.3 mm-diameter needles were used to inject Galinstan into the 

channels through positive pressure. (vi) In the end, a very thin film of uncured Ecoflex 

was coated on the surface of this antenna to seal all the holes. 

6.4 Antenna measurement 

Voyantic Tagformance measurement system was used for the RFID tag measurement 

as shown in Figure 6-5. The RFID reader contains a signal generator, transmitter, power 

detector and receiver. The RFID antenna receives the signal and power from the reader 

and activates its chip which in turn modulates and backscatters the signal to the reader 

antenna.  

 
Figure 6-5: RFID measurement set up with Voyantic Tagformance. 

 

The minimum power that the RFID tag requires can be expressed as: 
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𝑃𝑡𝑎𝑔 =
𝑃𝑡ℎ

𝜏𝐺𝑡𝑎𝑔
= [𝑃𝑡 − 𝐿𝑐𝑎𝑏𝑙𝑒+𝐺𝑡 − 𝐹𝑆𝑃𝐿]𝑑𝐵                 (6.4) 

where 𝑃𝑡 , 𝐺𝑡  are the minimum transmitted power and gain of the reader antenna, 

𝐿𝑐𝑎𝑏𝑙𝑒and 𝐹𝑆𝑃𝐿 represent cable loss and free space loss which can be calibrated by 

using a standard tag before measurement. 𝑃𝑡ℎ  is the minimum threshold of the power 

required to activate the RFID chip, 𝐺𝑡𝑎𝑔   is the gain of the tag antenna. 𝜏  is the 

matching factor, which describes the conjugate impedance matching between the 

antenna and RFID chip.  

𝑃𝑡ℎ and 𝜏 are constant for a specific frequency, the minimum power that can power 

on the chip is inverse proportional to the antenna gain 𝐺𝑡𝑎𝑔 , which can be derived from 

measured 𝑃𝑡:  

𝐺𝑡𝑎𝑔 = [𝑃𝑡ℎ − 𝑃𝑡 + 𝐿𝑐𝑎𝑏𝑙𝑒 − 𝐺𝑡 + 𝐹𝑆𝑃𝐿]𝑑𝐵            (6.5) 

Considering the detection distance requirements in real applications, theoretical read 

range 𝑅𝑚𝑎𝑥  can be calculated for given EIRP as: 

𝑅𝑚𝑎𝑥 = √
𝑃𝑚𝑎𝑥,𝐸𝐼𝑅𝑃

𝑃𝑡𝑎𝑔
∙

𝑐

4𝜋𝑓
                     (6.6) 

where 𝑃𝑚𝑎𝑥,𝐸𝐼𝑅𝑃  =3.28W, 𝑐 is light speed and 𝑓 is the corresponded frequency.  

 

6.5 Results and discussions 

The simulated antenna impedance variation with stretching is shown in Figure 6-6a. 

It can be seen that the peak values of both real and imaginary parts of the impedance 

shift to lower frequency when increasing the stretching, resulting in the decrease of 

resonance frequency. 
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The RFID antenna performance was measured in anechoic chamber. To measure the 

gain and resonance frequency of the antenna, the reader sweeps linearly from 800 MHz 

to 1 GHz with a 3 MHz step. The theoretical reading range is calculated using Eq. (6) 

and plotted in Figure 6-6b. It can be found that the resonance frequency without 

stretching is 938 MHz with 6.7 m read range and it drops to 818 MHz at 60% strain. 

Therefore, the sensitivity is 5.71 MHz/mm, doubled the previous result [13] (2.65 

MHz/mm). When the antenna is stretched, its resonance frequency decreases whereas 

the read range increases due to longer electric length of the antenna and higher gain.  
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Figure 6-6: (a) Simulated antenna impedance under different stretch conditions. (b) Measurement results 

of RFID tag read range and resonance frequency under different stretching conditions. (c) Antenna 

resonance frequency verses antenna stretching ratio (stretched length/ original length), the red line is 

linear fits of scatters. 

 

Figure 6-6c illustrates the relationship between the resonance frequency and antenna 

stretching ratio. Two holders, which consist of low permittivity and low loss foam (71 

IG-F, MK), were used to hold and stretch the antenna in Y-axis (inset Figure 6-6c). The 
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distance between the RFID sensor antenna and reader antenna is 80 cm. To eliminate 

the influence of foam holders, calibration was performed every time when antenna 

length was changed. High stretchability up to 160% of the antenna length was tested 

with 5% per step. The antenna operates properly when being stretched to 160% and 

could be further stretched, yet, its resonance frequency will run out of the lowest 

allocated RFID frequency spectrum. 

 From Figure 6-6c, linear relationship between the resonance frequency and 

stretching length can be observed. Fitted formula of the relationship can be expressed 

as: 

𝑓𝑟 = −205 × 𝑟 + 1145.6                       (6.7) 

Therefore, it is now possible to use Eq. (7) to convert the stretching ratio 𝑟 directly 

from the measured resonance frequency.  

 

 
Figure 6-7: Measured RFID antenna radiation pattern under different stretching length in E-plane (a) and 

H-plane (b) (0%, 30% and 60%). 

 

The radiation patterns of the RFID antenna under different stretching conditions were 

measured in both E-plane and H-plane (Antenna Measurement Studio 5.5, Diamond 
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Engineering). For more intuitionistic demonstration, the read range was plotted instead 

of antenna gain. The data were recorded every 5 degrees rotation, as shown in Figure 

6-7. The measured radiation pattern is similar with dipole antenna which means the 

antenna is omnidirectional at H-plane and weakly directional at E plane. It can receive 

signals from any positions without dark zone. The maximum read range is 

approximately 6.7 m, 7.4 m and 9 m with 0%, 30% and 60% stretching, respectively. 

Except the read range, there is no significant distortion of radiation pattern under 

stretching.  

 
Figure 6-8: (a) Antenna resonance frequency variation with different bending angle (0o, 45o, 90o). (b) 

Antenna resonance variation under rolling (𝑟=0.7, 1.5, 3, ∞). 
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Having demonstrated the relationship between stretching length and resonance 

frequency of the RFID stretch sensor, we go further to investigate the effects of bending 

and rolling to the RFID sensor antenna resonance because most applications not only 

have plane stretching, but also get distortion and deformation in other directions. In 

Figure 6-8a, the antenna was bended from 0°  to 90°  (fixed by foam holders with 

different angles), the strong coupling between the inner and outer rings makes the 

antenna being less sensitive to the bending, no obvious frequency shift can be observed 

during bending. However, the maximum read range decreases by 1 metre when the 

antenna is bended to 90o. This is because the bending distorts the antenna’s radiation 

pattern, i.e., the gain reduces. The same conclusion can be drawn from the rolling test 

in Figure 6-8b, only when the radius is smaller than 1.5 cm, the resonance frequency 

starts to shift. It increases by only 15 MHz when the rolling radius reduces to 0.7 cm. 

At this point, the antenna touches itself from end to end. These experimental data verify 

that bending and rolling have little effects on the resonance frequency as the electric 

length of the antenna barely varies. 
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Figure 6-9: (a) Cyclability test of the RFID stretchable sensor. The sensor was stretched from its initial 

state to 200% of the original length (X direction) with 1000 cycles. (b) Demonstration of the measured 

backscattered power where the RFID stretchable sensor is placed in normal office environment with a 

fixed distance. 

 

  As the cyclability is another important criterion to evaluate stretchable sensor 

performance, the RFID sensor was stretched (2𝐿𝑥) and released (𝐿𝑥) 1000 cycles. Its 

resonance frequency was recorded every 100 cycles and plotted in Figure 6-9 (a). The 

resonance frequency is rather stable in the first 500 cycles and starts to decrease from 

600 cycles. There is approximately 2 MHz frequency shift after 1000 cycles.  Based 

on Eq. (7), the calculated distance error is 0.032 mm which confirms that the RFID 
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sensor has an excellent cyclability.  

In order to demonstrate that the proposed sensor can be used in practical environment, 

we moved the whole measurement set to office environment with tables, computers and 

people moving around. The measurement results are plotted in Figure 6-9 (b). In the 

original state, the peak value of the backscattered power varies with different radiating 

power whereas the resonance frequency has kept constant. After stretching the sensor 

of 50%, all peak values shift from 944 MHz to 842 MHz, indicating that the sensor 

works well under practical multipath interference environment. 

Taking a step further to real applications, we have integrated the RFID stretchable 

sensor into a soft chamber which is made of silicone materials with  pneumatic 

channels based on the structure described in [23] since it is compatible with soft 

lithography [24] technology. In the fabricated soft chamber, a series of pneumatic 

channels were embedded in an extensible Ecoflex layer and bonded to a relatively less 

extensible PDMS layer (Young’s Modulus of Ecoflex is 69 kPa [13] whereas PDMS is 

0.8-3MPa [25]). When compressed air is injected into the chamber, the chamber inflates 

like balloons. The difference in strain between the Ecoflex layer and the PDMS layer 

causes the structure to bend. 
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Figure 6-10: Soft pneumatic actuator with RFID stretchable sensor attached on the Ecoflex side. 

 

In Figure 6-10, the fabricated actuator is flat and the RFID stretchable sensor antenna 

operates in its original state when air pressure is zero. Its resonance frequency is 917 

MHz (this is lower than that of the antenna shown in Figure 6-6b because of the 

increment of substrate thickness). With increasing air pressure, the Ecoflex grooves 

start to expand. However, the expansion rate of relatively rigid PDMS layer is much 

smaller. The different expansion rates lead to bending action of the actuator. Under such 

condition, the RFID stretchable sensor was stretched at both X and Y directions and 

bended from 0o to 90o. The resonance frequency with different bending angle is shown 

in Figure 6-11. It can be seen that the average resonance frequency shift rate is >1.4 

MHz/o at 0o~30o and >2 MHz/o at 30o~60o (exceed measurement range when bended 

over 60o). 

 



186 

 

 

Figure 6-11: Soft pneumatic actuator bending process when air pressure increasing (0o, 15o, 30o, 45o, 60o, 

75o and 90o) and corresponded measured RFID antenna resonance frequencies. 

 

6.6 Conclusion 

In this paper, we have demonstrated a metamaterial inspired soft wireless battery-

free UHF RFID liquid metal stretchable sensor. The operation principle is based on the 

resonance frequency detection of the RFID sensor antenna, which can convert physical 

parameter variations to its resonance frequencies. This technique has advantages over 

the RSSI: it doesn’t need reference antenna and has high sensitivity. First a compact 

SRR UHF RFID antenna which is highly sensitive to the mechanical stretch has been 

designed and fabricated. Secondly the performance of the RFID sensor under different 

stretching length, including backscattered powers, read ranges and radiation patterns, 

has been measured, verifying that the resonance frequency of the RFID antenna can be 

altered efficiently during stretching. Thirdly, bending and rolling of the antenna have 

been tested and discussed. Fourthly, the reliability test reveals that the sensor maintains 

good performance up to 1000 stretching cycles. Finally, a prototype of RFID stretching 
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sensor enabled soft pneumatic actuator has been fabricated and demonstrated, 

illustrating the potential applications of the reported soft wireless battery-free UHF 

RFID stretchable sensor. 
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Abstract 

Increasing amounts of attention are being paid to the study of Soft Sensors and Soft 

Systems. Soft Robotic Systems require input from advances in the field of Soft Sensors. 

Soft sensors can help a soft robot to perceive and to act upon its immediate environment. 

The concept of integrating sensing capabilities into soft robotic systems is becoming 

increasingly important. One challenge is that most of the existing soft sensors have a 

requirement to be hardwired to power supplies, or external data-processing equipment. 

This requirement hinders the ability of a system designer to integrate soft sensors into 

soft robotic systems.  

In this paper we design, fabricate, and characterize a new soft sensor which benefits 

from a combination of RFID tag design and microfluidic sensor fabrication 

technologies. We designed this sensor using the working principle of an RFID 

transporter antenna, but one whose resonant frequency changes in response to an 

applied strain. This new microfluidic sensor is intrinsically stretchable and can be 

reversibly strained. This sensor is a passive and wireless device and as such, it does not 

require a power supply, and is capable of transporting data without a wired connection. 

This strain sensor is best understood as an RFID tag antenna; it shows a resonant 

frequency change from 860 MHz to 800 MHz upon an applied strain change from 0% 

to 50%. Within the operating frequency, the sensor shows a stand-off reading range of 

over 7.5 metres (at the resonant frequency). We characterise, experimentally, the 

electrical performance and the reliability of the fabrication process. We demonstrate a 

pneumatic soft robot that has four microfluidic sensors embedded in four of its legs, 
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and we describe the implementation circuit to show that we can obtain movement 

information from the soft robot using our wireless soft sensors. 

7.1 Introduction 

7.1.1 Soft sensors 

Soft Sensors is an application-driven research field and has received much attention 

in recent decades. A soft sensor is a measuring tool that is made of a single polymer or 

a mixture of soft polymers. These soft polymers are usually softer than the materials 

they interact with which make them inherently safe. One prominent example is 

electronic skin. Electronic skin is also called ‘second skin’ referring to its softness; 

electronic skin is softer than human skin and makes it to an ideal substructure for sensor 

arrays [1]. A close relative of the field Soft Sensors is the field of Soft Robotics. One 

motivating factor for using Soft Robotics is the fact that the materials of the robots are 

softer than the environments with which they interact, and this compliance makes them 

ideal for applications involving human-robot interaction [2-4].  

Autonomous agents that perceive and act upon their immediate environment 

(robots) are influenced by sensor research. Sensor research impacts a robots’ sensor 

modalities, sensor accuracy or measurement range besides others. The concept of 

integrating sensing capabilities at low cost has also become increasingly important, 

especially for certain subgroups in robotics, namely soft robotics, modular robotics and 

swarm robotics. In such cases, lower cost systems are motivated by design for 

manufacturability allowing one to commercialize or to scale a robot system. In the last 
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decade, the community has started to make soft robotic actuators, such as: i) ionic 

actuators, [5-7] ii) pneumatic actuators, [8-11] or iii) dielectric actuators [12-14] to just 

name a few. These actuators can benefit from soft sensors from feedback force control.  

Rogers et al. have proposed a stretchable sensor that is made of curvilinear silicon 

ribbons in an elastic substrate [15]. This novel work allows high-precision complex 

active electronics to be densely integrated over a few square centimeters area, while 

achieving high degrees of stretchability, bendability, and twistability. Park et al. 

designed a soft artificial skin [16] with multiple layers of micro-scale liquid metal 

channels embedded in an elastomeric substrate to detect multi-axial strain and normal 

pressure. Single-core copper wire were used in the above researches as interconnect to 

an external data-logger. Other research work, such as (Vogt et al. 2013), [17] (Tabatabai 

et al. 2013), [18] (Y. L. Park et al. 2012), [19] and (Majidi et al. 2011) [20] have also 

used similar connection methods. 

Although the soft sensors mentioned above show a promising future for stretchable 

electronics, they are active sensors that require a power supply and signal processing 

capabilities such as a microcontroller with analogue-digital converters. As reported in 

(Teng et al. 2018), [21] each of these sensing systems may has drawbacks in the 

interconnection to other devices, and these limitations hinder the uptake of the soft-

sensor devices into integrated systems. Embedding several such sensors in an 

untethered soft robotic system is difficult due to power consumption and practical 

considerations in wiring. 

Stretchable antennas which have great potential to be used as wireless soft sensors 
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have been reported in recent years. Stretchable liquid metal antennas have been 

presented by (Wu et al. ), [22,23] (Whitesides et al.), [24] and (Dickey et al.). [25] 

Although these antennas have shown fascinating electronic and mechanic properties, 

they require coaxial RF connector or hardwiring to connect to external data processing 

equipment, which limits their capability of being implemented in sensing applications 

such as movement monitoring. (Huang et al.) [26] mentioned the idea of integrating a 

measurement chip in stretchable antennas, but the researchers didn’t provide the 

solution of integration. Rogers et al. demonstrated epidermal electronics using near 

field communication; [27] this wireless sensor is biocompatible and achieves sensor 

reading ranges of a few centimetres. Wu et al. also proposed a reversibly stretchable, 

large-area wireless strain sensor [28] which can work wirelessly over 5m with a strain 

limitation of 15%. These studies pave the way for making wireless stretchable antennas 

that can be used as soft sensors in soft robotic systems. 

7.1.2 Design of a new soft RFID sensor 

In this paper we present the design, fabrication, and characterisation of a long-range 

monitoring wireless strain sensor, which is capable of remotely detecting high tensile 

dynamic strain up to 50% at over 7.5 metres. This sensor benefits from a combination 

of RFID (Radio Frequency Identification) technology and microfluidic electronics 

fabrication technology. The proposed sensor is also a configurable RFID tag antenna. 

The RFID IC chip we integrated in the proposed sensor has very small dimensions (0.4 

mm×0.4 mm×0.2 mm), so it won’t affect the deformability of the sensor. The electronic 
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properties of this antenna are highly sensitive to mechanical strains at the frequency of 

operation (800MHz-860MHz). This sensor can withstand repeated mechanical strain 

whilst retaining electrical functionality, and can return to its original state after 

stretching. In comparison to existing stretchable sensors, our sensor is a completely 

passive and wireless device. The feature of wireless power extends the lifetime of the 

device, removing the need for changing batteries, or integrating an energy harvesting 

system.  

Additionally, most of existing gallium-based liquid alloy sensors were designed 

based on measuring the resistance change of the liquid metal, but the long-time stability 

of these sensors will be affected by the oxidation of gallium (gallium-based liquid alloy 

is easily oxidized). Our proposed RFID strain sensor was designed based on resonant 

frequency change upon strain. Benefiting from the high electrical conductivity of 

Galinstan, the skin depth (a measure of how closely electric current flows along the 

surface of a material) of Galinstan under 800MHz-860MHz is only a few micrometres. 

Even though the Galinstan in the channels has a thin oxide layer at the surface, the oxide 

won’t have a large effect on the resonant frequency of the sensor. This RFID sensor can 

be embedded into soft robots without requiring any power consumption from the 

original robotic device.  

In this work we describe the potential of integrating the proposed RFID sensor into 

soft robots which have pneumatic actuators. Most of the existing soft sensors have a 

requirement to be hardwired to power supplies or to signal-processing equipment. This 

dependence on electrical tethers limits the practical use of soft sensors in many 
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promising applications in real-world conditions. Although, recently, researchers have 

presented some fully untethered soft robotic systems, [29-32] most of them require 

bulky on-board components such as batteries, microprocessors, pumps or motors. These 

on-board components add additional weight on the soft systems and thereby the systems 

need to carry more powerful actuators. In this work, we intended to develop untethered 

soft sensors which can work wirelessly by dispensing, entirely, with the need for 

onboard power and processors. The proposed sensor can be fully embedded into soft 

robots without adding any other devices or additional electrical tethers, so that one can 

eliminate the wire and weight pressures on soft robotic systems. The relatively long 

measurement working range can allow the soft robots to move freely in a reasonably 

large area. 

7.1.3 RFID technology 

Radio Frequency Identification (RFID) is a low-cost technology that allows the 

passive wireless communication of data. In recent decades, RFIDs have been used in 

many projects such as in robot motion sensors, [33] indoor localization, [34] and 

distributed sensor networks. [35] An RFID system usually consists of a transponder 

(sometimes called RFID tag) and the reader. The reader transmits electromagnetic 

waves to reach out to the RFID tag; if the RFID tag is within the operating range, it 

utilizes the energy of the incoming electromagnetic wave to transmit a new 

electromagnetic wave that contains RFID tag specific information. The information 

usually contains a unique serial number. The reader receives and visualizes the 
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information. RFIDs can be operated in different frequency bands. While the LF (125-

134KHz) and HF (13.56MHz) bands use magnetic flux coupling, the UHF (300MHz-

3GHz) band uses electromagnetic wave coupling. The communication distance of the 

UHF band is over 16m, which outperforms the LF and HF bands. In this work, the 

proposed antenna operates in the UHF band. 

7.1.4 Sensor constitutes  

The sensor we present in this work consists of an RFID chip and a half-dipole 

antenna. The antenna consists of eutectic liquid alloy filled microfluidic channels in an 

elastic silicone substrate. The eutectic alloy we used is Galinstan. Galinstan [36] is a 

family of room temperature liquid eutectic alloys consisting of gallium (Ga), indium 

(In), and tin (Sn, stannum in Latin). Gallium-based room temperature liquid alloy has 

previously been used in strain, [16, 37-39] pressure, [16,37,40] curvature, [20,41] and 

shear [42] sensors. It can be easily injected into channels of soft structures. The 

resistance of a channel can be approximated by 𝑅 =
𝜌

𝐴
∗ 𝑙 (𝜌 is resistivity of the liquid 

metal, A and l are cross-section area and length of the channel respectively); so the 

channel resistance changes through deformation. The Galinstan we made consists of 

68.5% Ga, 21.5% In, and 10% Sn; its melting temperature is -19 °C; and its electrical 

conductivity is 3.46 × 106 S*m-1. [36] Galinstan indicates favourable properties as 

channel conductor. We observed reliable liquid distributions in the antenna channels 

despite extreme twisting, stretching and folding. 

We used Ecoflex as the elastic silicone substrate. This silicone material has a 
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Young’s modulus of ~69 kPa.[43] We chose Ecoflex to be the substrate due to its 

favourable properties, it is: easy to synthesise, easy to handle, low cost, and 

biocompatible. [44] In tensile tests with the ASTM D412 system, the maximum 

elongation of Ecoflex 00-50 (type 00-50) is 980% (defined as the percentage change in 

length or ((𝑙 − 𝑙0)/𝑙0) × 100%). 

7.2 Working principles 

 
Figure 7-1: (a) Schematic diagram of the stretchable microfluidic sensor. Galinstan is enclosed in Ecoflex 

substrate while an RFID chip is bonded on a piece of aluminium foil which is inserted in the channels. 

Detailed and cross-section figures of the part near RFID chip are presented. Directions of x, y, and z axis 

are indicated; (b) Initial state of the antenna when it’s not stretched. The effective antenna length on x-

direction and y-direction is defined as lx and ly respectively. Notice: The electrical length of the entire 

antenna is lx +10ly + lm. The non-symmetric part, lm is used for fine impedance matching between the 

antenna and the RFID chip; (c) When the soft antenna is stretched, the effective antenna length on x-

direction and y-direction is defined as lx + ∆lx and ly + ∆ly respectively. 

 

Figure 7-1a depicts a stretchable meandered half-wave dipole antenna. We 

embedded an RFID chip into the antenna design. The RFID chip is bonded on 
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aluminum pads and inserted in between two Galinstan channels. The RFID chip 

consumes power from received signals and backscatters them without requiring an 

external power supply depicting a wireless passive soft sensor. 

Figure 7-1 b and c indicate how deformation of an antenna can change its 

dimensions. If the channel dimensions change, the channel resistances change and 

therefore the entire antenna and its parameters change. The RFID chip backscatters 

signals with varying amplitude and phase based on the degree of stretching.  

7.3 Implementation in soft robotics 

Figure 7-2 shows the schematic diagram of our soft RFID sensor implementation. 

The implementation comprises a pneumatic soft robot with four embedded soft RFID 

tags, one tag on each robot leg, and the electronic circuitry to transceiver data. The 

Controller uses the Signal Generator to generate a high frequency carrier signal. An 

Amplitude Shift Keying (ASK) module modulates the amplitude of the carrier signal to 

decode information. A binary “one” consists of a fixed amplitude and frequency; a 

binary “zero” is a zero-voltage output. The modulated signal is passed through a power 

amplifier preparing the signal for transmission. The signal lies on port 1 of a circulator 

circuit. Port 2 of the circulator outputs the signal to an antenna, therefore broadcasting 

the signal. The soft RFID tags receive the signal, utilize its energy and transmit a new 

signal that incorporates their unique IDs. The antenna receives the signals from the soft 

RFID tags and outputs them to port 3 of the circulator. The circulator ensures that 

outgoing and incoming signals do not interfere with one another. The incoming signals 
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from the soft RFID tags pass a low-noise filter, an ASK demodulator and are ultimately 

inserted into an analogue-to-digital converter. The controller analyses the various 

signals (distinguishable through their IDs) with regard to their amplitude and phase. 

 

 

Figure 7-2: The electronic system for measuring data from a pneumatic soft robot that contains four 

embedded microfluidic strain sensors. 

7.4 Antenna design 

7.4.1 Selection and design of the antenna 

The antenna design of our soft RFID sensor is different from other antenna designs 

because of power and size requirements. The antenna powers the RFID chip with 

incoming signals; we do not require a power supply. We decided to design the soft RFID 

sensor as small as possible to attach the RFID tags to even small objects making our 

sensor more applicable. Since the soft RFID sensors can be attached in any arbitrary 

orientation, we ensured 360 degree or omnidirectional readouts by using a half-wave 

dipole antenna design. The effective electrical length of a half-wave dipole antenna is 
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half the wavelength of the operating frequency of the system. This antenna design is 

commonly used in Radio Frequency (RF) systems with omnidirectional radiation 

patterns perpendicular to the antenna axis. 

In previous work, small antenna sizes were accomplished by using micro-strips. 

[45] However, they suffered directional read-out constraints and low efficiency. Our 

design uses a Meander Line Antenna (MDA) to achieve long reading ranges and small 

antenna size. MDA is a derivative of the dipole antenna and achieves high efficiencies 

[46] for small antenna sizes. [47,48] 

Stretching the soft half-wave dipole antenna as illustrated in Figure 7-1b causes a 

change in the dimensions if the antenna in both the x- and y-directions. An increase in 

strain in the x-direction decreases the thickness of the soft polymer, due to the Poisson 

effect, and also decreases its height by ∆ly. Therefore, stretching the soft RFID tag 

changes the electric length of the antenna; each infinitely small change in electric length 

shifts the resonant frequency. Now, if we send signals to RFID tags, the frequency of 

the carrier signal can be changed to the specific resonant frequency of the antenna’s 

current electric length. The backscattered signals from the RFID tags will indicate phase 

and amplitude changes due to the resonant frequency. 

7.4.2 Antenna matching 

As mentioned in the previous section, the RFID antenna utilizes power from the 

incoming electromagnetic waves to supply power to the RFID chip. Impedance 

matching between the RFID chip and the antenna is paramount in RFID antenna design 
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because it affects how much power the antenna is able to reflect, hence determines the 

antenna’s operational range. 

Figure 7-3 indicates how to match impedances; The best impedance matching for 

maximum power transmission to is conjugate impedance matching, which means 𝑅𝑎 =

𝑅𝑐  while 𝑋𝑎 = −𝑋𝑐 . The RFID chip we used (Monza R6, Impinj) possesses an 

impedance of 𝑍𝑐 = (13.5 − 𝑗 126)Ω  at 860MHz. Therefore, we designed the 

transporter antenna to match the impedance of this RFID chip. 

The theoretical impedance of a half wave dipole antenna in free space is 73+j42.5 

Ohms [49] which makes it impossible to match the impedance of the RFID chip. 

Therefore, we used the T-match method [50] to match the impedance between 

transporter antenna and RFID chip. Figure 7-3 b and c indicate that a half-wave dipole 

antenna can be changed through a centred short-circuit stub. The antenna source is 

connected to a small dipole of length 𝑎 ≤ 𝑙 and is placed at a close distance b from the 

first and larger dipole. The electric current distributes along the two main radiators 

according to the size of their transverse sections. The impedance Za at the source points 

is given by Equation 7.1:  

𝑍𝑎 =
2𝑍𝑡(1+𝛼)2𝑍𝑎

′

2𝑍𝑡+(1+𝛼)2𝑍𝑎
′                (7.1) 

In Equation 7.1, Z’
a is the original dipole impedance taken at its centre in the absence 

of a T-match connection, whereas Zt is the impedance created by the matching stubs. 𝛼 

is the current division factor between the two connectors, 𝛼 = ln(𝑏/𝑟𝑒′) /ln (𝑏/𝑟𝑒). 

re and re’ are the equivalent radii of the initial dipole and the matching stub.  

We performed impedance calculation with finite element method (FEM) 
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simulations with Computer Simulation Technology Microwave Studio (CST 

Microwave Stodio). FEM includes the use of mesh generation techniques for dividing 

a complex structure into a large number of small elements. Calculations are made for 

every single element and combining the individual results can give us the conclusive 

results of the structure. We modified the edge of the antenna to be asymmetric, so that 

created lm in Figure 7-1b, for a final fine matching step. 

 
Figure 7-3: (a) Equavialent circuit of the RFID chip and the transporter antenna. Za is the total impedance 

of the transport antenna whereas Zc is impedance of the RFID chip; (b) Schematic diagram of T-matching 

for a dipole antenna. The l represents length of the original dipole antenna. This antenna is connected at 

the centre to a short second dipole. The close distance between matching stub and the original antenna is 

b, whereas w and w’ are the widths of the original dipole antenna and the mating stub respectively; (c) 

Equivalent circuit at the source point of the dipole antenna after T-matching. Z’a is the impedance of the 

first dipole antenna without T-matching while Zt is the impedance that the matching stub created. The α 

in the ratio is the current division factor between the two connectors. 

 

7.4.3 Materials and Fabrication Methods 

Figure 7-4 shows the soft-lithography fabrication process of our stretchable 

antenna. We designed and fabricated an antenna mould with a laser micromachining 

system (Protolaser U3, LPKF) and a self-adhesive vinyl film (CRAFTRKZO, d-c-fix®) 
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as shown in Figure 7-4a. A piece of vinyl film was attached to an Acrylic substrate 

(2mm Acrylic Cast, AMARI). The channel profiles were cut with the LPKF laser 

system. We peeled the vinyl residuals (negative) from the substrate and laid a 2mm-

thick acrylic frame along the mould edges as indicated in Figure 7-4b. We synthesized 

Ecoflex 00-50 (Reynolds Advanced Materials, 1:1 ratio), degassed it in a vacuum 

chamber and poured the soft polymer into the mould as illustrated in Figure 7-4c. We 

put the mould into a convection oven at 65°C for 20 minutes, then removed the soft 

structure from the mould and flipped it over. A 150μm thin Ecoflex 00-50 layer were 

fabricated with spin coater to seal the unfolded channels in Figure 7-4d. We made small 

incisions in the centre of the thin Ecoflex layer to embed the RFID chip; the RFID chip 

(Monza R6, Impinj) was bonded on an Aluminum film with a bonding machine (FB-

300 manual RFID wrapping machine) and inserted in the channels. During the bonding 

process, the chip was aligned to the substrate with a vacuum sucker, microscopes and 

cameras in the bonding machine, an adhesive material was dispensed between the chip 

and the aluminum film, then the chip was firmly bonded on the aluminum film with 

hot-pressing for 10 seconds. We inserted two injection needles into the soft structure as 

illustrated in Figure 7-4e. One needle was used to inject the Galinstan into the channel, 

the other needle was used to release air pressure. The Galinstan made contact with the 

Aluminum pads of the RFID chip without leaking to the surface. At the end, we applied 

a thin film of uncured Ecoflex on top of the device to seal the open holes created by 

chip insert and liquid metal injection. 
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Figure 7-4: Fabrication process and prototype of the stretchable microfluidic sensor (RFID tag antenna). 

(a) cut the sensor profile on a piece of self-adhesive vinyl attached on an Acrylic substrate. Notice: the 

red and pink parts are a same piece of vinyl. Two different colours are used here to show the laser-cut 

profile clearer; (b) the unwanted part of vinyl was peel off, a 2 mm-thick Acrylic frame was stuck on the 

substrate to form a soft-lithography mould; (c) uncured Ecoflex with a controlled height of 2 mm was 

poured into the soft-lithography mould; (d) the casted piece of Ecoflex was sealed with another 0.15 mm 

Ecoflex film and the RFID chip bonded on aluminium film was inserted into the channels; (e) two needles 

were used to inject Galinstan into the channel; (f) Photograph of the final prototype. 

 

7.4.4 Experimental Design 

The permittivity of Ecoflex 00-50 and the resistivity of Galinstan are parameters 

that are required to simulate S11; S11 is the input reflection coefficient or input return 

loss. S11 indicates the radiation efficiency of the antenna and reaches its maximum value 

at resonant frequency. We used an Agilent 85070E dielectric probe kit to measure the 

permittivity variations of Ecoflex 00-50 in a frequency range from 200 MHz to 1.2 GHz 

as shown in Figure 7-5b. We simulated changes in resonant frequency and radiation 
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efficiency under strain variations between 0% to 50% and a step size of 5%. 

 

 
Figure 7-5: (a) We used Voyantic Tagformance system to measure characteristics of the proposed antenna. 

This measurement system sends input signals to the tag antenna with transmitted power. The power 

received on tag is the transmitted power minus cable loss and free space loss. RFID chip in the tag 

antenna receives the input signals, absorbs energy in the signals, and then sends backscattered signals 

back to the measurement system. According to the results of the measurement system, we can know the 

resonant frequency and the theoretical reading range of the tag antenna, as well as the phase of the 

backscattered signals. We affixed the two edges of the tag antenna with clips made of rigid foam. In order 

to stretch the tag antenna and hold its position for measurement, we stuck grip tape on the surface of the 

foam clips, and on the measurement platform. (b) Experimental setup for measurement of the permittivity 

of Ecoflex 00-50 with the Agilent 85070E dielectric probe kit system. (c) Photograph of the experimental 

setup of the soft antenna and the Voyantic Tagformance system. 
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We used a Voyantic Tagformance system to measure the characteristics of our 

antenna design; namely, the frequency modulation of our soft RFID sensor due to strain 

variations as indicated in Figure 7-5a and c. This setup allowed us to determine the 

resonant frequency, the theoretical RFID reading range, and the phase changes of the 

backscattered signals for every applied strain in the range from 0% to 50% with a step 

size of 5%. We repeated each measurement seven times to indicate the soft polymer’s 

reversibility. We fabricated three sensor samples to enable us to evaluate the 

repeatability of our fabrication process. We did a cyclic stretching test to prove the 

reliability of the proposed sensor when it is stretched to 50% for 240 times. It is worth 

mentioning that we calculated the strain value in all the experiments with 

((
∆𝑙𝑥

𝑙𝑥
) × 100%) , lx and ∆lx are as shown in Figure 7-1c. The length we used in 

calculation is the effective antenna length in x-direction, not the distance between the 

foam clips. We also tested the soft RFID sensors when we applied twists of 0°, 45°, and 

90°. 

 
Figure 7-6: Radiation pattern measurement in H-plane and E-plane in an anechoic room with Diamond 

Engineering Automated measurement system and an automatic turntable. In the measurement, the reader 

antenna holds its position while the strain sensor (transporter antenna) turn with the turntable. 

 

We used a diamond engineering automated measurement system and an automatic 
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turning table in an anechoic room to measure the radiation patterns of our soft RFID 

sensor in the H- and E-plane. An anechoic room absorbs reflections from acoustic and 

electromagnetic waves. We analysed the directivity of the antenna (in the H- and E-

planes) when subjected to strains of 0%, 25%, and 50%. 

7.5 Results 

7.5.1 Permittivity of Ecoflex 00-50 

 
Figure 7-7: Permittivity of Ecoflex type 00-50 in the frequency range of 200 MHz~1.2 GHz. Measured 

with Agilent 85070E dielectric probe kit system. 

According to the results in Figure 7-7, the relative permittivity (𝜀𝑟) of Ecoflex 00-

50 is nearly stable at 3 in the range of 500 MHz-1.2 GHz. The operating frequency 

range of our sensor is 800 MHz to 860 MHz, which is covered in this stable range; Thus, 

we can take 𝜀𝑟  of Ecoflex as a constant in calculation and simulation. 

7.5.2 Simulation of antenna efficiency 

When our soft RFID sensor is stretched, its antenna parameters such as resonant 

frequency and radiation efficiency change. Below we analyze, analytically, the antenna 

parameters due to strain variations and we apply an ideal folded half-wave dipole 
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antenna model. 

The resonant frequency of a half-wave dipole antenna [51] is given by 

𝑓𝑟 =
𝑐

2𝑙𝑒√𝜀𝑒
× 𝑟            (7.2) 

𝑙𝑒 is the effective electrical length of the antenna; 𝑓𝑟  is the resonant frequency; 𝜀𝑒 is 

the effective permittivity of the antenna substrate; and r is the correction factor of a 

folded half-wave dipole antenna. We can estimate the effective relative permittivity 

through [52] 

𝜀𝑒 = 1 + (
𝜀𝑟−1

2
)

𝐾1

𝐾2
           (7.3) 

𝜀𝑟 is the relative permittivity of Ecoflex, which is considered as a constant here; 𝐾1 =

𝐾(𝑘1)

𝐾′(𝑘1)
 and 𝐾2 =

𝐾(𝑘2)

𝐾′(𝑘2)
 while 𝐾(𝑘) is a complete elliptic function of the first kind and 

𝐾(𝑘′)  is its complimentary function. In the K function, 𝑘1 =
𝑙𝑒

𝑙𝑒+2𝑠
  and 𝑘2 = 𝑒−

𝜋𝑠

2ℎ 

whereas 𝑙𝑒 is effective electrical length of the antenna, s is the gap at the feed point, 

and h is height of substrate of the antenna. According to formula (2) and (3), resonant 

frequency of a half-wave dipole antenna will change when its effective electrical length 

or its substrate height changes. 

Equations 7.2 shows the resonant frequency of a half-wave dipole antenna changes 

with its effective electrical length, while Equation 7.3 indicates that the resonant 

frequency also changes with the substrate height of the antenna.  

Rigid antennas possess a fixed effective electrical length, whereas our soft 

antenna’s effective electrical length changes due to strain. Due to the Poisson effect, 

our antenna physically changes according to 

∆𝑙𝑦

𝑙𝑦
= 1 − (1 +

∆𝑙𝑥

𝑙𝑥
)−𝜈         (7.4) 



210 

 

𝑙𝑥 is the antenna length; ∆𝑙𝑥 describes a change in antenna length; 𝑙𝑦 is the antenna 

width; ∆𝑙𝑦 describes a change in antenna width; and the initial (not stretched) electrical 

length of our antenna is 𝑙𝑥 + 10𝑙𝑦 + 𝑙𝑚. Since 𝑙𝑚 ≪ 𝑙𝑥 + 10𝑙𝑦, we neglect the effect 

of 𝑙𝑚 here.  

We insert Equations 7.3 and 7.4 in Equation 7.2 and receive a new formulation for 

the resonant frequency for our soft antenna  

𝑓𝑟 =
𝑐

2(𝑙𝑥(1+
∆𝑙𝑥
𝑙𝑥

)+10𝑙𝑦(2−(1+
∆𝑙𝑥
𝑙𝑥

)
−𝜈

))×√1+(
𝜀𝑟−1

2
)

𝐾1
𝐾2

× 𝑘      (7.5) 

𝜈 is the Poisson ratio of Ecoflex type 00-50. 

We performed an electromagnetic finite element simulation using Computer 

Simulation Technology (CST) to determine S11, the input return loss, under a variety of 

strains. S11 ’s maximum indicates the antenna’s resonant frequency. Figure 7-8 indicates 

the simulation results; the soft antenna has been strained from 0% to 50% with a step 

size of 5%; the S11 peak values are all below -20 dB at resonance frequency for each 

strain condition indicating that 99% of the power from the input signal is scattered back 

from the soft RFID sensor. We successfully matched antenna to RFID chip resistance. 

 
Figure 7-8: Finite elements simulation results. Under 0% strain condition, simulated resonant frequency 

of the antenna is 856 MHz. The simulated resonant frequency continuously goes down to 827 MHz when 
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the antenna is under 50% strain. 

 

7.5.3 Resonant frequency upon strain 

The Voyantic Tagformance measurement system controls the power of the signal 

that we transmit to the soft RFID sensor. First, we set the initial signal power to 25 dB. 

Second, we gradually decreased the signal power until we could not detect the 

backscattered signal from the soft RFID sensor anymore. Power of the input signal was 

recorded as Transmitted Power (𝑃𝑡 ). We repeated this process for each sampling 

frequency in the frequency band of 800-880 MHz, with a step of 1 MHz. 

As indicated in Figure 7-5a, the power received by the soft RFID tag antenna (𝑃𝑡𝑎𝑔) 

can be calculated as  

𝑃𝑡𝑎𝑔 = 𝑃𝑡 − 𝐿𝑐 + 𝐺𝑡 − 𝐹𝑆𝑃𝐿           (7.6) 

𝐿𝑐 are cable losses; 𝐺𝑡 is the Gain of the Voyantic Tagformance’s transmitter antenna; 

and 𝐹𝑆𝑃𝐿 are losses due to free space transmissions. 𝐿𝑐 , 𝐺𝑡 , 𝐹𝑆𝑃𝐿 can be determined 

by calibrating the Voyantic Tagformance. 

Figure 7-9a shows the minimum transmitted power (𝑃𝑡) for each sample frequency 

to result in a detectable backscattered signal from the soft RFID sensor. Figure 7-9b 

indicates the power received on tag antenna (Power on tag, 𝑃𝑡𝑎𝑔) corresponding to the 

minimum 𝑃𝑡 for each sample frequency. 

The theoretical measurement reading range of the soft RFID sensor is frequency 

dependent and can be calculated by 

𝑅𝑟 = √
𝑃𝑚𝑎𝑥,𝐸𝐼𝑅𝑃

𝑃𝑡𝑎𝑔
×

𝑐

4𝜋𝑓
              (7.7) 
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𝑃𝑚𝑎𝑥,𝐸𝐼𝑅𝑃  is the maximum signal power of the Voyantic Tagformance (default: 3.28 W). 

𝑃𝑡𝑎𝑔 in this formula is related to the minimum transmitted power. Figure 7-9c depicts 

the reading ranges calculated with formula (7) for the various frequencies; our soft 

RFID sensor has a reading range of approximately 7.5 meters, whereas this range 

increases if the soft sensor is under strain. The reading range of the sensor increases to 

10 meters under a strain of 50%. The resonant frequency decreases from 862 MHz in 

idle state (no strain) to around 802 MHz under 50% strain. Figure 7-9d illustrates the 

backscattered signals from the soft RFID sensor under different strain conditions. 

 

Figure 7-9: (a) Transmitted power. The minimum transmitted power recorded for the sensor under 0% - 

50% strain, with a step of 5%. (b) The power received on tag, which was calculated based on the 

transmitted power and cable and free space loss. (c) Theoretical reading range forward, which was 

calculated based on the power received on tag. (d) Backscattered phase in the frequency band of 800-

880MHz (with a step of 1 MHz) when the sensor was under 0% - 50% strain, with a step of 5%. 

 



213 

 

7.5.4 Repeatability and reliability test 

We tested the reliability of our soft RFID sensor by performing seven strain 

experiments. We measured the resonant frequency under 0% to 50% strain with a step 

size of 5%. Figure 7-10a shows the average value and standard deviation of the resonant 

frequency for each strain. The resonant frequency dropped approximately 61 MHz 

(from 861 MHz to 800 MHz) from 0% to 50% strain, whereas the maximum standard 

deviation did not exceed 2.6 MHz. We performed a similar experiment in Figure 7-10c; 

once we reached 50% strain, we left the device stretched for 24 hours in the laboratory 

before we gradually released the device to 0% strain. We also involved the simulation 

results of resonant frequency upon strain in Figure 7-10a as a comparison with the 

measurement results. In the simulation, the resonant frequency changed 29 MHz in total 

(from 856 MHz to 827 MHz) from 0% to 50% strain, which is smaller than the 

measurement results. 
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Figure 7-10: (a) Resonant frequency change upon different strain conditions. In the experiment, we did 

7 tests on the same prototype. Error bars represent standard deviation. (b) Resonant frequency change 

upon different strain conditions. In the experiment, we did one test on 3 different prototypes with same 

design and same fabrication method. Error bars represent standard deviation.  (c) Hysteresis test. A 

prototype was tested from 0% to 50% of strain, leave for 24 hours, then from 50% back to 0%. (d) Cyclic 

stretching test. The sample was stretched to 50% of strain then back to 0% for 240 times. Resonant 

frequency of the sample was measured each 20 times of stretching. 

 

We fabricated another three prototypes of the same sensor design and again 

performed strain-resonant-frequency tests. Average value and standard deviation of the 

resonant frequency for each prototype are shown by Figure 7-10b. Figure 7-10b shows 

similar results than Figure 7-10a. Figure 7-10d depicts a cyclic s stretching test to prove 

the reliability of the proposed sensor when it is stretched 240 times. As shown in the 

results, resonant frequency of the sensor remains stable in the test (only dropped 2 MHz 

between 80 and 100 of iteration). We also measured resonant frequency response of a 

soft RFID sensor due to twist rather than strain and put the results in the supplemental 
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information. According to the results, the electrical characteristics of our soft RFID 

sensor at frequency of operation are highly sensitive to mechanical strain while having 

no response to twisting. 

7.5.5 Radiation pattern 

 

Figure 7-11: Theoretical reading range of the antenna in H-plane (left) and E-plane (right) with 0%, 25% 

and 50% length stretching in x-direction. The data were recorded for every 5-degree rotation in H-plane 

and every 10-degree rotation in E-plane. 

 

We measured the theoretical reading range from our soft RFID sensor in the H- and 

E-plane with an antenna measurement system consisting of antenna measurement 

studio 5.5 and Diamond Engineering. The right subfigure of Figure 7-11 shows that 

omnidirectional radiation patterns were measured in the H-plane. The left subfigure of 

Figure 7-11 indicates that the antenna is constrained in directions that are parallel to the 

sensor’s x-axis (60° + 𝑛𝜋 < 𝜃 < 120° + 𝑛𝜋; n is an arbitrary integer). This constraint 

might have to be considered in certain applications. The different strain conditions have 

an impact on our soft RFID sensor’s reading range radius; if strain is applied, the 

reading range radius increases. 
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7.6 Discussion 

The results show that our soft RFID sensor changes its resonant frequency and the 

phase of its backscattered signal as function of strain. 

Our measurements correlate with our simulations, the initial resonant frequency of 

all our sensor prototypes lies in the region of 860 MHz. In our simulation, the resonant 

frequency did not decrease as much under strain as in our experiments. This mismatch 

could be caused by the simplified model that we used for the Poisson effect or a 

potentially emerging resistance between the Galinstan channels and the RFID chip that 

might occur under strain. 

We matched the resistances of the RFID chip and the antenna under 0% strain. 

Once we apply strain, the resistance of the antenna changes, hence the resistances of 

the RFID chip and antenna do not perfectly match anymore. Therefore, we expected a 

decrease in the measurement reading range with an increase in strain. However, the 

measurement reading range increased with an increase of strain. One explanation could 

be that a folded dipole antenna consists of conductors with opposite current flows; the 

opposing magnetic fields that are evoked through the currents might cancel each other 

out. Now, if we stretch the soft antenna, the conductors are being further separated and 

the magnetic fields might be too far away to interfere with one another enhancing the 

antenna’s radiation efficiency. An increase of the radiation efficiency might outperform 

an imperfectly matched antenna-RFID chip. 

In this study we investigated the resonant frequency response of stretchable soft 

RFID sensors due to strain. Future work might focus on the design of soft RFID sensors 
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based on phase shift differences that occur in backscattered signals. We also want to 

increase the initial resonant frequency of our soft RFID sensors to increase the strain 

range. RFIDs usually operate in the range of 800 MHz to 1 GHz; whereas, currently, 

our system operates in the 800-860 MHz range. 

7.7 Conclusion 

In this work, we designed and fabricated a stretchable strain sensor (soft RFID 

sensor) and tested a variety of its characteristics. The soft RFID sensor is a deformable 

folded half-wave dipole antenna. Its resonant frequency and backscattered signal phase 

changes under strain. We showed that our soft sensor is stable, reliable and 

manufacturable. Our sensor consists of Ecoflex 00-50 and Galinstan, materials that are 

stretchable and withstand permanent deformation. The soft RFID sensor can be easily 

applied to for applications including wearable strain sensors or as part of soft robotic 

systems, as demonstrated in this study. The sensor does not require a power supply, 

indicates long measurement reading ranges (above 7.5 m), and shows omni-directivity. 
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8 Conclusions and future works 

This thesis focused on the study of printed graphene and graphene oxide based 

electrical and microwave components. An environmentally friendly, low cost, and high 

conductive screen printing graphene/CAB ink has been developed in chapter 3. After 

the mechanical compressing process, the conductivity of the dried graphene laminate 

raised to 7.13 × 104 S m-1. In order to achieve the viscosity requirements of screen 

printing, the high concentration Cyrene based graphene dispersion was further 

concentrated to 70 mg mL-1 and CAB was added as a binder material but the 

conductivity still remain as 3.7 × 104 S m-1. A high frequency NFC coil antenna has 

been designed and proved to be able to provide sufficient power to power up a 

microcontroller and temperature sensor. A conformable, long-range UHF RFID was 

proposed afterward, which has long reading distance fitting well for practical IoT and 

logistics applications. Moreover, an ultra-wideband antenna that operates in several 

microwave bands has the efficiency over 50%, indicating the printed graphene based 

antenna is not only limited to signal transmitting or receiving but also capable of the 

higher power applications. Chapter 3 redesigned, optimized and printed antennas based 

on the properties of graphene ink, digged out the potential of printed graphene, pointed 

out a direction for graphene inks from labs to real industry. 

In chapter 4, the shear exfoliation of graphene was discussed. This method is more 

efficiently and high-yield comparing with the last chapter. The best centrifuge speed 

which achieved the highest conductivity has been measured. However, the polymer 
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removal process requires high temperatures, which cannot be applied to normal flexible 

substrates. The applications of high conductive graphene loaded sponge to radar 

absorbers and supercapacitors have been demonstrated in this chapter. Based on the 

measured permittivity and permeability of the fabricated sponges, two RAM structured 

radar absorbers have been designed. Both of them can absorb microwave energy 

effectively in the entire X-band, but the thicker one has better absorption versus 

different incident angles, which is more suitable for conformable applications. 

Moreover, the soft supercapacitor was fabricated with outstanding stretchability. The 

capacitance retains 98.3% after 100 times of double-length stretch test. In conclusion, 

this work in chapter 4 has demonstrated the potential of massive electronic applications 

that graphene-based materials can be applied, not limited to one specific area. 

The work in Chapter 5 extends the applications of screen printed GO to printed 

electronic components and light-weight radar absorber. Firstly, the concentrated GO 

solution was first printed on a substrate (Kapton), dried and then reduced to rGO 

laminate. The sheet resistance of the rGO laminate was precisely controlled to the 

designed value by accurately controlling the reduction time. The final rGO/Kapton thin 

film has excellent features of mechanical and electrical properties. Moreover, it is 

experimentally verified that the sheet resistance can be potentially beneficial for 

monitoring the reduction level of rGO due to its considerable sheet resistance variation 

with reduction times. The rGO/ Kapton films with different sheet resistance have been 

fabricated and their radar absorption application has been demonstrated, revealing an 

excellent RCS reduction performance at L, S and C bands. The absorber is not sensitive 
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to the incident modes and has good tolerance to the incident angles. Additionally, the 

rGO laminate can be easily pattered to provide even better absorption performance, 

which has the potential to extend the rGO applications to flexible connectivity and 

electronic components for wearable wireless communication, energy harvesting and 

sensing.  

A metamaterial based RFID stretchable sensor has been demonstrated in Chapter 6 

and a similar meandered dipole based RFID sensor has been presented in Chapter 7. 

Galinstan is injected into the antennas as the conductor. Its liquid property keeps the 

continuity of antennas. The sensing principle of the sensor relies on its resonant 

frequency shift of antennas, which converts stretching variation to antenna’s resonance 

frequency. This technique is superior to existing measuring techniques. The detection 

range is orders further than NFC technology. Comparing with commercial active 

sensors, the complete passive property makes the sensor maintains-free. Secondly, the 

RFID sensors have been fully evaluated in Chapter 6 and 7, including read ranges, 

radiation patterns, scattered powers, bending and reliability, etc. In final, a complete 

wireless measurement system was constructed, demonstrating the RFID sensors has 

excellent tolerance to scattered signal and interference. 

In summary, this thesis extended the newly developed graphene and galinstan’s 

applications in the field of NFC, long-range RFID, microwave absorbers, wireless 

sensors, wireless energy collection and storage devices, etc. The successful applications 

prove these two novel materials have great potential in the field of electromagnetics. 

There are a lot more that can be further researched are listed below. 
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1. The modeling and simulation of monolayer graphene in Chapter 2 can be extended 

to multi-layer graphene. The electromagnetic properties of manual exfoliated 

graphene, CVD growth graphene, ultrasonic exfoliation graphene, shear exfoliated 

graphene and reduced graphene oxide should be measured through transmission 

line or resonator methods. The electric and magnetic tunability should be measured 

and compared as well because edge shape, doping and defects would have 

significant effects on graphene’s mobility and conductivity. 

2. The ultrasonic exfoliated graphene ink in Chapter 2 still has a big space to get 

improved. The concentration can be further increased by carefully adjusting the 

Hansen Solubility Parameters of solvents with surfactants and polymers. The 

conductivity of the dried laminate can get further improved through low 

temperature annealing. The performance of bent or rolled antennas should be 

measured and discussed. The printing technique should not be limited to screen 

printing; other printing methods should be evaluated. It is also essential to research 

how to direct print antennas on curved objects. 

3. The mechanical and chemical produced graphene and printed rGO materials in 

Chapter 4 and 5 have shown excellent advantages on conformal, thin and light-

weight radar absorbers. The ultra-wideband radar absorber which covers from 

hundreds of MHz to tens of GHz would be the most interest topic for the following 

research. Metamaterial structures can be printed on the top to reduce thickness 

further but increase effective bandwidth in the meantime. Also, the uniformity of 

printed laminate should be researched. The pattern printing with varied sheet 
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resistance would have amazing results for absorbers.  

 

 


