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ABSTRACT 

Development of Multifunctional Laser-Induced Graphene Composites 

and Devices 

 

by 

 

Kaichun Yang 

Graphene research has accelerated and the number of academic publications 

reporting the use of graphene was so substantial since it was isolated and 

characterized for the first time utilizing the mechanical exfoliation method by Geim 

and Novoselov in 2004. However, realistic applications of graphene-based materials 

are limited by the complex synthesis that requires strict experimental conditions or 

many time-consuming procedures for scale up graphene production.  

The emerging of Laser-Induced Graphene (LIG) provides a new facile pathway 

to obtain graphene in laboratory research or industry by roll-to-roll production.  By 

virtue of its ultrafast photothermal reaction by CO2 infrared laser scribing on 

polyimide film, graphene patterns imprinted on the polyimide substrate adhere in a 

very short time, generally from seconds to minutes. Its easy and scalable synthesis, 

makes laser-Induced Graphene (LIG) a platform material for numerous applications.  

Despite its ease in synthesis, LIG’s potential for use in some applications is 

limited by its robustness and weak adherence on polyimide film where LIG grows 



 
 

from. An approach to stabilize LIG and reinforce its mechanical properties is in demand. 

In this study, using a simple infiltration method, the LIG composites (LIGCs) with 

varied physical properties are scribed onto various substrate materials. The porous 

LIG has good compatibility to diverse materials including commercial polymers and 

constructional materials such as polydimethylsioxane (PDMS), poly(methyl 

methacrylate) (PMMA) and Portland cement (PC).  

According to the different characteristics of matrix materials infiltrating into 

LIG porous structure, as-prepared composites exhibit adjustable electrical, 

mechanical and biological properties. The microstructure and level of oxidation of LIG 

can be controlled by using different laser parameters such as scanning speed, laser 

power and laser pulse density. The distinct properties including conductivity, 

capacitance, resistance, superhydrophobicity and antibiofouling of LIGCs are then 

modified.  

Based on LIGCs and their promising properties, several devices have been 

built in this study. Highly stretchable sensing devices and joule heating devices are 

developed by virtue of outstanding electrical properties of LIGs. Superhydrophobicity, 

superhydrophilicity and anti-biofouling surfaces of LIGs are adjusted by the 

chemistry and morphology of LIGCs surfaces yielding a good anti-biofouling device. 
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  Chapter 1 

Introduction of Laser-Induced 

Graphene Composite 

1.1. Background and Motivation 

Graphene, a two-dimensional material of sp2 hybridization of carbon atoms 

has received wide attention since it was isolated and characterized for the first time 

utilizing the mechanical exfoliation or ‘Scotch Tape’ method by Geim and Novoselov 

in 2004. Graphene research has accelerated fast and the number of academic 

publications reporting the use of graphene was so substantial in 2013, that it equates 

to over 40 publications per day. 1  
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Figure 1. Graphene (top) and related structures 

Fullerene (bottom left); carbon nanotubes (bottom center); and graphite 

(bottom right).1 

To find a method for large scale production of graphene materials, synthesis 

and separation of new different dimensional carbon allotropes are the focus of 

research in the past two or three decades.1 Typical conjugated carbon nanomaterials 

such as fullerene, carbon nanotube (CNT) and graphene have led to a large number 

of investigations in nanotechnology research, as shown in (Figure 1).1 Due to their 

outstanding thermal, chemical, electrical and mechanical properties,2 a wide range of 

applications have resulted in areas such as composite materials,3, 4 lithium ion 
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battery,5 supercapacitor,6 solar cell,7 catalytic carrier,8 sensing device,7, 9 drug 

delivery9 and wearable electronics.10  

However, realistic applications of graphene-based materials are limited by the 

complex synthesis that requires strict experimental conditions or many time-

consuming procedures.11 The harmful reactants and byproducts of synthesis reaction 

is another problem that limits the large scale production of graphene. The multiple 

limits with respect to practical use of graphene due to the synthesis method will be 

demonstrated in Chapter 2. Graphene based composite generally need relatively 

large amount of graphene to reach percolation threshold, when dispersing graphene 

nanosheets into a matrix material, wasting a large amount graphene to construct 

continuous network due to high surface energy caused aggregation of nanomaterials 

and poor compatibility between graphene materials with other matrix materials. In 

other words, complicated synthesis method and difficulty in continuous network 

formation, lessen the wide spread usage of graphene-based materials.  

Recently, a graphenic nanomaterial called LIG has been widely investigated for a 

number of applications due to its easy and scalable synthesis.12-14 LIG is a porous 

graphene material produced through a facile one-step laser scribing on commercial 

polyimide film under ambient environment.15 Its properties and microstructures can 

be adjusted by controlling experimental conditions including the laser pulse density 

and power. 12-14 LIG has evolved into a platform material upon which numerous 

commercial applications can be envisioned.8 However, the weak adherence of LIG to 

the PI substrate hinders its use in some technology applications.16-18  
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The goal of this study is to use the characteristic scalable production and 

porous structure of LIG to construct a series of robust composite material for practical 

applications. By using a simple infiltration method, LIG composites (LIGC) with varied 

physical properties are scribed on to various substrate materials. The enhanced 

physical properties of devices include surface properties such as 

superhydrophobicity and antibiofouling; the LIGC devices are also found to be useful 

in antibacterial applications, Joule-heating applications, resistive strain measurement, 

capacitive proximity measurement and resistive liquid measurement in substrate. 

 

1.2. Key Contributions 

The main contributions of this study are as follows： 

1. Demonstrate a facile way to produce graphene and infiltrate LIG fiber with 

matrix materials to form composites. 

2. Compatibility to various matrix materials: Demonstrate the fabrication of 

LIG composite by a simple infiltration approach with variety of polymer 

and material, including Polydimethylsiloxane (PDMS), Poly(methyl 

methacrylate) (PMMA), epoxy, Portland cement, bee wax, commercial 

latex paint, alkaline activated geopolymer, polypropylene (PP), 

polyethylene (PE) and polyethylene (PS), etc. 

3. Robustness: Demonstrate the abrasive resistance, environmental stability 

and UV resistance.  
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4. LIG microstructures modification: Demonstrate that the pulse density and 

laser power can impact the imprinted microstructure, thus affect the 

contact angle. Also, modification of LIG microstructure can generate a large 

range gauge factor from 20 to 900, when used for strain sensing 

application. 

5. Performance measurements of LIG composites: Measurement of the sheet 

resistance of various samples: LIGF, LIG/PDMS, LIGF/PDMS, etc. 

Measurement of contact angle of superhydrophilic samples: LIGF/Cement, 

etc. Measurement of contact angle, of various superhydrophobic samples: 

scratched LIGF, PDMS, LIG/PDMS, LIGF/PDMS, LIGF/Wax at different 

pulse density. Conduct the deicing test in both anti-icing and de-icing and 

wearable thermal therapy device test to show the joule heating 

performance of LIG composites. Anti-biofouling test for LIGF/Cement, 

LIG/Geopolymer and LIG/Acrylic paint to demonstrate applications in 

building material: microbial, algae and barnacle. 

6. Demonstrate highly stretchable LIG-Ecoflex composite’s potential for 

wearable sensor (for human physical signs and movement monitoring), 

including tactile signal, strain, humidity and sodium chloride 

concentration. 

7. Design highly stretchable multimodal LIG-Ecoflex sensor and conduct the 

measurement of their conductance, resistance and capacitance change, 

when strain, deformation, humidity and saline solution are applied. 

javascript:;
javascript:;
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8. Characterization: SEM to check surface roughness, XPS for surface 

chemistry, and Raman spectrum to analyze molecular structures. 

 

1.3. Outline of Thesis 

In the second chapter of the thesis the literature review is presented. The 

literature review elaborates on previous relevant studies that demonstrated the 

popular approaches of graphene synthesis, including chemical vapor deposition 

method, epitaxial growth method, oxidation-reduction exfoliation method, 

electrochemical exfoliation method, and laser inducing method. The prior studies that 

achieved scaling up of  graphene product yield are presented. Thus, realizing the 

demand of industry and analyzing the virtues-as well as-drawbacks of graphene 

synthesized in different ways; while, instructing the selection and use of graphene 

products in different fields (with respect to diverse requirements).  

In the third chapter, the detailed information of LIG synthesis, various LIG 

composites fabrication processes, and preliminary preparation is demonstrated. The 

basic performances of LIGC are tested and further used to support the idea and design 

for applications in chapter four. With the help of Scanning Electron Microscope (SEM), 

X-ray Photoelectron Spectroscopy (XPS) and Raman Spectrum etc., the 

characterization of microstructures, elementary composition, basic properties and 

uniqueness are demonstrated as well for better understanding LIG based materials is 

achieved.  
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In the fourth chapter, details of the specific applications of LIGC in this study, 

including stretchable multimodal sensing devices, superhydrophobic and 

superhydrophilic surface, anti-biofouling and joule heating devices. The experimental 

procedures used in the study are described. Experimental results and corresponding 

analysis are presented.  

The conclusions summarize study of LIGC devices in this thesis and 

perspectives for the future study are presented in chapter five.  
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Chapter 2 

Literature Review 

In this chapter, literature review is presented. Relevant previous studies that 

demonstrate the popular approaches of graphene synthesis, including chemical vapor 

deposition method, epitaxial growth method, oxidation-reduction exfoliation method, 

electrochemical exfoliation method and laser inducing method are described. The 

prior studies that achieved scaling up of the graphene product yield are presented. 

Thus, realizing the demand of industry and analyzing the virtues-as well as-

drawbacks of graphene synthesized in different ways; while, instructing the selection 

and use of graphene products in different fields (with respect to diverse 

requirements).  
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2.1 Major Graphene Synthesis Approaches 

Since Novoselov and Geim found graphene by the demonstration of exfoliation 

of graphite in 2004, graphene and its derivatives attracted enormous attention in the 

scientific community. 1 

Because of graphene’s unique properties, high hopes have been placed on its 

technological applications in many areas. The potential applications of graphene have 

been widely studied. It comes as no surprise that there are many scientists eager to 

make significant breakthrough in graphene applications, commercially exploit and 

implement it into everyday life. The high price and low yield of current graphene 

material limits its development, thus, needing the introduction of large scale 

graphene growth techniques. Actually, the world of materials research is currently 

focusing on the mass production-one of the most important steps within the 

development of a novel material-devoting significant attention to graphene in the 

hope of discovering a facile and fast approach for production and utilization.  

The virtues and drawbacks of major graphene synthesis approaches are 

reviewed in section 2.1 in order to study basic graphene synthesis mechanism and to 

further understand the problems faced by researchers in practical use of graphene 

nanomaterials. 

2.1.1 Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is a method to produce materials by 

depositing gaseous reactants on a catalytic metal substrate. In this method, the carrier 
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gases flow through a reaction chamber, maintained at specific temperature and 

pressure, as required by the reaction. The reaction occurs on the substrate on which 

the product is deposited (while by products are pumped out). In this case, reactant 

gas, such as Methane, Hydrogen, Argon, are used as stabilizers of reaction. Under high 

temperature greater than 900 oC, reactant gas will break down into carbon atoms and 

by product gases. Graphene will grow on the surface of metal substrate from gases 

containing carbon or by surface segregation of carbon atoms dissolved in the metal 

substrate.19 

 

Figure 2. Schematic illustration.20 

(a) The CVD system for preparing graphene on a Si3N4 substrate.  

(b) Schematic diagram of the two-stage process for graphene growth.  

(c) SEM image of graphene film. Scale bar: 500 nm.  

(d) Raman spectra of the graphene on a Si3N4 substrate and transferred on to a 

SiO2/Si substrate. 

This method can produce high quality large scale graphene with fast growth 

rate and good reproducibility. The method does have some limitations because of the 

https://www.sciencedirect.com/topics/materials-science/graphene
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high temperature required for the reaction leads to wrinkled graphene and the 

number of graphene layers is hard to control by using this complex method. Wrinkles 

and other structural defects can also form when transferring as-prepared graphene 

from substrate material to free-standing structure.  Another problem is the corrosive 

or toxic byproduct gases may be harmful to human health and environment safety. 

Despite the high quality and yield when using roll-to-roll strategy, CVD is still a 

method that needs to be improved and optimized because of limitations.  

 

2.1.2 Epitaxial Growth  

Epitaxial growth of graphene is a method different from CVD. The main 

concept of graphene growth mechanism is that the silicone of silicon carbide wafer 

will evaporate, as a result of heating, then the carbon is left behind on the wafer to 

form graphene.21 By adjusting the experimental parameters such as temperature and 

pressure, the layer number of graphene can be controlled.22 

Generally, the procedures of graphene epitaxial growth are as follows. The 

underlying process is the desorption of atoms from an annealed SiC surface. Due to 

the fact that the vapor pressure of carbon is negligible compared to the one of silicon, 

the Si atoms desorb at high temperatures and leave behind the carbon atoms, which 

form few-layer graphene. Different heating mechanisms like e-beam heating (The 

high voltage power supply provides 5 to 10KeV to accelerate the electrons from the 

filament to the evaporant, most of kinetic energy of electrons is converted to heat on 

https://en.wikipedia.org/wiki/Desorption
https://en.wikipedia.org/wiki/Vapor_pressure
https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Electron-beam_technology#Surface_treatments
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impingement) or joule heating ( the passage of an electric current through 

a conductor produces heat) lead to the same result. The heating process takes place 

in vacuum to avoid contaminations. Approximately three bilayers of SiC are necessary 

to set free enough carbon atoms needed for the formation of one graphene layer. This 

number can be calculated out of the molar densities. Today's challenge is to improve 

this process for industrial fabrication. The few-layer graphene obtained so far has a 

non-uniform thickness distribution, which leads to different electronic properties. 

Because of this, there's a demand for growing uniform large-area few-layer graphene 

with the desired thickness in a reproducible way. Also, the impact of the SiC substrate 

on the physical properties of few-layer graphene is not totally understood yet.  

 

Figure 3. Basics of graphene growth by thermal decomposition of SiC.23 

This method can provide high-quality graphene with relatively easy operation 

compared with CVD. The graphene layers number can be controlled conveniently. 

The thermal decomposition process of SiC in high vacuum works well and appears 

promising for large scale production of devices with graphene. The limitations of the 

epitaxial growth is still the strict experimental conditions needed. Also, the high 

temperature may lead to lattice constant mismatch and various defects due to 

https://en.wikipedia.org/wiki/Joule_heating
https://en.wikipedia.org/wiki/Electric_current
https://en.wikipedia.org/wiki/Conductor_(material)
https://en.wikipedia.org/wiki/Heat
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difference between thermal expansion coefficient of silicon carbide and graphene. 

Using this technique, the resulting graphene consists of small grains with varying 

thickness (30 nm-200 nm). These grains occur due to morphological changes of the 

SiC surface under high temperatures. On the other side, at relatively low 

temperatures, poor quality occurs due to the high sublimation rate.  

 

2.1.3 Chemical Exfoliation 

Earlier, attempts to isolate graphene concentrated on chemical exfoliation. 

Basically, chemically converted graphene is reducing oxidization exfoliated graphite 

to produce reduced graphene oxide.  Generally, people use a suitable oxidizer to 

introduce oxygen contained functional group and intercalate them into the interlayer 

of graphite to exfoliate few layers graphene. The most popular oxidization method is 

based on Hummers method,24 which uses potassium permanganate as oxidizing 

agent for producing graphene by graphite oxidation and to obtain a stable graphene 

oxide colloidal solution. The graphene oxide is then chemically reduced by proper 

reducing agents of obtain reduced graphene oxide.25 For the assistance of graphite 

exfoliation and solution stabilization, ultrasonication to as-prepared solution is often 

used as well.  

For oxidation process, natural flake graphite with certain fineness is mixed 

with acid, such as sulfuric acid or nitric acid followed by continuous mechanical 

stirring in ice bath, and addition of  potassium permanganate at room temperature, 

https://en.wikipedia.org/wiki/Sublimation_(phase_transition)
javascript:;
javascript:;
javascript:;
javascript:;
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with mechanical stirring. Then the solution is kept overnight after adding deionized 

(DI) water and hydrogen peroxide. Centrifuge and ultrasonication are then applied 

for dilution and dispersion. To this end, graphite is intercalated so that graphene 

planes became separated by layers of intervening atoms or molecules.26 In the 

reduction process, proper reducing agent is added to the prepared graphene oxide 

solution directly. Then the attached functional group is removed to obtain reduced 

graphene oxide suspension. 

Even if one can often get rid of intercalating molecules in oxidation and 

chemical reaction, to obtain restacked and scrolled graphene sheets, the 

indispensable limitation exists. Because of the intercalation and removal of functional 

groups on the surface of graphene sheets, lot of defects are inevitable. Also, the 

processes to synthesize reduced graphene oxide is very time consuming and by 

products generated from this method are not environmentally friendly. The quality 

of as prepared graphene is always hard to control and not as good as the graphene 

produced from CVD and epitaxial growth method.  

In conclusion, this method provides high yield of graphene to industrial level. 

But it is not able to meet the high-quality requirement of certain fields. Moreover, its 

complex synthesis, time consuming procedures, and toxic byproducts impede the 

extensive promotion. 
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2.1.4 Electrochemical Exfoliation  

 

Figure 4. Schematic illustration.27 

(a)Photo for electrochemical exfoliation of graphite .  

(b) Photos of the graphite flakes before and after electrochemical exfoliation. 

(c) Photo of the dispersed graphene sheets in a DMF solution.  

To maintain the high yield and eliminate the toxicity of byproducts in the 

meantime, electrochemical exfoliation method is developed, which is an 

environmentally friendly method for producing high quality graphene. In the 

exfoliation process, the intercalating ion in the solution separate graphite flakes by 

penetrating in between the graphite sheets due to the applied voltage.  

Su et al.27  designed an electrochemical exfoliation method to produce high 

quality graphene as shown in Figure 4. The natural flake graphite is employed as an 
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electrode and source of graphene for electrochemical exfoliation in this experiment. 

In the experimental setup shown in Figure 4a, graphite flake is connected to a 

tungsten wire through a silver pad, then both of the two electrodes are inserted into 

the ionic solution. The electrochemical exfoliation process is carried out by applying 

DC bias on graphite electrode. The exfoliated graphene sheets are collected with a 

100 nm porous filter and washed with DI water by vacuum filtration to prepare the 

graphene sheets suspension. After drying, the graphene sheets are dispersed in DMF 

solution by ultrasonication for 5 mins. Finally, a 2500 rpm centrifugation is applied 

to remove the unwanted large graphite particles produced in the exfoliation. All of 

these electrochemical exfoliation experiments are performed at room temperature. 

Overall, electrochemical exfoliation method provides a simple method access 

to fast large-scale graphene production, but the impurities might be present in the 

form of unwashed salts between graphene layers during the ion penetrating process. 

And thickness control is harder in this method, when compared with CVD method and 

epitaxial growth method. Considering the distinct advantages and limitations, this 

method, which can be used in certain fields, still needs to be improved. 
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2.1.5 Laser-Induced Graphene  

 

Figure 5. LIG formed from commercial PI films.13 

(a) Schematic of the synthesis process of LIG from PI. 

(b) SEM image of LIG patterned into an owl shape; scale bar, 1 mm. The bright 

contrast corresponds to LIG surrounded by the darkercolored insulating PI 

substrates.  

(c) SEM image of the LIG film circled in  

(b); scale bar, 10 mm. Inset is the corresponding higher magnification SEM 

image; scale bar, 1 mm.  

(d) Cross-sectional SEM image of the LIG film on the PI substrate; scale bar, 20 

mm. Inset is the SEM image showing the porous morphology of LIG; scale bar, 

1 mm.  

(e) Representative Raman spectrum of a LIG film and the starting PI film.  

(f) XRD of powdered LIG scraped from the PI film.  
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Recently, an innovative method for producing graphene fast, using simple 

operation and experimental conditions has attracted researcher’s attention. The 

laser-scribing method uses a carbon oxide infrared laser to carbonize commercial 

polyimide film into porous graphene. The sp3 carbon atoms are photothermally 

converted to sp2 carbon atoms by pulsed laser irradiation. This method readily 

patterns graphene on the polymer film through a one-step laser processing.28-30 

Tour et al.13 have demonstrated this cost effective and scalable approach. In 

Figure 5a, polyimide film is exposed to the infrared irradiation from a CO2 infrared 

laser under ambient conditions, which converts into the porous LIG. With computer-

assisted laser writing, LIG can be readily written into diverse geometries, as shown in 

the scanning electron microscopy (SEM) image. Figure 5a shows two distinguished 

areas: black LIG after PI is exposed to the laser, and light orange PI that is unexposed.  

This method provides a way to produce graphene in a simple one-step process 

without extra requirement of pressure, atmosphere, temperature and additives. The 

approach is inherently scalable and cost-effective in fabricating large-area devices, 

and might be transferred to a roll-to-roll process. Moreover, there is no toxic gases 

released and no harmful reactants used during the synthesis process which makes it 

a totally environmentally friendly way to obtain abundant source of graphene. 

2.2 Overview  

In summary, five major graphene synthesis approaches have been introduced 

in this section with their specific advantages and limitations.  
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As method researcher’s use to find graphene, mechanical exfoliation is safe, 

simple, and easy to obtain few layers of graphene with very less impurities. But it is 

not suitable for industry or even for laboratory graphene production, because of the 

very low yield and hard quality control; so, the detail of this method is not included 

in Chapter 2. 

Epitaxially grown graphene has high quality and relatively easy operations 

compared with CVD. The number of graphene layers can be controlled conveniently. 

While the limitations of this method is still the strict experimental conditions needed. 

Moreover, the high temperature may lead to lattice constant mismatch and various 

defects due to thermal expansion coefficient difference between silicon carbide and 

graphene; the reason why it is not suitable for large-scale production. 

CVD method using catalytic metal substrates have shown the capability of 

growing large-area graphene, greatly encouraging their applications in highly 

transparent and quality graphene film for electronics. The method does have some 

limitations because of the high temperature required for the reaction leads to 

wrinkled graphene and the number of graphene layers is hard to control by using this 

complex method. Wrinkles and other structural defects can also form when 

transferring as-prepared graphene from substrate material to free-standing 

structure.  Another problem is the corrosive or toxic byproduct gases may be harmful 

to human health and environment safety. Despite the high quality and yield when 

using roll-to-roll strategy, CVD is still a method that needs to be improved and 

optimized because of the limitations. 
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Chemical exfoliation methods based on the Hummers' method, oxidation of 

graphite into thin graphene oxide, followed by chemical or thermal reduction, have 

recently drawn much attention due to the advantages of potentially low-cost and 

solution-processed fabrication. However, the oxidation process severely damages the 

honeycomb lattices of graphene. Also, the subsequent reduction of graphene oxide 

sheets typically involves high temperature to recover the graphitic structure. This 

method provides high yield of graphene to industrial level. But it is not able to meet 

the high-quality requirement of certain fields. Moreover, its complex synthesis, time 

consuming procedures and toxic byproducts impede the extensive promotion. 

Electrochemical exfoliation method provides a simple method access to fast 

large-scale graphene production, but the impurities might be present in the form of 

unwashed salts between graphene layers. And thickness control is harder in this 

method, when compared with CVD method and epitaxial growth method. 

The emerging laser-inducing method grants a way to produce graphene in a 

simple one-step process, without extra requirement of pressure, atmosphere, 

temperature and additives. The approach is inherently scalable and cost-effective in 

fabricating large-area devices, and might be transferred to a roll-to-roll process. 

Moreover, there is no toxic gases released and no harmful reactants used during the 

synthesis process, which makes it a totally environmentally friendly way to obtain 

abundant source of graphene. 
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Chapter 3 

Synthesis and Characterization of 

Laser-Induced Graphene Composites  

In this chapter, the detailed information of LIG synthesis, various LIG 

composites fabrication processes and preliminary preparation are demonstrated. 

The laser parameters, synthesis procedures and precursors are listed in the following 

sections for LIG synthesis. Also, the infiltration procedures, conditions and source 

materials for LIGC fabrication with multiple matrix materials are demonstrated. 

The basic characteristics of LIGC including chemical composition, molecular 

structures, microstructures, conductivity and robustness are tested and further used 

to support the idea and design for applications in chapter four. With the help of 

Scanning Electron Microscope (SEM), X-ray Photoelectron Spectroscopy (XPS) and 

Raman Spectrum etc., the characterization of basic characteristics and uniqueness for 

LIG and LIGC are demonstrated for better understanding LIG based materials.  
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3.1 Laser-Induced Graphene Synthesis 

The 125 µm thick polyimide film is placed on the platform of Universal Laser 

System’s XLS10MWH. The laser is focused first to maximize the energy that will 

concentrate on the polyimide film. A laser pattern made with Adobe Illustrator is 

printed in the operating system of Universal Laser. After proper laser scanning speed, 

laser power and laser pulse density set up, laser is impinged on precursor film, 

converting precursor to LIG. 

Laser induction is conducted on polyimide film substrates using a 75 W 10.6 

µm CO2 in Universal Laser System’s XLS10MWH platform operating in pulse width 

modulation. The pulse separation (or image density) varied from 25-250 µm (or 

1000-100 PPI); the laser scanning speed is fixed at 15 cm s-1. Laser average power is 

changed by tuning the duty cycle. Most of the experiments are conducted at a fixed 

500 PPI at 12% duty cycle.  
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3.2 Laser-Induced Graphene Composite Fabrication 

 

Figure 6. Schematic of hot pressing process to fabricate LIGC. 

By this process, commercial plastics such as polyethylene (PE), polypropylene 

(PP) and polystyrene (PS) can form robust composites with LIG.  

To fabricate the LIGC, filler materials are infiltrated into the freshly made 

porous LIG on PI by gravity or through hot pressing (Figure 6) into a polymer sheet. 

Hot pressing with heat and weight applied, presses the LIG fiber into the body of 

thermoplastic materials when it is molten; after homogeneous composite forms, the 

entire piece of composite is moved away from heat source and cooled down to solidify. 

The final cured or solidified product is flipped upside down and the PI layer is peeled 

off to reveal the composite surface. LIG forms composites with a wide variety of 

common materials including solid hydrocarbon, elastomer, epoxy, cement and 

geopolymer (Figure 7). Particularly, constructional materials such as latex paint (LP), 

Portland cement (PC), alkaline activated geopolymer (AAG) and commercial 

thermoplastic materials, such as polyethylene (PE), polypropylene (PP), polystyrene 
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(PS) successfully form composites with LIG. The infiltration process is optimized with 

each material to maximize the amount of LIG transferred to the composite.  

 

Figure 7. Images of various LIGCs 

LIGC- Polydimethylsiloxane (PDMS), LIGC-Wax, LIGC- Polymethylmethacrylate 

(PMMA), LIGC-Latex paint (LP), LIGC-Epoxy (soft) from low viscosity resin, 

LIGC-Epoxy (hard) from high viscosity resin, LIGC-Portland cement (PC), LIGC-

Alkaline activated geopolymer (AAG), LIGC- Polypropylene (PP), LIGC- 

Polyethylene (PE), LIGC- Polystyrene (PS).  

There are two LIG morphologies demonstrated here: the original LIG sheet 

structure and LIG fiber (LIGF).31 In LIGF, the fibers form a dense forest on top of LIG 

that is backed by unreacted PI seen by an optical microscope and SEM (Figure 14), 

LIG forms a high surface area interface with polymers or hydrocarbons such as PDMS, 

wax, epoxy and poly(methyl methacrylate) (PMMA) that are liquids, before the 

infiltration, with few subsequent voids in the composite (Figure 7). In these cases, an 

entire LIG layer is transferred to the composite (Figure 6). In composites with 
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suspensions or slurry precursor materials such as PC, AAG or LP, the porosity 

increases from the bulk outward to the surface of the composite.  

 

Figure 8. Images of the backside polyimide film after transferring the LIG to 

the LIGC.  

Full infiltration results in the backside with no LIG left while partial 

infiltration result in LIG left on the backside PI.  

(a) In LIGC-PC, some LIG remains on the PI while in (b) LIGC-PDMS, no LIG 

remains. 

These composites include LIGC-LP, LIGC-AAG and LIGC-PC that have the 

bottom LIG layer partly transferred (Figure 8); this partial transfer results in the 

rough composite surface with both LIG and LIGF.  

LIGC-PC is produced as follows: PC is derived from commercial all-purpose 

QUIKRETE concrete. Before mixing, the cement mixture is sieved with 100 mesh to 
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remove the bulk aggregates; PC is the major remaining component. DI water and PC 

is mixed together at a ratio of 1:2 and stirred for 5 min to mix the PC slurry or paste. 

LIG is first UV ozone treated (Boekel 135500) for 5 min to make it hydrophilic. Then 

it is placed in a plastic mold and wetted by DI water. The PC slurry is poured on top 

of the LIG in the mold and the mixture is vibrated by hand to remove air and facilitate 

infiltration of the PC. The mold containing the LIG-PC composite is placed in a plastic 

box with some water on the bottom of the box to provide a humid environment for 

curing of the PC. The box is placed on a heater at 90 °C for 12 h. The PI film is then 

peeled away and the LIGC-PC composite is removed from the mold. 

LIGC-AAG is produced as follows: geopolymer is synthesized by mixing 

metakaolin (10 g) from BASF company and water glass solution (Na2Si3O7 37% from 

SCIENCE Company). Water glass solution (18 g) is added to sodium hydroxide (1.23 

g) (ACS). Then, 5 g solution is evaporated under room temperature with magnetic 

stirring. The water glass solution is stirred continuously with a magnetic stirrer to 

homogeneity then mixed with metakaolin (10 g). LIGF is first UV ozone treated for 5 

min to make it hydrophilic then placed in a plastic mold and wetted by DI water. AAG 

paste is poured on top of the LIGF in the mold and is vibrated by hand to remove air 

from the LIGF and render a well-infiltrated matrix. The mold containing LIGF and AAG 

is placed in a plastic dish covered by a lid. Then the dish is placed on a hot plate at 

90 °C for 12 h to cure the AAG in a closed plastic box. The PI film is peeled away and 

the LIGFCS-AAG is removed from the mold. 
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LIGC-PDMS is produced as follows: PDMS is made from Sylgard 184 purchased 

from Dow Corning. The PDMS agents A and B are mixed at a ratio of 1:1 and poured 

on top of LIGF in a mold. The mold containing the PDMS and LIG is placed in vacuum 

in a desiccator to remove air. Then it is placed on a heater at 90 °C for 12 h to cure the 

PDMS. The PI film is peeled away and the LIGC-PDMS composite is removed from the 

mold.  

LIGC-Ecoflex is produced as follows: To infiltrate the LIG with Ecoflex 0030 for 

stretchable devices, first the part A and part B silicone precursor form Smooth-on Inc 

Ecoflex 0030 super soft platinum catalyzed silicone kit is mixed with 1:1 mass ratio. 

The uncured mixture is stirred into homogeneous and vacuumed to remove air 

bubbles then poured on to infiltrate the LIG or LIGF and cured in air at 20 oC. PI film 

is peeled off from the composite after curing. 

LIGC-LP is produced as follows: Commercial LP ProMar 200 is purchased from 

Sherwin-Williams. LIG is first UV ozone treated for 5 min to make it hydrophilic then 

placed in a plastic mold. LP is first diluted with DI water in 1:1 ratio and the solution 

are used to wet the LIG. After this initial infiltration, the sample is dried on a heater 

at 90 °C. Then the undiluted paint is poured to fill the entire mold. After drying at 

90 °C for three days, the PI film is removed.  

LIGC-Epoxy is produced as follows: a two parts commercial epoxy (Hardman 

General Purpose Epoxy) is mixed and poured on top of the LIG. After curing, the PI 

film is removed. 
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LIGC-Wax is produced as follows: commercial wax is melted and poured on 

top of the LIG. After solidification, the PI film is removed. 

LIGC-PMMA is produced as follows: 950 PMMA A4 is poured on top of the LIG. 

After drying at 90 °C and curing at 120 °C, the PI film is removed.  

LIGC-PE, PP and PS is produced as follows by hot pressing: thermoplastic 

materials including PE, PP and PS are used to fabricate LIGC using a hot pressing 

process. Slices of the plastic and LIGF are stacked between two glass slides pressing 

from both sides. The entire setup is placed on a hot plate at 170 °C and a 1kg weight 

is placed on the top glass slide to press LIG fiber into the partially melted plastic. 

 

3.3 Characterizations 

 

Figure 9. Cross-section SEM images of various LIGCs. 

(a) LIGC-PDMS.  (b) LIGC-PC.  (c) LIGC-AAG. 

The resultant LIGCs are characterized through SEM with a JEOL 6500F SEM at 

5 kV with working distance of 10 mm. Raman spectra are collected with a Renishaw 
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Raman microscope using a 514-nm laser with a power of 5 mW. XPS data are collected 

with a PHI Quantera SXM Scanning X-ray Microprobe with a base pressure of 5 × 10–

9 Torr. Survey spectra are recorded using 0.5 eV step sizes with a pass energy of 140 

eV. Elemental spectra are recorded using 0.1 eV step sizes with a pass energy of 26 

eV. All of the XPS spectra are corrected using the C1s peaks (284.5 eV) as reference.  

 
Figure 10. XPS spectrum 

(a) LIGC-PDMS and, LIGC-PC. 

(b) Intensity in each case is relative within elements. 

LIGC-PDMS and LIGC-PC are selected as representative of liquid and slurry 

composites for X-ray photoelectronic spectroscopy (XPS) characterization (Figure 

10). The surface of the LIGC-PDMS has ~11% LIG content while the LIGC-PC 

composite has ~61% LIG content at the surface; the liquid PDMS more easily fills the 

pores of the LIG than does the PC slurry. In Raman spectroscopy, LIG has the expected 

characteristic features: the D peak at ~1,350 cm−1 induced by defects and bending; 

the G peak at ~1,580 cm−1 and the 2D peak at ~2,700 cm−1 from second order zone-

boundary phonons.32 These features remain in the LIGC with relatively similar D/G 
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and 2D/G ratios (Figure 11), indicating the preservation of the graphene structure in 

the composite. Introduction of filler to make LIGC stabilizes the flaky surface of LIG. 

The surface of LIG is visibly altered even with small mechanical contact. However, the 

LIGC are better in term of visible abrasion resistance and stable to Scotch-tape tests 

in Figure 12.  

 

 
Figure 11. Raman spectrum of various LIGCs and their fillers 
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Figure 12. Robustness test for the LIG and LIGC. 

 (a) Mechanical test. In the pressure test, we put a weight of 10 g with diameter 

of 1 cm on top of the samples. The weight mark can be seen in the LIG sample 

while no obvious mark indicated by the arrow is seen in other LIGC samples. 

In the pressure and slide test, we dragged the weight along the surface of the 

samples. A mark from the dragging is visible in the LIG surface while the other 

LIGC samples do not have such marks.  

(b) Adhesive tape test. In this test, adhesive tape is used to cover half of the 

samples, then it was peeled off in a quick vertical motion. Mark from the test is 

seen in the LIG sample with much LIG sticking to the adhesive tape. No visible 

mark is seen in LIGC samples. LIGC-PC has the most material sticking to the 

adhesive tape because of the weak adhesion of commercial cement itself. 

LIGC-LP and LIGC-PS has small amount of material while LIGC-PDMS has no 

material sticking to the adhesive tape. 
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The electrical property of LIGC is also tested with respect to sheet resistances 

(Figure 13). LIG maintains low sheet resistance after compositing with matrix 

materials. We can see the polymer matrices won’t influence the conductivity of LIG 

too much but when constructional materials such as PC and AAG applied, the 

resistance increases relatively large. This may be because of weight and viscosity of 

the matrix materials. Higher weight and viscosity will damage the conductive 

networks of LIG during infiltration process. 

 

Figure 13. Sheet resistance of various LIGCs. 

The LIG is made with a setting of 1000 PPI and 5% duty cycle and the LIGF is 

made with 500 PPI and 12% duty cycle. 
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3.4 Overview 

In conclusion, chapter 3 summarizes the fabrication procedures and 

characterization results of LIG and varied LIGCs. The LIG synthesized by a laser 

induced photothermal reaction that converted polyimide film into porous graphene 

structure by a transient high temperature carbonization. When polyimide film 

absorbs energy of CO2 infrared laser, the hydrogen and oxygen are evaporated under 

high temperature and carbon atoms are left with a thermodynamically stable form-

laser induced graphene. After LIG is prepared, matrix materials in liquid state is 

applied to infiltrate and fill pores of LIG in a mold. The sample is placed in a vacuum 

desiccator to remove bubbles inside the sample and then sample is placed on a hot 

plate to cure matrix material. 

By using SEM, XPS and Raman Spectrum etc., the characterization of 

microstructures, elementary composition, basic properties and uniqueness are 

demonstrated as well for better understanding LIG and LIGCs.  
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Chapter 4 

Applications of Laser-Induced 

Graphene Composites 

This chapter gives details of the specific applications of LIGC. According to the 

different characteristics of matrix materials infiltrating into LIG porous structure, as-

prepared composites have adjustable electrical, mechanical and biological properties. 

The microstructure and level of oxidation of LIG can be controlled by using different 

laser parameters such as scanning speed, laser power and laser pulse density. The 

distinct properties including conductivity, capacitance, resistance, 

superhydrophobicity and antibiofouling of LIGCs are then modified.  

Based on LIGCs and its promising properties, several devices are built. Highly 

stretchable sensing devices and joule heating devices are developed by virtue of 

outstanding electrical properties. Superhydrophobicity, superhydrophilicity and 

anti-biofouling surfaces of LIGs are adjusted by the chemistry and morphology of 

LIGCs surfaces. 
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Figure 14. Fabrication process of LIGCs 

 (a) Schematic of the fabrication of LIGCs. The resultant LIGCs possess 

multifunctional properties and potential applications. Other applications in 

soft electronics are strain sensors and supercapacitors.12, 33-35 

(b) Optical image of the original LIG fibers (LIGF). The bottom of the LIGF is 

LIG.  

(c) Optical image of LIGC-PDMS. Because of the reversing step, the bottom of 

the as-made LIG ends up as the surface composite that contacts air. The LIGF 

becomes part of the bulk composite and forms a high surface area interface 

with any one of several filler materials. 

4.1 Stretchable Multimodal Sensing Devices 

The motivation for the miniaturization and stretchability of electronics has 

continuously pushed the research by means of low dimensional materials such as 

graphene, CNT, MoS2 etc.36-38 Graphene is an excellent candidate for flexible devices 

by virtue of its high electrical conductivity, wide range of compatibility, flexibility and 

stability. Carbon-based nanocomposites have been widely studied since people can 
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obtain graphene, CNT and many other nano-scale allotropes for experiments. Despite 

its promising potential, uniform carbon-based nanocomposite is still hard to achieve 

with a facile approach so far. Inhomogeneity of graphene nanoplates, dispersion in 

substrate materials is always a problem, when fabricating a stable and continuous 

conductive network. Compared with typical sensors based on metal circuits, LIG 

based devices have advantages due to its ultrathin stretchable structure, light weight, 

long work life due to low functional materials loading and inertness. Conventional 

graphene-based composites require high graphene loading and surfactant additives 

to achieve expected uniformity. Graphene source is another issue, since, chemically 

converted graphene has defect in electrical conductivity by nature and graphene 

produced by CVD method has a very low yield. LIG provides a new path to develop 

graphene circuits, flexible devices, by virtue of its facile synthesis method, extensive 

compatibility and scale up production.  

Emerging laser writing technique patterns Laser-Induced graphene (LIG) 

circuits within a very short time. Moreover, in this study a simple infiltration 

approach is used to integrate graphene with highly stretchable elastomer for 

fabricating all graphene sensors. The laser induced graphene is embedded in matrix 

materials without losing its outstanding properties, including continuous conductive 

network and external stimulus sensitivity. LIG-Ecoflex are investigated by studying 

the mechanically induced changes in resistivity, capacitance and conductance. It 

possesses high electrical conductivity, robustness toward mechanical disruption and 

gauge factor ~ 1000, when used with elastic materials as substrate. By tuning laser 

parameters, the morphology, resistance or sensitivity are engineered in this study, 
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and the circuits are patterned to customize device performance for different 

requirements. LIG sensors have stable performance when applied as strain sensor, 

tactile sensor and liquid sensor, suggesting great potentials in artificial skin and 

human health monitoring.  

4.1.1 Strain Sensing 

 

Figure 15. Schematic of LIG sensor fabrication 

Laser is impinged on the Polyimide film (orange part in Figure 15) to 

generate LIG (black part in Figure 15). Matrix materials are poured (blue part in 

Figure 15) on top of LIG in a mold (red part in Figure 15). After substrate materials 

are cured or solidified, device and Polyimide film are separated by peeling the film off. 
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Figure 16. The stretchability of LIG-Ecoflex, LIG-PDMS and pure Ecoflex(a) 

Unstretched LIG-Ecoflex with 2cm length; 

(b) Stretched LIG-Ecoflex with 8cm length; 

(c) Unstretched LIG-PDMS with 2cm length; 

(d) Easily failed LIG-PDMS; 

(e) Unstretched pure Ecoflex film with 5cm length; 

(f) Stretched Ecoflex with 20cm length; 

(g) Stretched Ecoflex with 40cm length. 

The Figure 16. shows the stretchability of pure Ecoflex, LIG-Ecoflex and LIG-

PDMS. Ecoflex possesses very high stretchability and the LIG composite perfectly 

inherits it. In comparison, PDMS is too rigid and breaks at a very low strain. It is 
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clearly evident that Ecoflex is a much better choice of matrix material for wearable 

devices, owing to its high stretchability and compatibility to human skin through Van 

der Waals force. 

 

Figure 17. The gauge factor generated from different parameter LIG 

The strain sensors are tested by applying strain from 0% to 50%. We can 

see that 1000 PPI sensor is very stable with a gauge factor 20. 9ID sensor possesses 

higher gauge factor than 1000 PPI sensor, but the performance has undesirable 

fluctuations. While 2000 PPI sensor can achieve very high gauge factor, it fails at low 

strain, which is caused by the brittleness of highly dense of LIG produced by high 
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pulse density laser. The dotted lines in the Figure 17 indicate 100 Gauge factor up to 

50% strain, which is just for reference, does not mean actual sensor failure. 

d  

Figure 18. The resistances change of different parameter LIG 

By adjusting laser pulse density, LIG will be of different microstructure, and 

its resistance changes to different levels under same strain. High pulse density makes 

LIG structure denser and brittle, which means more cracks when the deformation is 

applied. 

LIG transferred from the PI substrate to the LIGC retains its low sheet resistance. 

As expected, the LIGC-PDMS with all of the LIG transferred to the composite has low 

sheet resistance down to 20 Ω sq-1, similar to that of the original LIG. LIGC-PC with partial 
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LIG transferred has higher resistance. Previous studies found that LIG composite resistance 

changes with applied stress.33 The LIGC gauge factor (GF), measured as piezoresistive 

sensitivity 𝐺𝐹 =
∆𝑅/𝑅

∆𝐿/𝐿
 , is tunable by varying the laser pulse density. Interestingly, as the 

pulse density increases, the surface conductivity and GF also increase. This high 

conductivity opens possibilities for application of the LIGC composites in flexible 

electronic and Joule heating devices.  

 

Figure 19. The resistances change of LIG-Ecoflex under 10% strain 

In Figure 19, 10% strain is applied to LIG-Ecoflex strain sensor cyclically to 

observe the resistance change in response to strain. The signal presented in Figure 

19, indicates regular periodic curve with maximum 50% resistance change for the 

maximum 10% strain applied. The small fluctuations observed in Figure 19 may be 
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caused by the off axial stretching and little bending induced by the testing device. We 

can see the maximum and minimum of peaks in the curve are stable during the cyclic 

stretching test. 

 

Figure 20. The SEM pictures of LIG-Ecoflex before and after stretch 

(a) 8 ID LIG-Ecoflex before stretch.  (b) 8 ID LIG-Ecoflex after stretch. 

(c) 9 ID LIG-Ecoflex before stretch. (d) 9 ID LIG-Ecoflex after stretch. 

(e) LIG foam-Ecoflex before stretch. (f) LIG foam-Ecoflex after stretch. 

    As shown in Figure 20, we can see the stretch process causes micro-scale 

cracks in the LIG composites.  The micro scale cracks lead to the changes in resistance 

when the LIG conductive network separates and reunites under stretching. 
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Figure 21. The elements in LIG-Ecoflex sensor obtained from XPS 

The Figure 21 shows the element components of LIG-Ecoflex composite, 

containing C1s 51.3%, O1s 28.4%, Si2p 20.2% and N1s 0.1%. Carbon and part of 

oxygen come from LIG. Si comes mainly from silicone. 
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Figure 22. The microstructures of strain sensor with LIG produced under 

different parameters.(a-b) the SEM pictures of 300 PPI LIG on PI film 

(c-d) the SEM pictures of 2000 PPI LIG on PI film 

In the Figure 22, the SEM images show the microstructures derived from 

different laser parameters. Two parameters 300 PPI and 2000 PPI are used here to 

synthesize LIG and demonstrate the effect of them on LIG structure. 300 PPI makes 

LIG structure contain random fiber-like structures, which lead to an unsensitive 

performance for strain sensor because of the curly fibers will unfold under stretch 

(without break off within the continuous conductive LIG), which is leading to low 

resistance change and low gauge factor. On the contrary, 2000 PPI makes LIG contain 

flat sheet-like structure with brittleness nature. This flat structure is very easy to be 
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broke under deformation and the derived micro cracks (Figure 20) narrow LIG 

conductive network, generating very large resistance change and gauge factor, which 

means high sensitivity of strain sensor.  

 

Figure 23. The relationship between resistance and pulse density 

The formation of different LIG structures can be explained by Figure 23. When 

using high PPI to synthesize LIG, each laser hit will have larger overlapped region as 

the pattern dimension is fixed, more laser hit numbers will make each of them stack. 

And repetitive laser impingement gives polyimide higher carbonization level and 

either evaporates tiny LIG fibers or fuses them together to form bulk LIG sheet. While 

low pulse density generates wire-like random grown LIG fiber, which will be unfolded 

and aligned under stretching (following the direction of tension), so the resistance of 

strain sensor based on this type of LIG shows low resistance change and gauge factor. 
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Also, the high pulse density provides low resistance due to the higher carbonization 

level. 

4.1.2 Tactile Sensing 

 

Figure 24. Capacitive proximity response for multimodal sensor 

(a) Schematic of capacitive sensing device 

(b) image of sensor embedded in Ecoflex 

(c) capacitance vs time for sensor when exposed to touch (blue region).  
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By using LIG/Ecoflex composite, a capacitive based tactile sensor is developed 

as shown in Figure 24; shaded portions of the plot represent when the sensor is 

touched with a gloved finger. Unshaded portions are when there is no touch. The 

signals are very sharp which indicates the fast response of touch sensor. Moreover, 

the range of capacitance from 0 to around 50% demonstrates a strong signal that is 

very easy to distinguish. After the touch is released, the capacitance change 

percentage goes back to 0 and there is not much noise,  indicating the stability of 

sensor. 

4.1.3 Liquid Sensing 

 

Figure 25. The response of multimodal LIG sensor to humidity 

(a) Current vs time for sensor when exposed to breath and dry air.  

(b) Response of device to single breath. Response time (90% response) for 

sensor is ~ 120 ms. Device is operated at a constant voltage of 1V. 
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Figure 26. The response of the multimodal LIG sensor to saline solution. 

(a) Conductance vs. time after application of droplet with varying 

concentration of NaCl.  

(b) Peak conductance vs. droplet molarity. 

In Figure 25-26, the results of liquid sensor based on LIG/Ecoflex are 

demonstrated. The results show powerful humidity sensing and saline solution 

sensing ability of the composite. Sharp peak demonstrates fast responses. And the 

sensor can distinguish the difference between air and breath (breath with higher 

humidity level) and the difference between different concentration saline solutions. 

NaCl is dissolved in aqueous solutions with at varying concentration (0, 0.01, 

0.1, and 1 M). A droplet of solution is applied to the microgap channel between LIG 

electrodes. Conductance across the channel is measured as a function of time. Droplet 

is removed before appling solution of increasing concentration. 
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A series of highly stretchable LIG-based sensors are demonstrated in sections 

4.1.1 to 4.1.3. The sensors show above can be integrated to an all-graphene 

multimodal sensor array. The technique can be used to fabricate wearable sensor 

possessing outstanding performance. There are no extra metal wire connections 

needed inside the circuits. The LIG circuits and functional units are processed by 

laser-writing directly and by infiltrating with Ecoflex; hence, a multi-purpose 

integrated sensor can be achieved . This device is compatible with large deformation 

and can be employed for human health monitoring or human machine interfaces, 

which broaden the application of LIG. 

 

4.2 Joule Heating 

Graphene-based materials have been exploited as a joule-heating device in 

construction deicing, domestic heating, and injury thermal therapy by virtue of its 

high electrical conductivity, ultralight weight and thermal stability.39-41 LIGC 

composite heaters possess outstanding heating efficiency with heating rate up to 

2.5 °C s-1. LIGC-LP and LIGC-PDMS are chosen to study the heating process as shown 

in Figure 27a. By applying constant DC bias at two side leads with 0.5 V cm-1 stepped 

increases every 120 seconds, the temperature increases linearly then reaches 

equilibrium, indicating fast heating and stable performance of the device. 
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Figure 27 Joule heating applications for LIGC 

(a) The temperature development of LIGC-LP and LIGC-PDMS under stepwise 

increased power inputs from 2 V cm-1 to 5 V cm-1. The infrared (IR) pictures 

inserted demonstrate saturated temperatures at the end of plateau under 

certain power inputs.  

(b) Infrared (IR) picture of LIGC-LP under 7.5 V cm-1 DC bias with maximum 

temperature 122 °C and background temperature -40 °C.  

(c) IR picture of LIGC-PC under 7.5 V cm-1 DC bias with maximum temperature 

53 °C and background temperature -40 °C.  

(d) Cyclic heating test of LIGC-PDMS thin film as a wearable heater. The 

inserted IR picture shows the comparison of heater, hand and background 

temperature.  

LIGC-LP has a high heating rate of 2.5 °C s-1 while LIGC-AAG and LIGC-PC 

hearing rates are 0.95 °C s-1 and 0.3 °C s-1 with 7.5 V cm-1 voltage input (Figure 28). 
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Figure 27(b-c) shows the IR image of LIGC-LP and LIGC-PC under a dry ice 

refrigerated environment. The maximum surface temperatures of heated LIGC-LP 

and LIGC-PC are 122 °C and 53 °C, well above the freezing point of water in the dry 

ice environment with temperature ~ -78.5 °C. LIGC-LP, LIGC-Epoxy, LIGC-PP, LIGC-

PS, LIGC-PE and LIGC-PDMS have better LIG infiltration due to their being liquids 

when they are applied as introduced in chapter 3. They wet LIGF without breaking 

the fibers, thus resulting in higher conductivity. Deicing at temperature ~ -40 °C is 

achieved using these LIGCs, with ice sliding off the surface after a DC bias is applied. 

Additionally, the superhydrophobic surfaces of LIGC-Wax, LIGC-PDMS, LIGC-PP, 

LIGC-PE and LIGC-PS prevent incoming droplets from freezing on the surface at -20 °C.  

Some of these composites could serve as an active deicing surfaces in 

construction. LIGC-PDMS thin film can be used as a thermal therapy film for body 

injuries, especially joint and muscle injuries; heating patches are popular in 

physiotherapy.42-43 As shown in Figure 27d, the stability of the device is tested by a 

cyclic heating test at a 2.5 V cm-1 fixed power input. The IR image of the stretchable 

heater on a hand demonstrates the temperature comparison during the heating-

cooling cycles. Also, in Figure 27a, the plateau of every step underscores the reliable 

heating performance. In addition, the heater is stretched up to 60% while maintaining 

the DC bias (6 V) and temperature is captured by IR camera in real time, as shown in 

(Figure 29). The temperature decreases abruptly at first under 20% strain then 

stabilizes. 



 
52 

 

Figure 28. Heating rate (°C s-1) and power density (W cm-2) of different LIGCs 

under 7.5 V cm-1 DC bias. 

 

Figure 29. The temperature development of LIGC-PDMS thin film under 

stepwise stretching (applied strain from 0% to 60%) with 4 V cm-1 DC bias. 
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Figure 30. De-icing and anti-icing of LIG/PDMS 

The anti-icing and de-icing performances of LIGC are also investigated in this 

part. For the anti-icing procedure, the LIGC sample is attached on a glass slide with a 

thermocouple between sample and glass slide. The entire setup is placed at 45° to the 

horizontal plane in an insulated box cooled to -20 °C by dry ice. Water is added 

dropwise to the top of the LIGC to see if it freezes on the surface of the composite. For 

the de-icing procedure, the LIGC sample is attached to a glass slide with a 

thermocouple between the sample and glass slide. A piece of ice is frozen on the 

sample surface. The entire setup is placed at 45° to the horizontal plane in an 

insulated box cooled to -20 °C by dry ice. DC bias is applied at two electrodes on both 

ends of the sample treated with silver paint. After the power is switched on, the 

temperature change and time from the start to ice sliding down from sample is 
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recorded as shown in Figure 30. The deicing voltages on LIGC-PC, LIG-AAG, LIG-LP, 

LIG-PDMS and LIG-epoxy are 7.5 V cm-1, and on LIGC-PP, LIG-PE, LIG-PS are 7.5 V cm-

1, 10 V cm-1 and 15 V cm-1, respectively. 

 

4.3 Superhydrophobicity and Superhydrophilicity 

It is known that atmospheric oxygen oxidizes the edge of LIG, so that it can 

become superhydrophilic.44 In contrast, when formed under an inert atmosphere 

such as argon or nitrogen, the LIG becomes superhydrophobic with a contact angle > 

150°. In LIGF, the base LIG is hydrophobic with a contact angle of 118° (but not 

superhydrophobic) because it is somewhat protected from oxygen by the fibrous 

forest.31 When hydrophobic materials such as PDMS, wax, PE, PP or PS are infiltrated 

into the LIGF and the PI layer is removed, the low oxygen content LIG is brought to 

the surface. This LIGC now becomes superhydrophobic with contact angle of > 150° 

(Figure 31a and Figure 32). By scanning electron microscopy (SEM), the LIGC-PDMS 

composite surface is composed of 11% PDMS (Figure 31 and Figure 33) and has 

grooves and valleys imprinted from the LIGF (Figure 31a and Figure 33a). This 

roughness imprinted from the LIGF is hierarchical from micrometer to nanometer 

scale; changing the LIGFC-PDMS composite from hydrophobic to superhydrophobic. 
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Figure 31. LIGC surfaces and their wetting.  

SEM images of a LIGC surface and water droplet profiles on these surfaces in 

the inset. 

(a) LIGC-PDMS in 500 PPI LIGF with contact angle of 158°.  

(b) LIGC-PE in 500 PPI LIGF with contact angle of 153°.  

(c) LIGC-PP in 500 PPI LIGF with contact angle of 151°.  

(d) LIGC-PDMS in 200 PPI LIGF with contact angle of 161°.  

(e) LIGC-PDMS in 100 PPI LIGF with contact angle of 160°.  

(f) LIGC-PC with contact angle of 0°. 
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Figure 32. Contact angle of LIGC. 

 (a) PDMS, scratched LIGF or LIGC-PDMS with 1000 PPI LIG do not have 

superhydrophobic surfaces. LIG with lower PPI at 500 PPI has more 

hydrophobicity. As the laser duty cycle increases, the LIGF layer gets thicker 

and results in a superhydrophobic surface.  

(b) As LIGC-PDMS PPI decreases to 200 and 100 PPI, the hydrophobicity 

increases. A contact angle over 160° can be reached with this surface 

engineering.  

(c) Hydrophobicity of the LIGC-PDMS can be lower with UV ozone treatment 

that oxidizes the surface of the LIGC. After 100 min of the treatment, the 

hydrophobicity can be somewhat recovered by simply scratching the surface 

to reveal new unoxidized LIGC surface.  

(d) Contact angles of various LIGCs. 

To further increase the hydrophobicity of the composites, the LIGC was 

imprinted from the lasing process patterning. I have reported the morphology change 

from LIG to LIGF by changing the laser pulse density. As the pulse density increase, 
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the laser pulses overlap, etching the top LIGF to form LIG. Decreasing the pulse 

density results in the preservation of the LIGF, resulting in a thick LIGF forest. In the 

pulse width modulation laser system, LIG and LIGF are synthesized using pulse 

densities of 1000 and 500 pulses per inch (PPI, a standard commercial laser setting, 

1 inch = 2.54 cm), respectively. While LIGC-PDMS from LIGF made at 500 PPI is 

superhydrophobic, reducing the pulse density further increases the 

superhydrophobicity. At 200 PPI, the LIGC-PDMS-200PPI results in grooves and 

valleys formed by the laser pulses. As the result, the hydrophobicity is maximized to 

a contact angle of 160.8°. Further reducing the pulse density to 100 PPI causes 

discrete holes throughout the LIG on the PI substrate; this results in upward pointing 

needles of LIGC-PDMS-100PPI from the bottom of the PDMS. The top of the needles 

supports the weight of the water droplet that separates it from the base with contact 

angle of 160.2°. However, the hydrophobicity of this LIGC-PDMS-100PPI structure is 

reduced when water reaches the PDMS on bottom either through condensation or 

pressure. In this case, wetting transforms the surface from a Cassie–Baxter model to 

a Wenzel's model.45-46 

At the other extreme, LIGC-PC and LIGC-AAG are hydrophilic with contact 

angle of 0°. To make the LIGC, LIGF is treated with UV-ozone for two minutes to 

oxidize the edge and make it hydrophilic, facilitating the infiltration of PC and AAG 

into the LIGF.  
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Figure 33. SEM images of various LIGC surfaces 

(a) LIGC-PDMS. (b) LIGC-PC. (c-d) LIGC-AAG. (e-f) LIGC-LP. (g) LIGC-PE. (h) 

LIGC-PP. (I) LIGC-PS. 

 

4.4 Anti-Biofouling 

The exceptional resistance to biofilm formation on LIG made from PI and 

polysulfone polymers were reported in previous studies.17-18, 47 However, the LIG 

derived from PI and polysulfone polymers is relatively brittle, a property that might 

restrict its use in many applications where a robust surface that can resist physical 

damage is required. The susceptibility for biofilm formation on LIGC composites 
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containing construction materials is tested and it is observed that LIGC-PC, LIGC-AAG 

and LIGC-LP are more resistant to biofilm growth compared to the material without 

LIG (Figure 34). However, for LIGC-PDMS, no benefit is observed (Figure 35).  

 

Figure 34. Biofilm growth on different LIGC.  

Representative IMARIS software images (green and red represents live and 

dead bacteria, respectively, and blue represents EPS) of PC, LIGC-PC, AAG, 

LIGC-AAG, LP and LIGC-LP. 

 

Figure 35. Biofilm growth on different LIG composites showing average 

thickness and biomass.  
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Representative IMARIS software images (green and red represents live and 

dead bacteria, respectively, and blue represents EPS) also shown. Scale bar: 

100 µm. 

 

 

Figure 36. Biofilm inhibition experiment on LIGC-PDMS. 

No significant biofilm growth inhibition is observed. Shown are SEM images at 

low magnification (left) and high magnification (right). 

The similarly thick biofilm including live and dead bacteria and extracellular 

polymeric substances (EPS) on the PDMS, LIGC-PDMS and other filler materials are 

observed (Figure 36-40). The LIGC-PC, LIGC-AAG and LIGC-LP surfaces have 

antifouling effects and showed almost no biofilm growth on the surfaces for the 

duration of the experiment. Possible explanations for this phenomenon can be the 

surface texture of the LIGCs Figure 38-40. The inhibitory effects due to the surface 

texture of LIGC is observed similarly to the previously reported PI LIG and 

polysulfone polymer LIG, where rough surfaces are shown to enhance biofilm 

resistance. The texture of the LIG within the LIGC-PDMS is masked by the PDMS 
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material surfaces, which might have led to higher biofilm growth in LIGC-PDMS 

(Figure 36-37).  

To visualize the bacterial growth on the surfaces, the three-dimensional 

images of the biofilm is constructed with IMARIS-Bitplane software and represents 

the averaged quantitative values of biofilm observed for respective surfaces (Figure 

34 and Figure 35). LIGC-PDMS is also configured as an electrode to evaluate the 

antibacterial properties. LIGC-PDMS surfaces show 6 log bacterial reduction in 6 h at 

2.5 V; approximately 4 log and ~2 log bacterial removal is seen at 2.0 and 1.5 V, 

respectively (Figure 41). Whereas, at 0 V, no bacterial inhibition is seen.    

 

 

Figure 37. Biofilm inhibition experiment on oxygen plasma treated LIGC-

PDMS. 

All samples are treated with O2 plasma for 10 min to hydrophilize to the 

surface. No significant biofilm growth inhibition is observed. Shown are SEM 

images at low magnification (left) and high magnification (right). 
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Figure 38. Biofilm inhibition experiment on LIGC-PC. 

SEM images at low (left) and high (right) magnifications show bacteria on the 

surfaces after being exposed to biofilm growth conditions. Significantly less 

biofilm is seen on the LIGC surfaces 

 

Figure 39. Biofilm inhibition experiment on LIGC-AAG. 

SEM images at low (left) and high (right) magnifications show bacteria on the 

surfaces after being exposed to biofilm growth conditions. Significantly less 

biofilm is seen on the LIGC surfaces 
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Figure 40. Biofilm inhibition experiment on LIGC-LP. 

SEM images at low (left) and high (right) magnifications show bacteria on the 

surfaces after being exposed to biofilm growth conditions. Less biofilm is seen 

on the LIGC surfaces. 

 

Figure 41. Inhibition of mix culture (~106 CFU/mL) with LIGC-PDMS 

composite. (a) Percentage inhibition. (b) Log reduction. 

The bacterial culture is as follows: a mixed culture is prepared by adding 1 mL 

of secondary treated wastewater to lysogeny broth (LB) (50 mL) and incubated at 

30 °C. The cells are harvested in mid exponential phase, verified by measuring the 

optical density at 600 nm. The culture is centrifuged at 4000 rpm for 15 min and the 

cells are washed three times with 0.9% saline solution to remove residual medium 
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constituents. The bacterial cells are diluted to ~108 colony-forming units (CFU) mL-1 

in 0.9 % saline solution and used for further experiments.    

The biofilm growth experiments and analysis are as follows: a mixed culture 

is grown in LB till mid exponential phase as described above, and the cells are 

collected and washed with LB broth and further diluted to 0.1 OD at 600 nm in LB 

broth. A flow cell is used for biofilm growth experiments (previously reported in 

detail), and in the same way, the LIG composites along with respective controls are 

tested. Briefly, samples are attached to a glass slide with epoxy glue and placed in the 

flow cell vertically. Inoculation of the mixed bacteria culture is performed by flowing 

50 mL of the bacterial suspension (0.1 OD600 nm in LB) through the flow cell at a rate 

of 2.5 mL min-1. Then, a sterile nutrient media (10 % LB) is flowed at 2.0 mL min-1 

through the flow cell for 36 h. CLSM (Zeiss LSM 510, META) is used for the biofilm 

evaluation, equipped with a Zeiss dry objective Plan-NeoFluar, as previously 

described. Live, dead, and extracellular polymeric substances (EPS) are evaluated 

after the samples are dyed with SYTO 9, propidium iodide, and concanavalin A (Con 

A) conjugated to Alexa Fluor 633 dye, respectively. Representative biofilm images are 

prepared by Imaris 3D imaging software (Bitplane, Zurich, Switzerland), and 

COMSTAT on Matlab 2015b is used for quantitative analysis (biofilm volume and 

average thickness). The LIG composites antimicrobial activity as an electrode is as 

follows: electrodes (7 cm2) are fabricated on PDMS and PC as explained earlier. 

Graphite wires are connected to the LIG electrodes by carbon-based glue, and further 

connections are protected with epoxy glue. The LIG composite electrodes are 

suspended in a beaker containing an aqueous solution of NaCl (150 mL, 0.05 M) with 
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mix culture (~106 CFU mL-1) of bacterial suspension. The power is adjusted to 0, 1.5, 

2.0 or 2.5 V, and 150 µL samples are withdrawn from the reactor and used for CFU 

enumeration.  

4.5 Overview 

In summary, stretchable multimodal sensing devices, joule heating devices 

adjustable superhydrophobicity and superhydrophilicity and anti-biofouling 

surfaces are developed. The stretchable multimodal sensing devices contains strain 

sensor, tactile sensor and liquid sensor, designed to monitor human body signs by 

resistance and capacitance changes. Base on joule heating effect, flexible 

thermotherapy device and de-icing device are fabricated for human body 

physiotherapy and construction de-icing. And an anti-biofouling surface is developed 

by virtue of the LIGC’s superhydrophilicity. 

The microstructure and level of oxidation of LIG can be controlled by using 

different laser parameters such as scanning speed, laser power and laser pulse 

density. The distinct properties including conductivity, capacitance, resistance, 

superhydrophobicity and antibiofouling of LIGCs are then modified. 
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Chapter 5 

Conclusion 

5.1 Conclusion 

In this study, a compatible and robust composite with LIG integrated into a 

variety of materials have been demonstrated. Many of the LIGC composites have 

enhanced hydrophobicity due to specific surface roughness. This roughness can be 

engineered by tuning the laser to optimize the surface characteristics that lead to 

superhydrophobicity. With high electrical conductivity, LIGCs have potential for use 

in stretchable electronics, including wearable thermal therapy, deicing, anti-icing, 

antibiofouling and antimicrobial applications. This approach offers a series of 

multifunctional composites that integrate the unique properties of LIG, making these 

robust nanomaterials with applications in multiple fields. 

The following conclusions can be drawn from this study: 

1. LIG shows very good compatibility to various matrix materials.  

2. The LIGC has outstanding robustness of the resistance to mechanical 

abrasion and UV light, inheriting promising electrical property from LIG. 
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3. By design and modification of the micro structures of LIG, we are able to 

customize the performance of composite materials including adjustment of the 

geometry, gauge factor for strain sensor, sensitivity to chemical sensor and 

hydrophilic- hydrophobic properties. 

4. The LIG and LIGC can be used for a highly stretchable multimodal sensing 

devices including strain sensor, tactile sensor, humidity sensor and saline sensor with 

good sensitivity. 

5. The LIGC is adjustable from sperhydrophobic to superhydrophilic in a wide 

range when infiltrated by different matrix materials. Moreover, the micro structures 

of LIG can be controlled to improve this property. 

6. LIGC composite heaters possess outstanding heating efficiency with heating 

rate up to 2.5 °C s-1. By using LIGC-LP and LIGC-PDMS, the wearable thermotherapy 

device, anti-icing device and de-icing performance were successfully demonstrated. 

7. The LIGC-PC, LIGC-AAG and LIGC-LP surfaces have antifouling effects and 

show almost no biofilm growth on the surfaces for the duration of the experiment. 

 

5.2 Future Works 

Currently, LIG is combined with multiple polymers and several constructional 

materials for sensing devices, joule heating devices and antibiofouling application. 

Since LIG has good compatibility and sensitivity toward multiple electrical or 
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electrochemical activity, LIG based device with other material such as ZnO which 

possesses unique properties can be grown with LIG for more promising applications. 

In future studies the LIG based sensor array will be tested for pressure or stress 

mapping. The LIG-ZnO composite’s properties will be tested including UV 

photodetection, piezoelectricity, and UV activated antibacterial property and devices 

will be designed according to these interesting properties. 
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