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Abstract 

Advances in materials development are leading to the emergence of new classes of printable and 

inexpensive electronic devices, including sensors for healthcare monitoring. Most traditional 

sensors are built on rigid substrates, which restricts the use of these sensors. Research is driven by 

developing functional materials including conductors and composites that can respond to changes 

in their surroundings, and device fabrication techniques for patterning these materials on the micro 

scale. Among printable conductors, carbon nanomaterials including graphene, reduced graphene 

oxide (rGO), carbon nanotubes (CNTs) are highly conductive materials that can be printed from 

solution. However, these materials are comprised of rigid particles and tend to form brittle layers 

when printed without binders or additives, and their electrical properties are highly sensitive to 

moisture. A promising alternative is to incorporate carbon materials into polymer nanocomposites-

consisting of conductive nanofiller embedded with an insulating, hydrophobic polymer matrix. 

The polymer matrix not only acts as a binder, but also provides mechanical support for the 

graphenic materials, allowing a variety of patterns and structures to be formed and maintained, 

while also protecting the conductive particles from moisture. Biopolymers, which are polymers 

that are derived from biological sources, can be introduced to this system as a more sustainable 

alternative to conventional polymers.  In this thesis, conductive polymer composites comprised of 

the biopolymer polyhydroxybutyrate (PHB) and graphenic materials (i.e. rGO and CNTs) were 

formed through both solution processing and thermal mixing, with the aim of integrating these 

materials in conductive printable inks for flexible healthcare monitoring devices.   

A simple, solvent casting process was used to prepare the PHB/rGO composites using acetic acid 

as a food-safe solvent, and the effects of different reducing agents (sodium borohydride, hydrazine, 
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and ascorbic acid (L-A.A)) have been systematically investigated. The L-A.A reduced rGO 

composites were found to be the most conductive composites, due to good dispersion, large 

particle size, and high intrinsic conductivity.  The solvent method is compatible with many printing 

techniques such as direct ink writing and screen printing.  

The conductivity of PHB/rGO composites was tuned by varying the nanofiller concentration. The 

composites showed temperature-dependent resistivity, and in terms of sensing were found to have 

good selectivity to temperature with respect to both pressure and moisture. Flexible thin 

temperature sensors were developed by first printing silver electrodes and then depositing 

responsive composites on top of these electrodes. Stretchable sensors were fabricated through 

direct ink writing (customized 3D printing) of polydimethylsiloxane (PDMS) substrates on top of 

which a conductive composite ink was printed in a meandering pattern. Devices exhibited good 

sensitivity and stability, and thermal mapping was demonstrated using up to 12 × 12 array of 

sensing elements. 

Conductive PHB composites were made by an industrially-relevant thermal mixing process. Multi-

walled carbon nanotubes (MWCNTs) were melt mixed in concentrations from 0.25 to 5 wt% using 

two types of polyhydroxybutyrate: one supplied by BRS (with some silicon impurities) and Biomer 

(PHB with plasticizers and nucleating agents), with a molecular weights of 190 kDa and 560 kDa, 

respectively. The extruded filaments were deposited in a layer by layer structure using a desktop 

3D printer using a technique called ‘Fused Deposition Modeling’ (FDM), and the mechanical and 

electrical properties of printed designs were compared with hot compressed samples. 3D printed 

scaffolds with well-defined pore structure, tunable porosity, and high compressive modulus 

demonstrated that the composite materials have the potential for use in bone regeneration 

applications. The printed models showed geometrical and dimensional features close to the drawn 



iv 

 

model, reflecting the good printability of PHB composite materials. Overall, this work presents 

opportunities for the development of biopolymers that can be functionalized into printable 

composite inks in 2D and 3D printing for a variety of applications.  

  



v 

 

Preface 

Parts of this work has been previously published in the literature. 

Chapter 3 uses contents published in - Dan, L., Pope, M.A. and Elias, A.L., 2018. Solution-

processed conductive biocomposites based on polyhydroxybutyrate and reduced graphene 

oxide. The Journal of Physical Chemistry C, 122(30), pp.17490-17500. Reproduced with 

permission from Dan, L., Pope, M. A., & Elias, A. L. (2018). Solution-processed conductive 

biocomposites based on polyhydroxybutyrate and reduced graphene oxide. The Journal of 

Physical Chemistry C, 122(30), 17490-17500. Copyright 2018 American Chemical Society. L.D 

performed all experiments and wrote the manuscript. M.A.P.’s group prepared graphite oxide 

slurries, and M.A.P. helped to interpret data and prepare the manuscript. A.L.E.  supervised the 

work, and contributed to designing the research and to writing the manuscript. 

Chapter 4 contains materials published in - Dan, L., & Elias, A. L. 2020. Flexible and Stretchable 

Temperature Sensors Fabricated Using Solution‐Processable Conductive Polymer 

Composites. Advanced Healthcare Materials, 9(16), 2000380. L.D designed and performed all the 

experiments and wrote the manuscript, A.L.E supervised the works and contributed to designing 

the research and to writing the manuscripts.  

Chapter 5 has contents published in - Dan, L., Cheng, Q.L., Narain, R., Krause, B., Pötschke, P., 

and Elias, A., 2021. 3D printed and biocompatible conductive composites comprised of 

polyhydroxybutyrate and multi-walled carbon nanotubes. ACS Industrial & Engineering 

Chemistry Research, 0c04753. Reproduced with permission from Dan, L., Cheng, Q., Narain, R., 
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Chapter 1. Introduction 
 

1.1 Responsive Biopolymer Composites for Healthcare Monitoring 

 

Flexible electronics are under development towards enriching our daily lives, for example in the 

form of wearable devices to monitor healthcare signals. Flexible electronics could fulfil a growing 

interest in long-term and continuing monitoring of blood pressure, pulse, and body temperature.2 

For example, Jeong In Han and co-workers demonstrated temperature sensors fabricated by 

depositing thin films of Ni-Cr composites on flexible polymer substrates. 3 John Rogers and co-

workers reported arrays of electrical devices both for sensing prosthetic stimuli and for electrical 

muscle activation, fabricated using typical lithography technique.4 However, many of the materials 

used in conventional planar electronics are unsuitable for flexible electronics because of their rigid 

and brittle nature. Furthermore, significant barriers remain in the large-scale and inexpensive 

fabrication of devices based on these materials. Most microfabrication involves expensive 

lithography technique that must be performed in a cleanroom. In terms of sensing materials,  good 

selectivity to desired stimuli such as temperature, moist, pressure, bending, etc. is also required for 

healthcare monitoring. Biocompatibility is another factor that needs to be taken into account when 

the sensor is in contact with the human body.  

Conventional sensors have been built with the use of transistors constructed on semiconductor 

wafers, and are well developed. Silicon wafers are perfectly planar but brittle, rigid and not 

biocompatible, thus making them poor substrates for use in biosensing. A flexible substrate is 

needed to overcome this mismatch in mechanics. One approach to achieve this involves building 

devices on flexible substrates, which are conformable and can facilitate better attachment to a 

curved surface than rigid ones. Thin polymer sheets or films are therefore generally used as 
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substrates, including polyimide, elastomers, polyethylene terephthalate (PET), fabrics. For 

example, Rogers and coworkers designed platinum (Pt) on the surface of KaptonTN (polyimide) 

tape for use of flexible temperature sensor with high accuracy; though Pt is quite expensive and 

difficult to process.5 It often involves patterning metals using the standard microfabrication 

techniques such as sputtering and lithography. 

Recently, electrically conductive polymer composites (CPCs) have been implemented as printable 

conductors. In these composites systems, conducting nanoparticles (e.g. carbon-based materials or 

metal particles) impart electrical conductivity to the composite, while the polymer matrix (which 

is typically insulating) provides mechanical stability.6–8 At a given temperature, the resistance of 

composite is usually highly dependent on the concentration of conductive nanofillers. At low 

concentration the composite may be non-conductive, however when the loading of nanomaterials 

is increased beyond a certain electrical percolation threshold the resistance may drop abruptly. The 

particular filler content is called the electrical percolation threshold. A conductive filler is an 

important part of a CPC. In terms of conductive materials, graphenic materials are popular because 

they are widely available, light weight, inexpensive, and have excellent conducting properties.  

One advantageous property of CPCs is that they may be compatible with printing techniques 

including drop casting, direct ink writing (DIW), fused deposition modelling, and screen printing, 

and may therefore be patterned without the use of photolithography.  

Through proper selection of the conductive filler and/or the polymer matrix, responsive CPCs may 

be engineered. Responsive CPCs undergo a change in electrical conductivity upon small variation 

of environmental conditions such as temperature, humidity, and light. In the responsive CPCs, 

either the polymer matrix or the conductive filler undergoes a response that shows the change in 

conductivity to a selected stimulus, such as mechanical stress, vapor, and temperature.9 Sensors 
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can be formed by leveraging the stimuli-responsive properties of CPCs. Compared to traditional 

sensors that were made of metal and semiconductors, the responsive CPCs-based sensors present 

more advantages, such as ease processing (better printing ability), corrosion resistance, and tunable 

sensing performance. Graphenic materials are responsive to many external stimuli including light, 

heat, and humidity. Graphenic materials can be blended in polymers to engineer responsive 

materials that may respond to some typical stimuli. Graphenic/polymer composites can be solvent 

processed, generating good printing property for fabricating inexpensive and printable sensor. 

However, a few challenges exist for the graphenic based ink printing, for instance, cracks are easily 

formed during printing graphene owing to its brittle nature. Plasticizers and binders are widely 

used in graphene inks to control the rheological behaviour of ink and stability of the printed layers, 

and these inevitably reduce the conductivity of ink itself. It is also challenging to form composites 

that have maximum conductivity with minimum loading of nanofillers. A good dispersion of 

nanofiller inside the polymer matrix and high intrinsic conductivity of fillers are critical to address 

the above problems. Among the varying processing methods, solvent processing and thermal 

mixing turn out to be versatile methods not only in forming highly conductive composites but are 

also compatible with many printing methods.  

A variety of matrix materials may be utilized in CPCs, including biopolymers. Biopolymers 

produced from renewable resources have attracted immense interest in research and industrial field. 

To reduce the impact on the environment and to reduce safety concerns around sensors that are in 

contact with humans, investigations on biopolymers (e.g. polyhydroxybutyrate, gelatin, cellulose, 

silk) have become more popular in recent years. Polyhydroxybutyrate (PHB), derived from 

micro-organisms in a fermentation process, has a number of attractive features. PHB is 

biocompatible, and is stable in vivo. It can be biodegraded by micro-organisms in the environment 
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for the use of sensors that can be eventually biodegraded. Therefore, PHB could be potentially 

used in vivo applications that requires high stiffness, such as bone regeneration applications (e.g. 

scaffolds). In addition, it may find application in sensors formed using CPCs as the sensing element 

intended for use in biomedical applications.  

1.2 Objective and Approach 

 

The main goal of the work described in this thesis is to investigate and develop highly conductive 

polyhydroxybutyrate (PHB)/graphenic materials based composites that can used in low-cost, 

flexible sensors for healthcare monitoring. In these systems, the temperature-dependent properties 

of the graphenic materials will be leveraged to engineer materials that undergo a change in 

conductivity as a function of temperature. The selectivity to the stimuli and sensitivity of these 

composites will be explored. In the final part of this work, these materials will also be investigated 

for use as cell scaffolds.  

This work specifically focuses on how to formulate PHB/graphenic material composites that have  

high conductivity at minimal loading of graphenic nanomaterials while maintaining some 

mechanical flexibility. In these systems the graphenic nanomaterials will provide temperature 

dependent conductivity, while the PHB matrix will offer the mechanical flexibility, and prevent 

the graphenic materials respond to moisture as fillers were embedded into the PHB that is a 

hydrophobic material. This temperature-responsive property was utilized to make a sensor that has 

high selectivity and sensitivity of temperature in the ambient environment. Emphasis is placed on 

using the temperature dependent resistivity property of rGO to develop a flexible and stretchable 

temperature sensor that can be potentially used for human temperature monitoring. The 

temperature responsive mechanism, physical, electrical and mechanical properties of composites 
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are systematically investigated, and methods to print these materials are developed. Proof of 

concept printed devices are used to monitor temperature on the surface of skin. To further expand 

the use of PHB and minimize the employment of organic solvents, thermal mixing (solvent free) 

is investigated to form PHB/multi walled carbon nanotubes (MWCNTs) composites. From these 

composites, 3D printing filaments are formed and utilized in FDM printing, where the mechanical, 

thermal, electrical properties of printed 3D designs are characterized. 

1.3 Organization of Thesis 

 

Chapter 2 presents a broad overview of the literature about biopolymers including 

polyhydroxybutyrate (PHB) and provides the background to synthesis and characterize conductive 

biopolymer composites with a focus on responsive CPCs. Graphenic family materials, including 

graphene, reduced graphene oxide (rGO), carbon nanotubes (CNTs) are also introduced in chapter 

2, with a focus on the advantages of using them as nanofillers. Different printing techniques such 

as solvent casting, inkjet printing, screen printing, direct ink writing, and fused deposition 

modeling will be introduced, and the basic formulation of the inks/solid filaments used in these 

processes will be discussed. 

Chapter 3 compares three different reducing agents (e.g. N2H4, NaBH4, L-A.A) for the reduction 

of graphene oxide (rGO) to form conductive rGO/PHB composites in solution. The effects of the 

three reducing agents are systematically investigated by comparing their reduction efficiency, the 

residual functional groups presented on the graphene oxide (GO), and the properties of the 

resulting composites of all the composites. The mechanical properties of the composites are 

characterized; and a strain sensor is demonstrated using these composites. 
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Chapter 4 presents the design, fabrication, and characterization of simple and low-cost temperature 

sensors using conductive rGO/PHB composites patterned on both flexible and stretchable 

substrates through both drop coating and direct ink writing (DIW). These composites are formed 

using a high melting point biopolymer polyhydroxybutyrate (PHB) as the matrix and the graphenic 

nanomaterial reduced graphene oxide (rGO) as the nanofiller (from 3 to 12 wt%), resulting in a 

material that exhibits a temperature-dependent resistivity.  

Chapter 5 explores 3D printing of unconventional polymer composites comprised of multi-walled 

carbon nanotubes (MWCNTs) and biopolymer polyhydroxybutyrate (PHB) on a commercially 

available fused deposition modeling (FDM) 3D printer, to print electrically conductive designs. 

The MWCNTs were melted mixed in amounts from 0.25 to 5 wt% in PHB from two different 

suppliers with slightly different physical properties. The incorporation of PHB and MWCNT can 

be printed out into neat scaffolds structure with organized pore size, tunable porosity, and low 

cytotoxicity.  

Chapter 6 provides a summary of the contributions, impacts and conclusions made in this thesis. 

The future direction and suggestions of the conductive 2D materials/biopolymer composites for 

inexpensive sensors are briefly discussed. 
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2. Background and Review of the Literature 

There is a rising demand for inexpensive and printable sensors that can be used in short term 

applications and then discarded, including in healthcare monitoring. Printable materials with a 

variety of characteristics, including high conductivity and tunable Young’s modulus, are required. 

Therefore, conductors such as metals and conductive polymers are often used as printable sensing 

materials. Conductive polymer composites (CPCs) are being explored as viable materials for 

making inexpensive sensors as a variety of polymers and fillers are available. CPCs are often 

composed of conductive micro- or nano-particles (“fillers”) that are blended into a polymer matrix, 

wherein the matrix mainly offer mechanical support/flexibility and the filler provides electrically 

conductive pathways through the otherwise insulating material.  

In this chapter, CPCs for flexible sensors used in healthcare monitoring are discussed along with 

a brief introduction to biopolymers and nano-fillers, with the focus on polyhydroxybutyrate (PHB) 

matrices and graphenic fillers.  An overview of tuning the mechanical and electrical properties of 

PHB/graphenic CPCs is given, as PHB is intrinsically brittle and not electrically conductive, along 

with fabrication methods using different processing methods such as solvent processing and 

thermal mixing. This includes several printing approaches: drop casting, inkjet printing, direct ink 

writing and filament-based fused deposition modelling. Additionally, detailed descriptions and 

comparisons relevant to the current state-of-the-art printable CPCs and predicted future trends are 

provided in this chapter.  

2.1 Current State of the Art of Flexible Electronics 

Flexible electronics made with carbon-based, metallic and organic components could enable 

technologies such as low-cost sensors used in healthcare monitoring. Most traditional electronic 
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components are rigid and have limited stretchability, flexibility, and portability. In contrast, 

flexible electronic components, normally built on flexible plastic or elastomeric substrates, can far 

better withstand repeatedly induced strains and pressures with negligible effect on electronic 

function.  

The idea of flexible electronics started in the middle of the Cold War and has existed over 60 years.  

During this time in history, space technologies were being heavily researched and rapidly 

developed and the idea to make solar cells thinner and flexible to reduce weight and save space in 

spacecrafts was proposed. These flexible solar cells, very first flexible electronic devices, were 

fabricated on plastic substrates with a thin, single-crystal silicon layer around 100 µm thick. Later 

on Brody and his colleagues developed the first flexible thin film transistors (TFTs) on different 

flexible substrates, although the crystalline silicon or tellurium used for deposition are not 

intrinsically flexible materials.12  

Flexible sensors for biomonitoring purposes should be soft, biocompatible, lightweight, and 

naturally conformal to the surface of the skin, evoking minimal user awareness. To achieve this 

goal, it is critical to overcome the rigid, brittle, and largely planar structures of silicon semi-

conductors used in traditional electronics. In addition to replacing the stiff substrate with a flexible 

polymer one, there is great interest in replacing typical cleanroom fabrication methods used to 

pattern the conductors, insulators, and other components of these electronic devices with printable 

materials. In the literature, flexible sensors for monitoring healthcare signals have been made using 

tuned composite materials (e.g. CPCs) patterned using traditional methods on compliant substrates, 

although much room for improvement remains.  
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2.2 Conductive Polymer Composites 

Conductive composites used in flexible electronics are typically comprised of conductive filler 

particles dispersed in a polymer matrix. Polymers are highly deformable relative to metals, offering 

the mechanical flexibility for the CPCs (since most fillers are small particles of materials that are 

rigid in bulk form), but polymers are typically electrically insulating, requiring the addition of 

electrically conductive filler particles. The blending of these two different materials results in 

CPCs useful for sensing purposes, wherein either the matrix or conductive particle undergoes a 

measurable change in some properties in response to a desired stimulus. Compared to a pure 

metallic conductor, CPCs are advantageous in ease of printing patterns, oxidation resistance, and 

are tunable (able to exhibit a broad range of electrical conductivities). The minimum loading of 

nanofiller required to form a continuous network inside the polymer matrix is called electrical 

percolation threshold, at which point the composite can be considered conductive.13 Many CPCs 

show electrical behaviour that can be described and predicted by percolation theory, illustrated 

below in Figure 2.1.  

 

Figure 2.1 Percolation theory illustration 
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When the concentration of nanofiller is low (well below the electrical percolation threshold) a CPC 

film will be highly resistive. Near or slightly above the electrical percolation threshold (where a 

continuous conductive network has formed), the resistivity of CPC film substantially decreases 

several orders of magnitude. Well above the threshold, the electrical conductivity continues 

gradually increasing with the increasing number of internal conductive pathways. However, 

continuing to add more filler results in undesirable effects such as particle agglomeration, impaired 

mechanical properties, and increased cost. Obtaining a low electrical percolation threshold is 

essential and this can be strategically achieved by large particle geometry and a uniform dispersion 

of filler particles that have intrinsic high electrical conductivity.  

The electrical and mechanical properties of the resulting CPC material depend on numerous factors, 

including: the properties of the conducting filler; the proportion of filler added to the polymer 

matrix; the dispersion and the orientation of the conducting filler; and the adhesion between the 

matrix and filler. Some of the resulting characteristics depend not only on the properties of the 

conducting particles and the polymer matrix but on the manners in which they are processed.  

CPCs have been demonstrated with a variety of fillers (e.g. cellulose, metallic materials, and 

graphenic materials).14–16 Graphenic materials, for example, can be easily processed and are good 

candidates for nanofiller materials, especially reduced graphene oxide (rGO). The first 

rGO/polymer composites were prepared by Stankovich et al. using solvent mixing in the presence 

of dimethylformamide (DMF).17 These rGO/polystyrene composites had an electrical percolation 

threshold of 0.1 vol% and conductivity of 1 S m-1 at 2.5 wt% loading, and around 10 S m-1 at 

ultimate conductivity. Similar “ultimate” conductivity values have been reported in polyurethane 

(around 1 wt%), poly(vinylidene fluoride) (around 4 wt%), gelatin (around 5 wt%).18,19 However, 
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to further increase the conductivity of CPCs and enhance the ease of processing, further research 

is required. The randomly distributed CNTs blended in the polymer matrix can form multiple 

electrical pathways to allow the current flow; however, the mechanical properties of CPCs are not 

always as desired. For example, the addition of conductive nanofillers results in increased stiffness 

(increased Young’s modulus) along with increased conductivity. This means the opposing forces 

of increasing modulus and conductivity for a given CPC can be tuned by varying the concentration 

of nanofillers.  One such filler material is graphene and research efforts around this material have 

resulted in a family of graphene-based materials being used as fillers in CPCs. 

2.3 The Graphenic Material Family 

Graphene occurs naturally in graphite, a naturally soft rock with a laminar structure that is 

comprised of flat layers of carbon atoms bound together in a single atomic planes, known as 

graphene. The 2D structure of graphene results in high conductivity and can be further processed 

to create the family of graphenic materials described in this chapter.  The laminar 2D structure 

results high conductivity to the graphite-like carbon materials. Graphenic materials include: 

graphite, graphene, graphene oxide (GO),  reduced graphene oxide (rGO), carbon black (CB), and 

carbon nanotubes (CNTs). The atom structures of the carbon family of nanomaterials are shown 

below in Figure 2.2. 

 

Figure 2.2 Structure of graphene (a), graphene oxide (GO) (b), and reduced graphene oxide (rGO) 

(c), carbon nanotubes (CNTs) (d).20 
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Pristine graphene is a 2D honeycomb lattice of carbon atoms, as shown in Figure 2.2 (a).  Graphene 

oxide (GO) is an oxidized form of graphene and has a 3D structure with different oxygen-

containing functional groups, shown in Figure 2.2 (b). Reduced graphene oxide (rGO) is a two-

dimensional material containing carboxyl and hydroxyl functional groups derived from GO’s 

three-dimensional structure, shown in Figure 2.2 (c). rGO has similar electrical, thermal, and 

mechanical properties as graphene but is less expensive. Carbon nanotubes (CNTs) are rolled up 

graphene with extraordinary electrical properties, listed in (d). 20  Particles of these graphenic 

materials are used in CPCs as conductive fillers owing to their good electronic and mechanical 

properties, chemical stability, and inexpensive processing. 

These particular properties aroused widespread interests in fabricating conductive polymer 

composites. Production of graphene oxide (GO) was firstly reported by Brodie in 1859.21 A 

standard solvent-based oxidation method was then developed by Staudenmaier, Hummers and 

Offeman using a mixture of potassium permanganate (KMnO4) and concentrated sulfuric acid 

(H2SO4).
21,22 Subsequently, several strategies were carried out to reduce GO to restore the 

properties of conductivity. Reduction methods now include solvent routes in alkaline or acidic 

environments and thermal routes using ultra-high temperature or lasers and have been extensively 

reported.23–26 The first graphite flakes consisting of a few layers were first observed in 1948 and 

the term of graphene was coined to describe a single layer of graphite. It was not until 2004 that 

graphene was experimentally observed by Novoselov’s group using the exfoliation method to 

remove single sheets of graphene from graphite with adhesive tape. This exfoliation method is 

commonly called the “scotch-tape” method.27 Since 2004, materials that share a similar laminar 

structure with graphene have been investigated, widely referred to as ‘graphenic materials’ to 

distinguish them from graphene, typical examples include graphene oxide (GO) and reduced 
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graphene oxide (rGO). 28,29 GO, a compound of carbon, oxygen, and hydrogen in variable ratios, 

is obtained by graphite oxidation using strong chemicals. The extra oxygen related groups show a 

3D atomic spacing, and result in a highly resistive property. rGO, synthesized via chemical or 

thermal reduction of exfoliated GO has similar excellent electrical and mechanical properties as 

pristine graphene, but the price is much lower. rGO contains some defects and a small number of 

residual oxygen and other heteroatoms, as well as some structural defects, and may consist of a 

structure of several layers.  Despite rGO’s less-than-perfect geometric nature (as compared to 

pristine graphene) in terms of purity and arrangement, it is still an attractive material that can be 

synthesized sufficiently in quality with many different reduction methods. Gradually, researchers 

have become more focused on how to produce reduced graphene oxide (rGO) that has a neat 

laminar structure and fewer layers. rGO, depending on the specific material’s quality, is suitable 

for use in many fields such as composite materials, conductive inks, and responsive materials.  

Among the methods that can be used for the preparation of rGO, solvent reduction is a versatile 

method. Many studies have focused on optimizing reducing agents and processes, as well as 

investigating the properties of the resulting rGO. Sodium borohydride (NaBH4) is a widely used 

reducing agent, which can trigger a hydride transfer reaction and effectively remove the oxygen 

functional groups from GO.30 NaBH4 is viewed as a mild reducing agent and is relatively safe to 

handle. However, it generally results in a low reduction efficiency, where a low ratio of C:O atoms 

in the final product is expected. Hydrazine (N2H4) is another popular used reducing agent for GO 

that tends to result in a high reduction efficiency (high C:O atom ratio).31 Hydrazine itself is highly 

toxic to humans and the environment, and is not compatible with most organic solvents. Ascorbic 

acid (L-A.A), commonly known as vitamin C, is considered a natural, “green” (less hazardous 

chemical compared to other reducing agents that generates toxicity to human health and the 
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environment) reducing agent  with good reduction efficiency.24 Another advantage of L-A.A as a 

reducing agent is that it can also be used as a stabilizer in rGO dispersions, so it does not need to 

be removed after the GO reduction. 

Carbon nanotubes (CNTs), typically 0.4-40 nm in diameter, are two-dimensional graphene sheets 

rolled-up into a tube, with high length-to-diameter aspect ratios (up to 1000:1), high electrical 

conductivity (107 to 108 S/m), and high mechanical strength (Young’s modulus of 1 TPa and yield 

stress of 100 GPa).32,33 CNTs have two main structures: single-walled CNTs (SWCNTs) and multi-

walled CNTs (MWCNTs), where MWCNTs are formed by several concentric SWCNTs connected 

by Van der Waals forces. Single-walled CNTs were first produced by Iijima in 1991, and have 

cylindrical structure composed of hexagonal carbon atoms by sp2 (planar) bonds.34  In addition to 

the two different CNTs structures, there are three different types of CNTs: armchair, zigzag, chiral 

carbon nanotubes. Different atomic orientations result in different behaviours of CNTs such that 

they can behave like metals, insulators, or semiconductors.  Reinforced polymeric nanocomposites 

containing CNTs have been a hot topic since the first reported research of CNT/epoxy composites 

in 1994.35 CNTs have also been functionalized prior to blending into the polymer matrix to 

engineer functional materials. In a CNT/polymer composite the proportional loading of CNT filler 

is usually limited to below 10 % due to the significant increase of viscosity, leading to poor 

processability and cracks within the resulting composite materials.  

2.4 Flexible Electronic Substrates 

A flexible electronic device needs to maintain its performance under mechanical deformation such 

as bending, compression, and twisting. A certain range of Young’s moduli are acceptable for 

flexible substrates, while for stretchable electronic devices, intrinsically stretchable substrates with 
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low modulus are required (e.g. elastomers).  Polymeric substrates are gaining popularity in flexible 

electronics and sensors and are being selected not only for the mechanical properties, but also for 

their thermal properties. Some metal inks, such as ones comprised of silver nanoparticles, need to 

be sintered to improve the conductivity, thus substrates should withstand the high temperatures 

required for this process. Substrates, especially plastic substrates, will soften or melt if the 

temperature exceeds the glass transition temperature. Thermal expansion also needs to be 

considered. If the thermal expansion coefficient of the substrate and the responsive layers do not 

match, internal stresses will be introduced to the device that will likely cause device failure.  

Polymer substrates like polyesters, polylactic acid (PLA), and polyimide (PI) are flexible, light-

weight, and inexpensive - meeting many of the above described requirements. The most popular 

polymer substrates are polyethylene terephthalate (PET), polyethylene naphthalate (PEN) and PI. 

PET and PEN are semi-crystalline polymers and PI is amorphous. PET is transparent in color, has 

a Young’s modulus around 2.9 GPa, and resists most chemicals, however, the Tg is relatively low 

(150-200 oC). PI, which is orange/yellow in color, provides excellent thermal stability up to ~350 

oC, has reasonable mechanical strength, and good chemical resistance.  

2.4.1 Biopolymers 

Fossil fuel-based polymers brought serious environmental problems in this century. According to 

recent data reported by Plastics Europe, world-wide plastic production reached almost 322 metric 

tons in the year 2015, with an annual growth rate of 8.4 %. A study reports that almost 5.25 trillion 

kgs of plastic waste are currently floating in the marine environment. It is predicted that the oceans 

will contain more plastic waste than marine life by 2050 if this trend continues.36–38  
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All this plastic waste poses serious problems regarding global and local ecosystems. As a result, 

there is a growing demand for the discovery and development of a new class of polymers 

(biopolymers) that are not only safe and inexpensive to use but can be biodegraded in specific 

environmental conditions. Biopolymers have two general definitions: (1) a polymer that is 

produced from biological resources, including microorganisms such as bacteria or from renewable 

resources such as plants; (2) a polymer that is biodegradable. Biopolymers derived from natural 

resources (bioderived) came into the market as “green” materials, more sustainable and causing 

minimal harm to the existing ecosystem. 80 % of all commercially available polymeric materials 

are derived from fossil fuels, so the need of biopolymers has grown significantly in recent years 

as fossil fuel resources diminish. Biopolymers are expected to be used as alternatives to current 

fossil fuel-based polymeric materials to reduce the environmental impact of these materials after 

disposal.39  

Initial research on non-bioderived biopolymers focused on chemical modifications or bio-derived 

additives to favour the degradation behaviour .40–42 These modifications may reduce a polymer’s 

overall environmental stability and increase the cost. Another approach involves polymerization 

of monomers that are originally degradable and safe in the environment. The resulting non-

bioderived (or synthetic) biopolymers were found to be susceptible to degradation under certain 

conditions, such as hydrolysis and catalytic attack by reactive agents present in the 

environment.43,44 Using this method, many synthetic degradable polymers have been developed. 

Polylactic acid (PLA) and polycaprolactone (PCL) are the most popular degradable synthetic 

polymers, and are produced by direct polymerization.45–48 This technique makes them suitable for 

fabrication processes using filaments, films, and coatings required for various biomedical 

devices.49–52 However, the synthetic polymers produced by polymerization route have limitations 
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related to their slow degradation rate in the natural environment.53,54 They either require high 

temperature for accelerating the degradation speed or need several biological agents that can 

actually break down the polymer chains in a natural environment.  

Cellulose and starch, each produced by plants, are the most common biopolymers that are known 

to degrade naturally and produce no hazardous products during degradation. In addition to plants, 

some bacteria and fungi can accumulate polymeric materials within their cell wall under specific 

conditions.55–58 Polyhydroxyalkanoates (PHAs) are produced by certain bacteria as an energy 

reserve under limited source conditions and in the presence of excess carbon.59–61 PHAs are an 

attractive class of bioderived biopolymer because it is chemically stable, biocompatible, and 

degradable under conditions.62 The degradation products of PHAs are safe for the environment 

and humans, as they exist in all living organisms. PHA tends to undergo mild hydrolytic 

degradation under acidic conditions due to its unstable ester bond in the backbone.63,64 Many 

depolymerase enzymes accelerate the hydrolysis rate by attacking these weak ester bonds.  Within 

the family of PHAs, polyhydroxybutyrate (PHB), polyhydroxyvalerate (PHV), and poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) are the most popular in current research.  This is 

due to the ease of their production and because they share similar mechanical properties as 

polypropylene.  

2.4.2 Polyhydroxybutyrate (PHB) 

PHB is a highly-crystalline, biocompatible thermoplastic in the PHA family of aliphatic polyesters, 

discussed above and shown below in Figure 2.3. This hydrophobic polyester is produced by 

bacteria, with its most common form being poly(3-hydroxybutyrate); its monomer, R-3-

hydroxybutyric acid, is nontoxic and exists naturally in the human body.65–67  
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Figure 2.3 Molecular diagram of polyhydroxybutyrate (PHB). 

More than 20 bacterial species such as Basillus megaterium, Escherichia coli, etc. are known to 

produce PHB under nutrient imbalance conditions.68–70 During PHB monomer formation, a shell 

is formed around the granule to separate the polymers from the aqueous cytosol. Polymer granules 

then can be separated from the medium by centrifugation after fermentation. The intracellular PHB 

granules are formed in an amorphous state while the obtained extracellular PHB granules are in a 

semi-crystalline state after solvent extraction using centrifuge. PHB granules accumulated in 

bacterial cells are quickly broken down by depolymerase enzymes. This biopolymer has attracted 

intense attention because of its ease of production and biocompatibility. PHB suffers from some 

drawbacks such as intrinsic brittleness, poor processability, and a narrow thermal processing 

window. However, the properties of PHB (e.g. mechanical and electrical) can be tuned to some 

degree by adding specific fillers and creating composite materials as described elsewhere in this 

chapter. 

To optimize the mechanical, electrical and thermal properties of PHB, nanoparticle fillers can be 

blended into PHB. Nanofillers from the carbon family are of particular interest due to their 

extraordinary electrical and thermal properties and low cost. It has been reported that adding 

graphenic materials to PHB not only improves the mechanical properties (e.g. Young’s modulus, 

toughness, etc.), but also yields composites with good electrical properties.18,71,72 Barletta et al. 

used thermal mixing to prepare a PHB/graphene nanoplates (GNP) nanocomposites with improved 
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hardness and scratch performance.18 Manikandan et al. reported a PHB/GNP composites formed 

by a solvent casting method, which exhibited good barrier and mechanical properties. The 

composites also presented low cytotoxicity and biodegradability by soil biomes, which has the 

potential use in food-packaging applications.73 However, even though GNP is a highly conductive 

nanofiller, neither composite showed noticeable increase in electrical conductivity. The most 

common solvent for dissolving PHB used in literature is chloroform, which is a toxic organic 

solvent, making it undesirable for processing PHB films. Acetic acid was found to be an alternative 

solvent for processing PHB by our group.1 Acetic acid is a greener solvent compared to chloroform, 

and produces smooth, flat PHB thin films.  

2.5 Responsive Conductive Polymer Composites (RCPCs) 

Stimuli responsive polymers, also called smart materials, undergo a measurable property change 

when exposed to an appropriate external stimulus such as humidity, heat, light, or magnetic 

fields.74 They differ from the conventional polymers in that they show rapid physiochemical 

response to the specific stimuli. To engineer a measurable change, some stimuli-responsive 

polymers are blend with conductive nanofillers to obtain responsive conductive polymer 

composites (RCPCs). RCPCs mainly show resistivity or capacitance change under an appropriate 

stimulus, and have been involved in making sensors for detecting temperature, humidity, pH, 

etc.75,76 The response to the external stimuli through resistive changes have attracted considerable 

attention for use in sensors due to their high sensitivity, ease of manufacturing, light-weight, 

mechanical flexibility, simple mode of data collection, and easy interpretation.  

The stimulus-response behavior of RCPCs has been investigated for different sensors types, 

including strain sensors, pressure sensors, temperature sensors to detect a specific stimulus.77 
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Although great potential can be seen in the possible uses of RCPCs for sensors, especially for 

biosensors used in healthcare monitoring, more investigations are needed to achieve the high-

stability, -selectivity, -sensitivity, and reproducibility required. In some cases, a non-linear 

relationship between the electrical signals and the applied stimuli is observed. This makes it hard 

to conduct data interpretation, which limits the practical applications. Fast response to the certain 

stimuli is challenging for some RCPCs-based sensors. For example, temperature sensors that are 

based on the thermal expansion of the matrix polymer have been demonstrated, however it often 

takes several seconds to respond to the change in temperature, and some are not responsive at low 

temperatures, which are not good for body temperature sensing.78 To overcome these challenges, 

both better design of the internal architecture of the RCPCs and better informed choices of suitable 

nanofillers and polymer matrices are required. 

2.6 Requirements for Applications of Printed CPCs 

As previously stated, CPCs are normally comprised by conductive nanofillers embedded into a 

polymer matrix, where polymer offers the mechanical flexibility while the conductive nanofillers 

are normally rigid. Numerous demonstrations and prototype devices using solution-processed 

CPCs have been reported over the last decades, though applications with a high level of complexity 

and functional integration need further investigation and development. Generally, in a typical 

conductive ink formulation, the dried film obtained contains randomly distributed flakes or sheets 

of conductive filler embedded in a polymer matrix. The film becomes conductive when these 

nanofillers compose enough of the inner structure to form a continuous pathway for a current to 

flow through.  
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Transparent conductive electrodes (TCEs) are largely used within applications such as touch-

screens, light-emitting devices, and photovoltaics.79–83 This type of materials need to be highly 

transparent and highly conductive. Current TCE materials are mostly ceramic-based, such as 

indium oxide, tin oxide, and zinc oxide. Indium tin oxide (ITO) is currently widely used owing to 

its high optical transparency (> 80 %) and low sheet resistance (around 15 Ω/□), though it is 

mechanically brittle.84,85 Researchers are trying to find alternatives that can offer certain flexibility 

to meet the requirement of next-generation electronics. Different approaches using liquid phase 

exfoliated graphene have been investigated through drop or dip casting, spray coating, Langmuir-

Blodgett assembly, screen printing, and inkjet printing. In 2008, Cote et al. reported Langmuir-

Blodgett assembly of graphene oxide (GO) thin-films on substrates such as quartz, mica, and glass 

through dip-coating. Relatively high sheet resistance of 19 MΩ/□ was measured after 3 cycles of 

dip coating while maintaining a high 95 % transparency has been achieved in this early-stage 

research.86 Other methods, as reported by Eda et al., involved a reduced graphene oxide (rGO) 

dispersion was directly spin-coated on to glass and plastic substrates with improved results. The 

film thickness could be controlled by varying the filtration volume, and the resulting sheet 

resistance was 43 kΩ/□ and 65 % transparent. Sheet resistance as low as 5 kΩ/□ is the best 

performance of solution-processed graphene films up to date and was fabricated by spray coating 

followed by annealing.87 The high resistance is likely owing to the small particle size of conductive 

nanomaterials and the lack of percolation. Larger particle sizes (e.g. flakes) of graphenic materials 

are usually preferred as they have shown decreased sheet resistance from 6 kΩ/□ to 2 kΩ/□ as 

flake size was increased 77 %.88 Graphene grown by chemical vapor deposition (CVD) has 

performed significantly better than solution-processed methods with higher transparency. For 

example, Bae et al. reported sheet resistance as low as 30 Ω/□ with transparency up to 90 % with 
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a transfer method using CVD-grown graphene films.89 Despite this markedly improved 

performance, CVD-grown graphene is expensive and hard for large manufacturing. The large-

scale fabrication of transparent conductive electrodes (TCEs) through printing needs a certain 

degree of fluidic control and patterning resolution by achieved by optimizing solution properties 

such as the concentration of conductive graphenic materials, low viscosity of suspension, and 

quick solvent evaporation rate. Custom-patterned solar cells, for example, require more control in 

patterning over large areas.  

Opaque conductive inks are getting popular in recent years as their preparation is often simple 

compared to transparent conductive inks. A value of 40,000 S m-1 was demonstrated by Secor et 

al. in 2017 with an opaque composite ink using nitrocellulose and graphene nanoparticles as 

fillers.90 This conductivity is several orders of magnitude higher than the transparent ink 

composition, but it is still three orders of magnitude lower than those of existing metal-based inks. 

(e.g. silver paste: 100,000 S m-1). Using metallic inks brings several limitations to printing 

processing, even if only a small proportion of metal is introduced. Metal inks often need sintering 

or curing at high temperature to create a conductive network that enables the conductivity. This 

process requires that substrates can withstand these high temperatures, greatly limiting polymeric 

material choices and adding complexity to the material’s processing. Another issue is the high cost 

of metals, though only a small proportion is required for each application. Electronic devices made 

using these inks might be recyclable but can typically not be degraded. By comparison, graphenic 

inks are highly promising for their versatile processing, low cost, and high conductivity. The 

lowest electrical resistance of printed graphene films is generally reported by using screen printing 

so that a relatively thick layer is produced. Hyun et al. reported a screen-printed graphene ink with 

a sheet resistance of 30 Ω/□ at 25 µm thickness.91 Such films can be post-treated by thermal 
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annealing to enhance the inter-sheet connections, although this results in diminishing mechanical 

properties.91,92  

2.6.1 Printed Sensors 

Sensors are a major application field for printed CPC materials. Their unique electronic, 

mechanical, photonic properties as well as large specific surface area make them promising to 

respond changes in the ambient conditions. Generally, the signals from the output could be 

transformed into readable signals through specific transduction mechanisms such as resistivity, 

capacity. Proof-of-concept sensors based on 2D nanomaterials have been intensively explored and 

have demonstrated good performance.  

Resistive sensors – which undergo a change in electrically conductivity in response to a stimulus 

– are typically engineered by using a network of conductive particles in a deformable polymer 

matrix. Resistive sensors, with their simple design and smooth read-out properties, appear to be 

most useful architecture for printable graphenic CPC sensors. Resistive sensors can be engineered 

by using a broad selection of responsive materials and a simple data interpretation mechanism 

(resistance change recording); therefore, resistive sensors remain much cheaper than other types 

of sensors (e.g., capacitive sensors). In the literature, pressure sensors have been demonstrated by 

using responsive fillers which include carbon nanomaterials (e.g., carbon nanotubes, reduced 

graphene oxide, and carbon black); these fillers are typically embedded in elastomeric matrices 

(e.g., polydimethysiloxane (PDMS) and Ecoflex®). In these composites, electrical current is 

carried through the network of conducting particles. When a pressure is applied, the distance 

between particles is reduced, and the current can be transported more easily, shown in Figure 2.4. 

For example, a MWCNT-PDMS composite blend has been printed out to measure planar 
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pressures.93 In a different approach, microfabricated structures that form pressure-sensitive 

bridged connections can be utilized.94  

 

Figure 2.4 sensing mechanism of loading and unloading of PDMS pressure sensor.  

The planar surface of responsive materials with no compressible elements (e.g. pores or pillars) 

typically has low-pressure sensitivity and long relaxation time. In addition to pressure sensing, 

temperature sensing has a growing interest utilized in industrial transportation and health 

monitoring. There is intensive ongoing research into wearable temperature sensors that are 

intrinsically flexible and stretchable to better monitor skin temperature to provide healthcare 

information. For example, graphene/PEDOT:PSS was inkjet-printed on a flexible polyurethane 

thin-film, and the resistance of the CPC material was monitored as a function of temperature. The 

material exhibited resistance changes under heating and cooling within a low-temperature range 

(< 40 oC) with low sensitivity (less than 0.01 /oC).95  

2.6.2 Sensitivity 

Sensitivity is an important parameter determining the accuracy of measurement in a device. A 

sensor’s sensitivity can be defined as the change in output (∆y) of the sensor per unit change 

divided by the parameter being measured (∆x) as shown in the following equation: 1 

S = lim
∆x→0

(
∆y

∆x
)

 

=
𝑑𝑦

𝑑𝑥
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For example, for a typical strain sensor, the gauge factor refers to its sensitivity as: 

GF =
∆𝑅

𝑅
𝜀⁄  

where  
∆𝑅

𝑅
 is the percentage of resistance change, and the 𝜀 is the change in measured strain.  

For a pressure sensor, the sensitivity is defined as: 

S = ∆𝑋 ∆𝑃⁄  

where ∆𝑃 represents the change in applied pressure and ∆𝑋 is the change in quantitative output to 

be measured: resistance, capacitance, or voltage in piezoresistive, capacitive, and piezoelectric 

sensors, respectively. 

2.6.3 Limitation of Detection (LOD)  

The detection limit refers to the smallest signal that can be detected. Knowing this parameter is 

important for choosing a sensor with the right useful range for its end use. For instance, 

physiologically relevant pressures include low-pressure changes generated due to the flow across 

the upper lip during inhaling and exhaling (<1 kPa), moderate pressures associated with both the 

pulse and with finger tapping (1-10 kPa), and relatively high pressures such as the weight of a 

person as measured through their feet while standing (>10 kPa). Having such pressure information 

is beneficial in designing different pressure sensors for each given range.  For a typical temperature 

sensor, the lowest and highest temperatures it can measure are referred to as the LODs. For 

measuring body temperature, the required sensitivity range is considered within the low 

temperature range for temperature sensors, with an upper LOD around 50 oC, , and a lower LOD 

of 0 oC, the temperature of skin. 
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2.6.4 Response Time  

Response time refers to how long it will take for a sensor to respond under a stimulus. The response 

time can be largely influenced by the viscoelastic property of the polymer.3 For the development 

of real-time monitoring, short response time is required, and the sensing response time has been 

reduced to less than 10 ms. 

2.6.5 Repeatability  

Repeatability refers to the consistency of a single sensor to produce the same results despite 

changing working conditions, such as temperature, vibration, and time. Repeatability reflects the 

stability of a sensor, which is essential for a long-term use.  Taking strain or pressure sensor as 

examples, loading and unloading tests are usually conducted to evaluate the repeatability of 

sensors. The cyclic test can go up to 10000 times in literature; however, it is still not large enough 

for industrial needs. To achieve higher repeatability, many factors have to be optimized, including 

a robust design, choices of materials, and manufacturing processes.  

2.7 Conductive Polymer Composites (CPCs) Deposition Techniques 

Either solution or melt mixing can be utilized to synthesize CPCs. Solution mixing approaches 

generally involve dispersing the nanofiller and mixing with a dissolved the polymer (in a suitable 

solvent. The resulted viscosity of suspension can be tuned so it can fit 2D printing very well for 

patterning CPCs in macro and micro scale. By another route, nanofiller and polymer can be 

thermally melted and mixed thoroughly without the use of any solvents. This technique is called 

melt-mixing and is considered to be more compatible with the industrial applications compared to 

the solvent route. Melt mixing is suitable for extruding CPC filaments used in 3D printing which, 
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using an appropriate 3D printer technique called fused deposition modeling (FDM) in which the 

CPC filaments are formed into functional 2D/3D structures to be used in sensors.  

Lately, 2D/3D printing using solutions of specialized CPC inks are being used more and more for 

fabricating electronic devices. These printing methods include inkjet-printing, screen-printing, and 

extrusion-based 3D printing utilizing direct-ink writing (DIW), listed in Figure 2.7. Ink-jet printing 

works best for the low viscosity inks, while screen printing works better using higher viscosity 

inks (paste-like inks). Direct ink writing (DIW) is an extrusion based mode of 3D printing, which 

works for inks with a large range of viscosities.  For printed electronics and sensors it is vital to 

ensure the printing quality (e.g. layering, deposition position on substrates) for accurate deposition 

of multilayer structures with no apparent mismatch. Thickness is also an important factor in 

process selection. Normally inkjet-printing is capable of printing thinner designs (< 2 µm) 

compared to screen-printing, drop-casting, and 3D-printing (< 10 µm). 

 

Figure 2.5 Ink-jet printing (a), screen printing (b), direct ink writing (c). 

 

2.7.1 Drop-Casting 

Drop-casting is a simple and inexpensive method for depositing nanoparticle-containing 

dispersions onto substrates that does not require any specific ink formations or control over 
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rheological parameters.96 This approach consists of casting materials onto flexible or rigid 

substrates followed by solvent evaporation in forming of a thin-film. Poly(ethylene terephthalate) 

(PET) and PI (KaptonTM) are commonly used as flexible substrates, while rigid substrates such as 

glass slides are frequently used as well.97,98 Thermal annealing is often performed to remove the 

residual solvent or enhance the conductivity of conductive nanofillers such as silver nanoparticles, 

graphene oxide (GO). Overall this method is simple and easy to perform; however, it does not 

allow good control of homogeneity and tends to result in uneven film thickness. Though printing 

quality could be improved by controlling the solid/solvent volume ratio (concentration), a change 

in evaporation rate can lead to a “coffee ring effect” near the edges of the film.99  

Many approaches, such as vacuum gas purging, inert gas purging, or ultrasonic-assisted shaking 

substrate, have been developed to improve the quality of the deposited film by slowing the solvent 

evaporate rate.100 The chemical nature of the solvent and nanoparticles also influences the 

evaporation rate. Organic solvent such as ethanol or chloroform evaporates rapidly, while water 

tends to evaporate more slowly at ambient environment. Another example is that GO tends to 

absorb water from the environment and block the water evaporation path at the same time, resulting 

an extended evaporation time. Lastly, the surface properties of substrates also influence the 

uniformity of the deposited films. For example, rGO tends to have a good adhesion to PET 

substrates that contain catechol groups. The drop-casting method is widely used in the deposition 

of nanomaterials suspension in the areas where the resulting film quality is not strictly required, 

as for the case of strain sensor that are used in flexible devices, electrodes in batteries, 

supercapacitors, etc.  
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Drop-casting method of graphenic materials has been used for the sensing area of flexible, free-

standing film that can be used to detect hazard gases, humidity, temperature, strain, etc.101–103 For 

example, drop-casted free-standing GO films can be used to measure the humidity change in the 

ambient environment.104,105 Semitransparent conductive rGO films on PET substrates can be 

achieved using drop-casting, but the films have high resistance of several kΩ.106,107 

2.7.2 Fused Deposition Modelling (FDM) 

A popular type of 3D printing is fused deposition method (FDM), in which plastic filaments are 

melt-deposited onto a desired substrate, layer-by-layer to produce planar or three-dimensional 

object.108 FDM printing has primarily been used to develop customized engineering prototypes 

with comparable mechanical properties as hot compressed solid products. Polylactic acid (PLA) 

and acrylonitrile butadiene styrene (ABS) are generally used for FDM without additional functions. 

Recently, CPCs such as PLA blends, biopolymer composites, graphenic-polymer composites, etc. 

have been used for FDM to add functionalities to the printed objects.109–111  FDM has been used 

to print CPCs using graphenic materials as fillers, such as rGO, GO, and CNTs, for a number of 

applications such as conductive flexible circuits, aerogels, scaffolds, batteries, etc.112–114 Jakus et 

al. firstly reported a good demonstration of graphene heterostructure printing using graphene 

polymer composites for bioelectronic applications.115 In addition, 3D printing of graphenic 

materials has been used in electrical applications.  

FDM is not a fast process and may take days to build sizeable complex designs. To save printing 

time and materials, printing density can be tuned based on needs. A lower density means more 

holes and pores inside the design, resulting a low mechanical strength and compressive modulus 
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to the final product. The integration of nanomaterials and 3D printing method can enhance the 

paradigm of 3D printing to an efficient, heterogeneous deposition manufacturing.  

2.7.3 Direct ink writing (DIW) 

Due to the nature of graphenic materials (i.e. easy agglomeration), sometimes a liquid dispersion 

is preferred rather than the solid state, so, often a modified method is used in which liquid is 

deposited layer-by-layer from extruder tips instead of a melted plastic filament. This method is 

called direct ink writing (DIW) is a modified extrusion-based mode of 3D printing, where a syringe 

of the liquid is fed into the nozzle to extruded out through a tip as per the designs.115,116  DIW 

requires specific viscosities of inks, although it can work for a larger range of ink viscosities 

compared to inkjet-printing. 

Recently, biological scaffolds that were printed from biomaterials rather than traditional polymer 

filaments have been explored using DIW, with an emphasis on pore size and porosity control. 

Achieving such a level of complexity using conventional manufacturing is challenging. Other 

applications such as batteries, sensors and supercapacitors have also been investigated. To achieve 

well-defined features, the ink should retain its shape after being extruded. Unlike inkjet printing 

which requires low viscosity inks (2-102 mPa s), DIW works best with more viscous inks range of 

ink viscosity (2-106 mPa s) and inks containing nanoparticles. Highly viscous ink has better 

capability to hold three dimensional shapes during printing, but also has a higher risk of nozzle 

clogging than lower viscosity inks and also has lower the printing resolution. A good balance 

between ink viscosity and printed design resolution is needed for a smooth DIW. Printing 

parameters such as nozzle diameter, printing speed, extrusion speed can be modified for the best 

printing. Recently, many composite inks have been developed for DIW, including liquid metal, 
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graphenic polymer composites, silicone-based viscous ink, and biological materials. Graphene-

based inks offer more choice of functionality, such as electrical conductivity and enhanced 

mechanical properties for a number of 3D printing applications.117 One difficulty in DIW is control 

of the suspension and particle size. For instance, an ink that contains large particles needs a large 

size diameter needle, which can result in low-resolution designs. DIW of graphenic composites 

with high resolution is challenging because the sheet-like fillers or small agglomerations inside 

the ink may result in nozzle clogging.  
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3. Polyhydroxybutyrate/reduced graphene oxide composites 

In this work, the effects of three reducing agents (sodium borohydride, hydrazine, and L-A.A 

(ascorbic acid)) have been systematically investigated, and the electrical and mechanical properties 

of composites formed with rGO prepared using each of these agents have been compared. This 

work suggests that when forming rGO-biopolymer composites from solution, an in-situ reduction 

process is advantageous for achieving good properties. The electrical properties of the L-AA in 

situ-reduced rGO/PHB composites achieved in our work are comparable to the best values known 

in the biopolymer composite field, including graphene gelatin composites (conductivity of 10 S/m 

for 10 vol% rGO loading) and rGO/poly(lactic acid) composites prepared using glucose as a 

reducing agent (conductivity ~2.2 S/m for 1.25 vol % loading). An additional advantage of the L-

AA over N2H4 and NaBH4 is the low toxicity of this material, which makes it much suitable for 

some bio-related applications. Furthermore, despite the intrinsic brittleness of PHB, these strips 

were bent over the radii of curvature of up to 0.5 cm. As composites are solution-processible, 

printing techniques could be potentially used to pattern the composites for applications including 

wearable sensors, biocompatible actuators, and biodegradable circuits.  

A version of this chapter was published in Journal of Physical Chemistry C, under the title 

“Solution-Processed Conductive Biocomposites Based on Polyhydroxybutyrate and Reduced 

Graphene Oxide”. The contents are reproduced with edits here in accordance with the author’s 

rights and copyright policies of the publisher, American Chemistry Society.   
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3.1 Abstract 

Graphenic material/biopolymer nanocomposites have attracted attention for use in next generation 

flexible and degradable electronics. However, achieving high electrical conductivity (above 10 

S/m) and favorable mechanical properties in such materials remains a challenge. In this work, 

reduced graphene oxide (rGO)/polyhydroxybutyrate (PHB) films were both prepared from 

solution. Three reducing agents were investigated: sodium borohydride, hydrazine, and L-ascorbic 

acid. While for the first two reducing agents (sodium borohydride and hydrazine), GO was first 

reduced and then added to dissolved PHB, for the third reducing agent (L-ascorbic acid) an in-situ 

reduction was performed. We systematically investigated the impacts of the three reducing agents, 

by comparing their reduction efficiency, the residual functional groups presented on the GO, and 

the properties of the resulting composites of all the composites, reduction by L-ascorbic acid gives 

the lowest electrical percolation threshold (~1 wt%) and the highest electrical conductivity (30 

S/m on 8 wt% loading).  This conductivity value is on par with reported values for rGO/biopolymer 

composites. The mechanical properties of the composites were characterized, and the Young’s 
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modulus of all composites was found to be higher than pure PHB, reaching 5000 MPa for the 

maximum. A strain sensor was demonstrated using these composites. 

3.2 Introduction 

Biopolymers, derived from biological sources rather than oil – are increasingly attractive 

alternatives for conventional polymers. In addition to being “green”, they exhibit excellent 

biocompatibility. Like all polymers, the properties of biopolymers may be modified through the 

addition of a filler. Conductive biopolymer nanocomposites – comprised of conductive nanofillers 

embedded within an insulating biopolymer matrix – have tremendous potential in applications 

such as sensors, nano-actuators, conductive adhesives, etc. 1. Such materials have also been 

proposed for biomedical applications including wound-healing and tissue engineering 2. In 

conductive polymer composites (CPCs), the concentration of the nanofiller impacts many 

properties of the network, including conductivity, with a minimum loading required to form a 

continuous network, causing the material to transition from insulating to conductive (i.e., the 

electrical percolation threshold). However, increasing the filler concentration may result in 

undesirable effects such as particle agglomeration, impaired mechanical properties and increased 

cost. 3 Thus, obtaining a relatively low percolation threshold for CPCs is highly desirable, and can 

be strategically achieved by a good dispersion of nanofillers with intrinsically high electrical 

conductivity. Among the material candidates for nanofillers, reduced graphene oxide (rGO) – a 

type of graphenic material synthesized by chemical or thermal reduction of exfoliated graphene 

oxide – has been widely used in biopolymer composites due to its excellent electrical and 

mechanical properties 4–7. Among the methods that can be used for the preparation of rGO, solvent 

reduction is a versatile method, and many studies have focused on optimizing reducing agents and 

processes, as well as investigating the properties of the resulting rGO 8. Sodium borohydride 
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(NaBH4) is a commonly used reducing agent, which can trigger a hydride transfer reaction and 

remove the oxygen functional groups on the GO. NaBH4 is considered relatively safe to handle 

but with low reduction efficiency (i.e., a low ratio of C:O atoms in the final product) 9. Hydrazine 

(N2H4) is another commonly used reducing agent for GO. Hydrazine has been shown to result in 

a high reduction efficiency 10, however it is toxic to humans and the environment. Ascorbic acid 

(L-A.A) is a natural “green” reducing agent 11, which has been previously used to make 

gelatin/graphene composites with a relatively low percolation threshold (0.033 vol%); however, 

the conductivity of these composites is also relatively low (10 S/m with 10 vol.% rGO loading) 12. 

An additional advantage of L-A.A as a reducing agent is that it does not need to be removed after 

the GO reduction; residual L-A.A can, in fact, act as stabilizer for the rGO dispersion 11,13.  

 

Polyhydroxybutyrate (PHB) is a biopolymer produced by bacteria that can be degraded by 

microorganisms in a natural environment 14. Traditional uses of PHB include medical implants, 

surgical sutures, and food packaging due to its stability, non-toxicity, non-immunogenicity, and 

water-proof properties 15–17. Most importantly, the biocompatibility of PHB makes it a promising 

material for biosensors. However, one of its drawbacks is its narrow processing window. The onset 

of thermal degradation begins at around (220 ºC), which is relatively close to its melting 

temperature (175 ºC) 18,19. An alternative processing method is solvent casting, which involves 

dissolving polymer in a suitable solvent and then evaporating the solvent to obtain films with 

tunable properties. Recently, our group has shown that solution processing of PHB in boiling acetic 

acid can result in free-standing films with good mechanical properties 20. In order to optimize the 

mechanical, electrical, and thermal properties of PHB, nanoparticles can be blended into PHB. 

Such materials have potential as the next generation green composites in many fields 21. 
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Nanofillers from the carbon family 22,23 are of particular interest due to their extraordinary 

electrical and thermal properties and low cost. It has been reported that adding graphenic materials 

to PHB not only improves the mechanical properties (e.g. Young’s modulus, toughness, etc.), but 

also yields composites with good electrical properties ( ~1 S/m resistivity on 2.5 vol% graphene 

loading) 22,24. 

 

In our work, the effects of different reducing agents (sodium borohydride, hydrazine, and L-A.A 

(ascorbic acid) have been systematically investigated, and the electrical and mechanical properties 

of composites formed with rGO prepared using each of these agents have been compared. The 

reduction efficiency of the reducing agents was measured using X-ray photoelectron spectroscopy, 

and the defects on the surface of rGO in pure form and within the composite were characterized 

by Raman spectroscopy. The morphology of the rGO and the filler dispersion were evaluated by 

SEM and optical microscopy, respectively. XRD was utilized to further probe the dispersion of 

the filler, and its effect on the crystallinity of the polymer. This characterization work was utilized 

to understand the differences in the electrical and mechanical properties of composites formed 

with each of the reducing agents. Finally, a proof-of-concept strain sensor was demonstrated using 

a PHB-rGO composite.   

3.3 Experimental methods 

Materials 

Large flake graphite was obtained from Alfa Aesar. Sulfuric acid (98%), phosphoric acid (98%), 

hydrogen peroxide (30%), hydrochloric acid (37%) and potassium permanganate were purchased 

from Fisher Scientific. PHB biopellets were provided by Bulk Reef Supply, USA. Glacial acetic 
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acid (99 %), hydrazine monohydrate (N2H4 64-65 %), Sodium borohydride powder (NaBH4), and 

L-ascorbic acid (L-A.A) were obtained from Sigma-Aldrich, Canada and used as received.  

Preparation of GO slurry 

The large flake graphite was oxidized using Tour’s improved Hummer’s method. 143 Briefly, 3g 

of graphite was added to a sulfuric acid (360 mL)/phosphoric acid (40 mL) mixture. The oxidizer, 

18 g of potassium permanganate was then added slowly under stirring and the temperature raised 

to and maintained at 45 C for 16 h. The mixture was then allowed to cool to room temperature 

before pouring the dispersion over 400 g of ice to quench the reaction. Hydrogen peroxide was 

slowly added to the reaction (~5 mL) causing effervescence until the dispersion turned a whitish 

yellow color. This dispersion/slurry was separated from the acids by centrifugation and the pellet 

re-suspended in water. This washing procedure was repeated twice using hydrochloric acid 

followed by three washes with ethanol. The resulting GO was kept in ethanol as a stock which we 

find useful for keeping the graphene oxide sheets exfoliated and solvated. XRD and AFM images 

of graphene oxide single layers prepared from a diluted stock dispersion in ethanol are shown in 

Figure 3.2 and 3.3. With the exception of some overlapping sheets, the exfoliated material all range 

in thickness from 0.7 to 1 nm which is thickness attributed to graphene oxide single layers. 

Preparation of rGO/PHB thin films 

Three different reducing agents were used, employing one of two methods: (1) a solvent exchange 

process (using either NaBH4 or N2H4 as the reducing agent) (2) a simple in-situ reduction process 

(using L-A.A as the reducing agent), as shown in Figure 3.1. To reduce the GO using NaBH4, the 

method described in Samulski’s group26 was adopted. The GO slurry described in the preceeding 

section was centrifuged at 20,000 for 20 min, and the supernatant was removed. The resulting 
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concentrated solution was then resuspended in water. This process was repeated twice, and the 

quantity of water added was selected to achieve a final concentration of 1 mg/mL. This GO 

solution was then heated to 100 °C on a hotplate under continuous stirring at 200 rpm. A chilled 

NaBH4 (50 mM) solution was prepared and was immediately added drop-wise into the GO solution. 

The resulting solution was covered and heated to 80 °C  under continuous stirring for 2 hrs. To 

prevent the hydrolysis of NaBH4, sodium bicarbonate solution (NaHCO3) was used to buffer the 

pH of the solution to 9. At the end of the two hours, the solution appeared to be totally black with 

no visible precipitation. This solution was cooled and then purified using dialysis. Approximately 

50 mL of sample solution was added to a dialysis tube. The tube was then submersed in Millipore 

water, where the volume of the ultra-purified water was at least 40 times the volume of the sample. 

This water (which was kept at room temperature) was refreshed every 24 hrs for 3 days. After the 

dialysis, the solution (rGO in water) was kept in a beaker until use.  

To reduce the GO using hydrazine, the method described in Ruoff’s work 27  was adopted. Briefly, 

the GO was transferred from ethanol to water by two cycles of centrifuging (20,000 g, 10 min) and 

re-dispersion; with the volume of water the second time selected to achieve a concentration of 1 

mg/mL. The solution was then heated to 100 ºC, and 98 % hydrazine solution (weight ratio of GO 

and hydrazine: 7:1) was added with continuous stirring at 100 ºC for 24 hrs under reflux. The 

solution turned from light brown to black immediately upon mixing. After cooling, 50 mL of 

sample solution was added to a dialysis tube where the tube was submersed in 0.5% ammonia 

solution refreshed every 24 hrs at room temperature for 3 days. After the reaction, the rGO solution 

was kept in a covered beaker until use. The rGO was dried in 80 °C oven overnight to get the rGO 

powder.  
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To form composites with rGO reduced by NaBH4 and by N2H4, a solvent exchange procedure was 

first performed to transfer the rGO to acetic acid. The prepared rGO solutions were centrifuged 

(20,000 g, 10 min) to remove water and impurities and re-suspended in acetic acid (twice), to 

produce a slurry with a concentration of 0.75 mg/mL. The resulting rGO slurry was added to a 

prepared PHB dispersion (0.05 g/mL PHB in acetic acid) with vigorous stirring at acetic acid 

boiling temperature (118 ℃) for 4 hrs with refluxing acetic acid to obtain a homogeneous 

rGO/PHB dispersion. The rGO was dried overnight at 80 °C in an oven, yielding an rGO powder.  

To reduce the GO by L-ascorbic acid, the method described by Guo’s group 28 was adopted. Firstly, 

the slurry was centrifuged and resuspended in acetic acid two times, ultimately forming a solution 

with a concentration of 1 mg/ml. GO/acetic acid solution and was prepared and preheated to 118 ℃ 

(where the hot plate was set as 160 ℃). A small amount of PHB was added to act as a stabilizer 

(~0.04 g PHB) (note that this step was omitted for preparing samples for analysis by XPS, as in 

this case the PHB would contribute additional functional groups).  L-A.A was added to the GO 

solution (2:1 wt, L-A.A: GO) under vigorous stirring and continuous heating at 118 °C for 2 hrs. 

No purification step was needed to remove the L-A.A residue, as it has been shown that the L-A.A 

can act as a stabilizer for rGO in an aqueous solution 13. Subsequently, the prepared rGO solution 

(1 mg/ml) was further mixed with PHB (0.05 g/ml）by dissolved in acetic acid to form a 

homogeneous mixture at 118 ℃.  

For rGO-PHB mixtures prepared using each type of reducing agent, thin films were prepared by 

solvent casting. Approximately 5 ml of solution at 140 ℃ was dispensed onto a glass substrate at 

140 °C. Heating of the substrate continued until all of the solvent evaporated (as observed by eye), 

which usually took around 3 minutes. 
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Figure 3.1. Schematic illustration of experimental process. 

 

Figure 3.2 XRD patterns of GO/ethanol slurry before and after drying. Graphite was 

intentionally added as a reference to normalize the peak positions – see d002 peak near 2 = 

27.  

3.4 Characterization 

X-ray photoelectron spectroscopy (XPS)  

X-ray photoelectron spectroscopy (XPS) analysis was conducted at room temperature using a 

Kratos AXIS 165 spectrometer with a monochromatic (Al) X-ray source. XPS was performed over 
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binding energy values ranging from 0 eV to 103 eV at a scan rate and energy step of 2 eV/s and 

400 meV, respectively. The chemical composition of the rGO sample was estimated by integrating 

the peaks at the known binding energies using CasaXPS software. To prepare the samples for XPS 

measurements, the GO slurry and the three types of rGO solutions were dried in the oven overnight 

at 60 ℃, and the resulting powders were then sandwiched between two glass slides and 

compressed by hand to form films. 

X-ray diffraction 

The crystallinity of GO, rGO, and of the composites was examined using a Rigaku XRD Ultimate 

IV (Cu-source) in the range of 2 = 5° to 40° at a rate of 2°/min at 44 kV. GO and rGO powder 

samples were examined by sandwiching material between two glass slides to keep the surfaces flat. 

The composite film samples were cut into 22 cm2 and kept flat for testing of thin films.  

The degree of crystallinity was calculated using the equation: 𝑋 =
𝐼𝑐

𝐼𝑐 + 𝐼𝐴
× 100%, where Ic and IA 

are the intensity of crystalline and the amorphous phases, respectively. A peak fitting procedure 

was implemented to determine these values; the sharp peaks were assumed to be crystalline  and 

the rest of the area was considered to correspond to amorphous regions.  

Raman spectroscopy 

Raman spectra were recorded using a Thermo Nicolet Almega XR Raman Microscope at an 

excitation wavelength of 532 nm. 
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Surface Morphology and Dispersion 

The surface morphologies of composites, the degree of dispersion within the matrix, and the 

thickness of composites were examined using both scanning electron microscopy (SEM, Zeiss 

Sigma FESEM w/EDX EBSD) and optical microscopy (Celestron 400x Laboratory Biological 

Microscope). SEM images were collected from powder rGO samples. To prepare these samples, 

rGO suspensions were dried in beakers in the oven at 60 ℃ overnight. To prepare samples for 

SEM, GO and rGO were mounted on carbon tape and sputter-coated with 10 nm of gold; samples 

were then imaged with 5 kV of accelerating voltage. To prepare composite films optical 

microscopy, 200 μm thin slices were cut using a microtome (allowing the cross-sectional area to 

be imaged).  

 

Figure 3.3 AFM topographic image of GO/ethanol stock suspension. 

Electrical Characterization 

The volume resistivity of high resistance samples (resitivity > 104 Ω-cm) was measured through 

the thickness of the sample with a ring electrode (model 8007) and Keithley 6517A electrometer. 
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The surface resistivity of samples with lower resistance was determined using a four point probe 

(Kelvin sensing) station with 1 mm probe spacing and a Keithley 2400 electrometer. The powder 

samples were compressed into thick films by a compressor with a loading of 2000 kg before 

resistance measurement. The resistance of the samples during bending was measured using a 

Keithley 2400 while the samples were deformed around cylinders with radii of curvature ranging 

from 1 cm to 2 cm. 

Mechanical Characterization 

Mechanical testing for the composites was carried out in tensile mode using an Instron 5943 

(Instron, Norwood, MA, U.S.A.) with a 1 kN load cell at a strain rate of 10 mm/min. Samples were 

cut into rectangular strips by a razor blade, and five specimens of each type were measured.  The 

error bar shown in the results represents the standard deviation of the five measurements.  

Thermal Gravimetric Analysis 

The thermal stability and actual content of filler of the blends was studied by using a 

thermogravimetric analyzer (TGA Model 1, Mettler Toledo, Columbus, OH, USA) equipped with 

the ultra-micro balance cell. Samples of 10 mg were prepared for characterization, from 25 to 400 ℃ 

at a heating rate of 10 ℃/min.   

3.5 Results and discussion 

X-Ray Photoelectron Spectroscopy  

The effectiveness of the reducing agents (in terms of their ability to remove O groups) was 

measured by XPS analysis, and the results are shown in Figure 3.4 and 3.5 The spectra for GO and 
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rGO are shown in Figure 3.5(a): C and O are the dominant peaks. The atomic ratio of carbon and 

oxygen was obtained by taking the ratio of C 1s to O 1s peak area in XPS spectra. The initial C/O 

ratio of the GO sample was found to be 2.3, which matches the published value (~2) 29. The high 

resolution spectrum of the GO sample (Figure 3.5(b)) shows that the main groups present are C=C, 

C-OH, C-N, and C=O groups. For the rGO prepared using the three different reducing agents, the 

C/O ratio of the GO increased from 2.3 to 3.8, 7.5, 10.2 after reduction using NaBH4, L-A.A, and 

N2H4, respectively. Higher ratios indicate more effective removal of oxygen functional groups and 

are expected to result in higher conductivity. 30 

The high resolution N1s spectrum is shown in Figure 3.4, and shows a single peak at a binding 

energy of 400 eV – corresponding to pyrrolic N. This confirms the N doping of the rGO. Figure 

3.5 (b) shows the deconvoluted high resolution spectra for rGO reduced by L-A.A. The residual 

oxygen-containing functional groups include C-OH/C-O-C (286 eV), C=O (287 eV), and O=C-O 

(289 eV), although with lower peak intensities than those observed for the GO. This confirms that 

most functional groups were removed during the reduction process, creating a larger amount of 

sp2 hybridization with the sheets. 

The C/O ratio achieved using NaBH4 as the reducing agent was 3.8, which is only moderately 

higher than that of GO (2.3). The high resolution curve indicates that carbonyl group is reduced 

effectively, while the carboxyl group is reduced to a lesser degree, which agrees with results from 

the literature 126.  

The highest C/O ratio (10.2) for the GO was achieved using N2H4, which agrees well with previous 

results from the literature (10.2). 31 The high resolution curve in Fig. 3.5 (b) shows that a number 

of functional groups – including, C-OH (binding energy = 286 eV), and C=O groups (binding 
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energy = 287 eV) – were mostly removed, but that the nitrogen group (binding energy = 401 eV) 

is present after the N2H4 reduction process (Figure 3.5a), N chemical dopants are introduced on 

the surface of the resulting rGO.  

Figure 3.4 High resolution XPS spectrum of N1s peak. 
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Figure 3.5 XPS spectra. (a) and (b) show the general XPS spectra and C 1s spectra of GO and rGO 

produced using the reducing agents L-A.A, N2H4, and NaBH4.  
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Raman Spectroscopy 

In order to confirm the existence of rGO-PHB complexes, the structure of both the rGO and the 

rGO-PHB composites was examined by Raman spectroscopy. The spectra of the GO and rGO 

reduced formed by the varying reducing agents and for GO are shown in Figure 3.6. Two distinct 

peaks and two broad peaks can be seen on the wavenumber regions of 1350, 1580, 2700, and 2900 

cm-1, corresponding to the D, G, 2D, and D’ bands, respectively. These four peaks correspond to 

the main vibrations for sp2-hybridized carbonaceous materials. The D band corresponds to the 

vibrations of aromatic domains but can only be observed in the presence of defects. The G band is 

attributed to the E2g phonon of sp2 carbon pairs. 27 The peak intensity ratio of D to G bands (ID/IG) 

is typically used to evaluate the properties of rGO, where the ratio is calculated based on the height 

of peaks. For carbons with small aromatic domains, the ID/IG ratio is expected to increase with 

domain size (up to ~2 nm). 32 This ratio then decreases as the domain size grows and defects are 

removed. The ID/IG ratio of each material (1.24, 1.28, and 1.32, for rGO reduced by NaBH4, N2H4, 

and L-A.A, respectively) is higher than for GO (0.97), with the highest value corresponding to L-

A.A (1.32). These increased values of ID/IG suggest the growth of sp2 clusters since the defect 

density is expected to be high and the domain size is likely < 2 nm for such rGO. 33  

The Raman spectra of the composites formed using 4 wt% rGO (reduced by each of the three 

methods) are shown Figure 3.6. The ID/IG ratio of composites formed using different reducing 

agents follows the same trend as for the rGO itself (ID/IG L-A.A > ID/IG N2H4 > ID/IG NaBH4). Overall, 

the values for the composites (1.11-1.18) are slightly lower than for the corresponding materials 

compared with rGO and GO values (1.24-1.32), indicating the covalent or non-covalent bonding 

of the polymer to basal and edge planes of the rGO in the composites. The ID/IG ratio were also 
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calculated based on the area of the two peaks, shown on Supplementary information Table 3.1.  

Results show the same trend and offer the same discussion as before. 

  

Figure 3.6 Raman spectra of GO, rGO (reduced from NaBH4, N2H4, L-A.A from up to bottom), 

and rGO composites. 

Table 3.1 Raman ID/IG Values calculated by integrated peak areas. 

Material 

 

GO rGO 

(NaBH4) 

rGO 

(N2H4) 

rGO 

(L-

A.A) 

Composites 

(NaBH4) 

Composites 

(N2H4) 

Composites 

(L-A.A) 

ID/IG 0.92 1.26 1.36 1.44 1.15 1.11 1.21 
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Electrical Characterization 

The resistivity of rGO prepared using each reducing agent was measured, and the results are shown 

in Table 3.2. To calculate these values the film thickness was required; typical film thicknesses 

were around 80 µm. The resistivity of the material reduced using NaBH4 (5.6 Ω-cm) was found to 

be the highest, which may be attributed to the comparatively low C/O ratio. The resistivity of rGO 

from L-A.A (4.65 × 10-11 Ω-cm) and N2H4 (4.53 × 10-11 Ω-cm) were found to be quite similar, 

despite their differences in C/O ratio.  

Thermogravimetric analysis (TGA) was carried out to examine the real content in composites, and 

the results shown on Figure 3.7 and 3.8, showing that the real content of rGO (i.e. the mass 

remaining after the sample had been heated to 400 ℃)  matched the proportion added during the 

experiment, indicating GO has been almost fully converted to rGO during reduction process Figure 

3.9 illustrates the electrical characteristics of the three kinds of composites, and all show decreasing 

resistance with increasing wt% of rGO. Pure PHB (0 wt% filler) was found to be an insulator, with 

a resistivity of 1×1015 Ω-cm. As expected, samples with a higher wt% of nanofiller were 

conductive than samples with lower wt% of nanofiller. Among three types of composites, those 

prepared from NaBH4 were the most resistive (i.e., the poorest conductors) for all concentrations, 

with a resistivity of 5 ×105 Ω-cm at 2 wt% loading, 2 ×104 Ω-cm at 3 wt % loading, and 150 Ω-

cm at 8 wt % loading (corresponding to a conductivity of 0.6 S/m). Those prepared from L-A.A. 

were least resistive, with a resistivity of 480 Ω-cm (corresponding to a conductivity 0.1 S/m) at 2 

wt% rGO loading, and 80 Ω-cm (1 S/m) at around 3 wt% loading, and a resistivity of ~3 Ω-cm at 

8 wt% loading (conductivity = 30 S/m). In contrast, the composites from N2H4 were found to have 

a resistivity of 8×104 Ω-cm (conductivity of 1×10-3 S/m) at 2wt % and 1000 Ω-cm (0.1 S/m) at 3 
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wt% loading, and the ultimate resistivity of 18 Ω-cm (conductivity of 5.3 S/m) on 8 wt% loading. 

The electrical percolation threshold – the critical filler content at which the conductivity increases 

greatly – was determined to be around 1.5, 2, 1 wt% for NaBH4, N2H4, L-A.A. composites, 

respectively, by estimating between collected data points. The actual, measured values are 

comparable to the nominal values, so we can exclude these differences when explaining the 

properties of the resulting composites. 

 

Figure 3.7 TGA data of L-A.A reduced GO composites.  
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Figure 3.8 TGA data of pure PHB and 3 wt% composites reduced by NaBH4, N2H4, and 

L-A.A reducing agents. 

 

Figure 3.9 Electrical resistivity of three kinds of composites, plotted in terms of wt% loading of 

rGO. 
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Figure 3.10 Electrical resistivity of three kinds of composites, plotted in terms of vol.% rGO 

loading. 

 

Reducing agents resistivity (Ω-

cm) 

C/O ratio Doping Conditions 

NaBH4 

N2H4 

L-A.A 

Untreated GO                

5.6 

0.0454 

0.0465 

~1012  

3.8  

7.5 

10.2 

1.8 

None 

N-doped 

None 

None 

80~90℃, 4hrs 

100℃, 4hrs 

160℃, 2hrs 

None 

Table 3.2 Resistivities of compressed GO and rGO powder films.  

X-Ray Diffraction (XRD) 

The crystal structures of the GO powder and rGO produced using each reducing agent (as both 

powders and composites) were studied by XRD, as shown in Figure 3.11. The specific crystalline 
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peaks were used to determine if we successfully reduced GO from rGO characterization peaks and 

to indicate the extent of rGO exfoliation by comparing the position of composite peaks. Figure 

3.11 (a) shows the XRD patterns of GO and rGO prepared using NaBH4, N2H4, and L-A.A. The 

GO exhibits a strong peak around 10°, characteristic of the (002) plane, while the reduced materials 

exhibit broader peaks at larger angles (~15°-20°) centered at ~20°. These broad peak suggests that 

the rGO sheets may exist as monolayers or as stacks consisting of only a few layers, thereby 

resulting in only limited diffractions over a variety of angles. The d-spacing of the sheets can be 

calculated from the value of the peak using Bragg’s law. For the GO, the d-spacing was determined 

to be around 7.50 Å; as expected this is larger than the value known for natural graphite (3.34 Å) 

34, indicating that an increase in interlayer spacing occurred due to the introduction of oxygen 

groups between the layers. The broad peaks of the reduced materials correspond to an interlayer 

distance of ~4Å (as calculated by Bragg’s law). The d-spacing of the rGO (4 Å) falls between the 

d-spacing of GO (7.50 Å) and natural graphite (3.34 Å) , suggesting that the reduced material 

maintains a stacked structure.  

Figure 3.11 (b) depicts the XRD patterns of the composites and also of pure PHB. The XRD pattern 

of pure PHB includes peaks at 2θ values of 13.1 °, 16.7 °, 19.5 °, 21.2 °, 22.4 °, 25.4 °, which can be 

attributed to the (020), (110), (021), (111), and (121) crystal planes of the polymer, respectively. 

The patterns of the composites are all quite similar to each other and to the pattern of the pure PHB. 

Each type of rGO powder exhibits a broad diffraction speak spanning from around 10° to 30°, 

suggesting that the material is amorphous. This broad peak is absent in the composite materials, 

indicating good exfoliation of rGO in the polymer matrix regardless of the type of reducing agent. 

The analysis of XRD different peaks revealed that the overall crystallinity of each of the 

composites (~60%) was lower than that of the pure PHB (73.8 %). In addition, the inclusion of 
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rGO also results in a change in the relative intensity of the peaks corresponding to the (020) and 

(110) planes of the polymer (both the peak intensity values and the integrated area for the (020) 

and (110) peaks are shown in the Table 3.3.   For the pure polymer, the intensities of these peaks 

are approximately equal, and the ratio of integrated area for the (020):(110) peak is 0.83. For each 

composite, the integrated area of the (110) peak is less than the integrated area of the (020) peak; 

the ratio of these values is around 1.21. A similar change in the ratio of intensities of these peaks 

has been observed previously by Arza et al., who observed an increasing ratio between the 

intensity of the (020):(110) peaks of PHB with graphene oxide (GO) filler. 35 In their work, this 

ratio increased with increasing wt% loading of GO. They attributed these differences to 

preferential orientation effects within the polymer.  

 

Figure 3.11 XRD pattern of GO, rGO, PHB (a), and 4wt% composites (b). 
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Table 3.3 XRD intensity ratios of pure PHB and composites. 

 

Polymer 

 

Total  

Crystallinity 

(%) 

 

Intensity 

Height 

(020) 

 

Intensity 

Height 

(110) 

 

Area 

(020) 

 

Area 

(110) 

 

Ratio of 

(020):(110) 

(by area) 

 

Pure PHB 

 

73.78 

 

453 

 

422 

 

3185 

 

3839 

 

0.83 

4 wt% 

rGO/PHB 

(L-A.A) 

 

62.45 

 

302 

 

208 

 

1944 

 

1613 

 

1.21 

4 wt% 

rGO /PHB 

(N2H4) 

 

61.68 

 

247 

 

159 

 

1569 

 

1302 

 

1.21 

4 wt% 

rGO /PHB 

(NaBH4) 

 

59.61 

 

237 

 

139 

 

1470 

 

1211 

 

1.21 

 

Scanning Electron Microscopy (SEM) 

To investigate the morphologies of GO and rGO from the different reducing reagents, scanning 

electron microscopy (SEM) was employed, and the results are shown in Figure 3.12. The size of 

the sheets of each type of material can be qualitatively observed from Figure 3.12; the sheets of 

the GO in its initial (unreduced state) were the largest in lateral size while the sheets of the rGO 

reduced by NaHB4 were the smallest. Fragments of smaller particles were observed in all the rGO 

images (diameter of 5~10 μm), which is attributed to the inevitable fracture of the sheets during 

mechanical stirring.  
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Figure 3.12 SEM images of GO (a), rGO-NaBH4 (b), rGO-N2H4 (c), rGO-L-AA (d). 

Optical Microscopy 

To explore the rGO distribution in the polymer matrix, thin slices (200 µm) of composites prepared 

by each reducing agent (1 wt% rGO in PHB) were cut using a microtome and imaged using optical 

microscopy (Figure 3.13). Figure 3.13a and d depict low and high magnification images of 

composites prepared using NaBH4. Agglomeration of the rGO can clearly be observed 

(particularly at high magnification). The films prepared using rGO reduced from N2H4 are shown 

in Figures 3.13 b and 3.13 e; this rGO tended to agglomerate more than other two types, with the 

largest clusters of material observed in the low magnification images. The films prepared using 

rGO reduced by L-A.A are shown in Figures 3.13 c and 3.13 f, and of the three types of composites, 

the best dispersion is seen in L-A.A reduced samples.  
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Figure 3. 13 Optical images of 1wt % rGO composites reduced from NaBH4(a), N2H4(b), L-A.A. 

(c) and higher magnification images (d), (e), (f), respectively. 

Mechanical Testing  

The mechanical properties of the composites with the best electrical properties (those formed using 

L-A.A as the reducing agent) were characterized using a tensile tester (Figure 3.14). Figure 3.14 

(a) shows typical strain-stress curves for pure PHB and reduced rGO-PHB composite (4 wt%), and 

Young’s Modulus changes were given in Figure 3.14 (b). Table 3.4 shows the Young’s modulus, 

ultimate tensile strength values, and strain at break of 4 wt% rGO samples. All 4 wt% loading 

composites show increases in the Young’s modulus and ultimate strength. The differences may be 

related to the structure of rGO. For example, the Young’s modulus of the pure PHB (~1000 MPa) 

increased to 5000 MPa (total increase in modulus: 400 %) in L-A.A samples but NaBH4 reduced 
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samples show similar Young’s modulus as pure PHB. However, the main drawback is that the 

addition of rGO reduces the elongation at break, meaning that the composites are more brittle than 

the pure material. Samples with higher loading rGO were fragile and difficult to characterize, 

results for these materials are therefore not shown.  

 

Figure 3. 14 Typical strain-stress curves of PHB and 4 wt% rGO composites (a), Young’s Modulus 

change as a function of wt% loading (b). 
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Samples Ultimate tensile strength 

 (MPa) 

Young’s modulus 

(MPa) 

Strain at break 

(%) 

Pure PHB 

NaBH4 

N2H4 

L-A.A                

22.10 ± 2.16 

24.66 ± 0.58                                    

31.87 ± 1.07 

32.00 ± 1.43 

994.68 ± 329.21 

1145.40 ± 91.84 

3409.20 ± 953.53 

4061.60 ± 1141.20 

   4.64 ± 0.68 

   2.34 ± 0.35 

   2.29 ± 0.33 

   2.16 ± 0.52  

Table 3.4 Mechanical properties of 4 wt% rGO samples and PHB. 

Development of a strain sensor 

Based on its relatively good mechanical and electrical properties, the 4 wt% composite of L-A.A-

reduced rGO/PHB was further investigated as a strain sensor. The electrical properties of this 

material were measured as a strip of the composite was bent through decreasing radii of curvature. 

Figure 3.15 (a) shows the variation in resistivity as a function of the strain applied to the top surface 

of the sample during bending. As the radius of curvature decreases, the strain on the top edge of 

the sample increases, leading to a corresponding increase in resistance of up to 35% for a strain of 

0.7%. The curve follows an approximately linear trend, and the results shown were measured on 

a single sample over 3 repeated cycles and averaged. These results suggest that these 

rGO/biopolymer composites could form the basis for the fabrication of biosensors. To further 

demonstrate the utility of the materials, Figure 3.15 (b) shows a 4 wt% composite used as the 

conductor to transfer current from a 3V battery to illuminate an LED.  
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Figure 3.15 (a) Resistance change as a function of strain. (b) Images of 4wt% composite strips as 

a conductive and flexible circuits, and bulb was lit up under 3V. 

3.6 Discussion 

Chemical and physical analysis of the rGO prepared using three different reducing agents revealed 

a variety of differences. XPS revealed that hydrazine (N2H4) is the most effective reducing agent, 

with a C/O ratio of 10.2. Raman spectroscopy further showed the rGO produced from N2H4 had 

fewer oxygen functional groups on the basal and edge planes of carbon atoms, resulting in larger 

aromatic domains and thus less structural disorder. However, from the SEM images, it could also 

be seen that the reduction process resulted in relatively smaller sheets when N2H4 was used. 

Composites of this material and PHB were formed by first reducing the GO, and then blending the 
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resulting rGO with PHB dissolved in acetic acid. The dispersion of the resulting material was 

relatively poor, and larger clusters were visible in the 1 wt% samples by optical microscopy, 

indicating poor compatability between the nanosheets and polymer matrix. A similar effect was 

seen in the solution prior to casting: some small agglomerates were observed by eye. Despite the 

fact that N2H4 was the most effective reducing agent, the conductivity of the composites at each 

wt% loading was intermediate with respect to the other two reducing agents. The introduction of 

N groups (seen from XPS) may affect subsequent properties such as conductivity.  While N is 

known to dope more pristine graphene which improves conductivity, the rGO is expected to be 

much more defective and the N may act as additional defect sites to the residual oxygen present 

which likely reduces the electronic mobility even further. 

  

Composites formed with NaBH4-reduced rGO exhibited the poorest electrical properties, due to a 

variety of reasons. NaBH4 was the least effective reducing agent (C/O ratio of 3.8), with the most 

oxygen functional groups visible on the high resolution spectra (Fig 3.5 b). This result is further 

supported by the fact that no visible agglomeration was observed in the resulting rGO solution, 

indicating that this solution contained large quantities of unreduced GO (which is hydrophilic and 

therefore easily dispersed). The rGO itself is hydrophobic, and will naturally agglomerate in the 

solvent without surfactant or stabilizers. Similarly, characterization by Raman spectroscopy 

revealed that this material has the highest level of structural disorder. As for the N2H4, the reducing 

process led to a decrease in the size of the sheets from the GO (as seem by SEM), and these sheets 

maintained a fairly layered structure (as seen by XRD). All of these properties (surface defects, 

small sheet sizes) contributed to the relatively poor electrical conductivity of the rGO itself, which 

was an order of magnitude higher than for the rGO reduced by the other two reducing agents. The 
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rGO in the composites was poorly dispersed, and overall the electrical properties of these 

composites were the poorest.  

 

The L-A.A- reduced rGO was found to be the best candidate as nanofiller to fabricate rGO/PHB 

composites, which has the smallest electrical threshold (1 wt%) and highest conductivity (30 S/m, 

8 wt% loading). This value is on par with the highest demonstrated rGO biopolymer composites, 

including graphene gelatin composites (conductivity of 10 S/m for 10 vol.% rGO loading) and 

rGO/polylactic acid (PLA) composites prepared using glucose as a reducing agent (conductivity ~ 

2.2 S/ for 1.25 vol.% loading) 12,36. Several important factors could explain this result. First, the 

high intrinsic conductivity of L-A.A-reduced rGO (2150 S/m) is a prerequisite of forming highly 

conductive nanocomposites. The high ID/IG of the rGO itself suggests low defects in the structure 

of the material, which likely contributes to this high conductivity. Second, of the materials studied 

here, L-A.A-reduced rGO has the largest lateral size (as seen by SEM), which is beneficial for 

transporting electrons across the surface of the material. It has been reported that rGO sheets which 

are larger in size can result in composites with higher conductivity due to the increased contact 

area between conductive particles 37–39. Of the rGO, the material reduced from L-A.A has the 

largest lateral size, followed by N2H4, which helps to explain why composites formed from rGO 

reduced by L-A.A and N2H4 showed higher conductivity than composites from NaBH4. 

Characterization of the composites by Raman spectroscopy showed that the highest ID/IG value 

(1.18) was for the rGO (L-A.A)/PHB composite, indicating synergistic effects of covalent and 

non-covalent interactions between fillers and polymer chains. These strong interactions can 

positively impact both the electronic and mechanical properties of the composites. One reason for 

the strong interactions between the matrix and nanofiller is that the composites formed from L-
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A.A-reduced rGO and PHB could be formed in-situ reduction process. In this process, a small 

amount of PHB was added to the solution during the reduction process to act as stabilizer to 

disperse the rGO. In L-A.A reduction and composite fabrication, no solvent change process is 

needed compared with using the other two reducing agents. Furthermore, L-A.A can also play a 

role of stabilizer, leading to a well-dispersed rGO (L-A.A) in the polymer matrix. Good dispersion 

was observed by optical microscopy of the 1 wt% samples, with the fewest and smallest clusters. 

An even distribution of nanofiller is vital for the good properties of composites as large 

agglomeration can deteriorate the mechanical properties (e.g. brittleness) or form weak electron 

movement path.  

 

Based on the favorable electrical properties of the L-A.A-reduced rGO/PHB composites, this 

material was further characterized to investigate its potential for use as a material in biocompatible 

actuators and sensors. Mechanical characterization showed the strain to failure increased from 25 

MPa for pure PHB samples to 34 MPa for 4 wt% composite samples, and that the modulus of all 

composite samples increased as a function of rGO loading. However, with increasing loading of 

rGO the ductility of the samples (elongation at break) dropped. Nevertheless, the composite 

samples were found to be flexible in bending.  A proof-of-concept bending sensor was fabricated, 

and the resistivity of the sensor was found to increase reversibly by 35% as the sample was bent 

to a radius of curvature of 0.5 cm (corresponding to a strain of 0.8%). This suggests that the 

composites can be potentially used as flexible piezo-resistive type sensors for applications such as 

tracking the movement of the human body. 
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3.7 Conclusions 

In this work, we systematically examined three types of rGO/PHB bio-inspired composites 

employing two methods: rGO blending (of NaBH4 and N2H4-reduced rGO) and in-situ reduction 

of GO by L-A.A. L-A.A.-reduced rGO/PHB composites showed the best electronic properties, due 

to both the good dispersion of the nanofiller in the matrix, and the large sheet size and high intrinsic 

conductivity of the rGO itself. This work suggests that when forming rGO-biopolymer composites 

from solution, an in situ reduction process is advantageous for achieving good properties.  The 

electrical properties of the L-A.A in-situ reduced rGO/PHB composites achieved in our work are 

comparable to the best values known in the biopolymer composite field. An additional advantage 

of the L-A.A. over N2H4 and NaBH4 is the low toxicity of this material, which makes it much 

suitable for some bio-related applications.  

 

One potential area of application for conductive rGO-PHB composites is in sensing mechanical 

deformations and pressures. As a proof-of-concept, a simple strain sensor was demonstrated 

simply by cutting the PHB into strips and measuring the resistivity of the material as it was 

deformed in bending mode. Despite the intrinsic brittleness of PHB, these strips were bent over 

radii of curvatures of up to 0.5 cm. As the materials are solution-processible, printing techniques 

could potentially be used to pattern the composites for applications including wearable sensors, 

biocompatible actuators, and biodegradable circuits.  
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4. A Flexible Temperature Sensor Based on Biopolymer-Reduced 

Graphene Oxide Composite 

Sensors were fabricated by drop-coating PHB-rGO composites onto printed silver electrodes, and 

the devices were characterized.  Both neat samples of pressed rGO and composites were found to 

be negative temperature coefficient materials. Thermal mapping was demonstrated using 6 x 7 and 

12 x 12 array of sensing elements (over a total area of 10 cm x 10 cm). The sensors were found to 

have good selectivity to temperature with respect to pressure and moisture.  

A version of this chapter has been published in Advanced Healthcare Materials entitled, “Flexible 

and Stretchable Temperature Sensors Fabricated Using Solution-Processable Conductive Polymer 

Composites”. The contents are reproduced here in accordance with the author’s rights and 

copyright policies of the publisher, Wiley.    

Flexible and Stretchable Temperature Sensors Fabricated Using Solution-Processable 

Conductive Polymer Composites 

Li Dan, Anastasia Elias  

Department of Chemical and Materials Engineering, University of Alberta,` Edmonton, AB T6G 

1H9 Canada 

4.1 Abstract 

Accurate monitoring of physiological temperatures is important for the diagnosis and tracking of 

various medical conditions. This work presents the design, fabrication and characterization of 

simple and low-cost temperature sensors using conductive polymer composites (CPCs). These 

composites were formed using a high melting point biopolymer polyhydroxybutyrate (PHB) as the 
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matrix and the graphenic nanomaterial reduced graphene oxide (rGO) as the nanofiller (from 3 to 

12 wt%), resuting in a material that exhibits a temperature-dependent resistivity. At room 

temperature the composites exhibited electrical percolation behavior; samples with 3 wt% (1.74 

vol%) rGO exhibited the largest resistivity (80 Ω cm). Around the percolation threshold, both the 

carrier concentration and mobility were found to increase sharply. Sensors were fabricated by 

coating PHB-rGO composites onto printed silver electrodes, and the devices were characterized. 

The temperature coefficient of resistance was determined to be 0.018 /℃ for pressed rGO powders 

and 0.008 /℃ for the 3 wt% samples (which exhibited the highest responsivity of all compoisites). 

All samples underwent fast responses of less than 70 ms. The composites were found to have good 

selectivity to temperature with respect to pressure and moisture. Thermal mapping was 

demonstrated using up to 12 x 12 array of sensing elements. 

Keywords: flexible temperature sensor, conductive polymer composites, reduced graphene oxide, 

mobility, direct ink writing, polyhydroxybutyrate (PHB) 

4.2 Introduction 

Temperature, a fundamental physical parameter, varies spatially and temporally.1–3 Accurate 

measurement of localized temperature on biological tissues – even while undergoing deformation 

or dynamic movement – would be useful in disease diagnosis and monitoring.4 Distinguishing 

signals from the surface of skin without impeding the users’ movement or measuring temperature 

on a curved surface such as a forehead is unachievable in traditional, rigid contact sensing devices. 

5–9 While infrared (IR) devices and thermal imaging cameras can provide fast results, a line of 

sight with the object must be maintained, and knowledge of the emissive properties of the surface 

are required. To monitor dynamic and spatial variations in temperature, many approaches have 

been reported on the development of flexible and stretchable sensors. One approach is to pattern 
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temperature responsive materials on sheet-like flexible substrates.10–14 Responsive elements are 

comprised of metals (e.g. platinum, nickel, gold, copper, etc.) that exhibit a linear increase in 

resistance as a function of temperature.15–18 This change in resistance results from the fact that as 

temperature increases, so to do the number of collisions/scattering events between electrons and 

phonons. This behaviour can be described numerically by the temperature coefficient of resistance 

(TCR), which is defined as the relative change in resistance per degree Celsius change in 

temperature. Typical TCR values for metals fall in the range of 0.003 to 0.006 /℃, where higher 

values correspond to higher sensitivity. Substrate properties are also important; in addition to 

providing mechanical stability and flexibility, the total thermal mass of the device must be small 

to avoid interfering with measurements. Thin polymer sheets or films are therefore often used, 

including polyimide, elastomers, polyethylene terephthalate (PET), fabrics, etc.12,19–22 For example, 

Rogers and coworkers designed platinum (Pt) patterns on the surface of KaptonTN (polyimide) tape 

with a measurable range of 20 to 100 ℃.23 This Pt sensor is flexible, highly accurate, and resistant 

to oxidation; though  Pt is quite expensive and difficult to process. An alternative metal is nickel 

(Ni), which has the highest known TCR amongst metals (0.006 /℃), and – like Pt – is processed 

using the standard microfabrication techniques of sputtering and lithography. 18  

Recently, electrically conductive polymer composites (CPCs) have been implemented as stimuli-

response materials that undergo a measurable change in electrical properties (e.g. resistance, 

capacitance etc.) upon exposure to the stimulus of interest.24–28 In these composites systems, 

conducting nanoparticles (e.g. carbon-based materials or metal particles) impart electrical 

conductivity to the composite, while the polymer matrix (which is typically insulating) provides 

mechanical stability.29–31 At low concentration the composite may be non-conductive, however 

when the loading of nanomaterials is increased beyond a certain threshold the resistance may drop 
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abruptly. The particular filler content at which this change occurs is called the electrical percolation 

threshold. One advantageous property of CPCs is that they are compatible with printing techniques 

including direct ink writing (DIW), 3D printing, and screen printing, and may therefore be 

patterned without the use of photolithography. 32–35  

In a CPC, either the polymer or nanofiller (or a combination thereof) may act as the sensing 

element that responds to changes in temperature. For example, the polymer may expand upon 

heating, increasing the separation between the conductive particles, leading to an increase in 

resistance (indicating that the material has a positive temperature coefficient, PTC).36 If the 

material composition is initially near the percolation threshold, the resistance can increase by 

several orders of magnitude upon heating.37 Thus PTC-type temperature sensors have been 

intensively used in overheat protection and self-controlled heating.38  The responsivity of a CPC 

may also result from the temperature-dependent properties of the nanofiller, some of which 

undergo a decrease in resistivity as a function of temperature (corresponding to a negative 

temperature coefficient, NTC). However, even if the filler undergoes a decrease in resistivity as 

temperature increases, the composite itself may have a PTC overall due to the thermal expansion 

of the polymer.29,39 These competing effects can result in low or non-linear temperature-dependent 

electrical behaviour. To address these problems, one approach is to add large-aspect ratio fillers, 

which could create more electrical contacts, minimizing the effect brought from volume expansion 

under heating. For instance, Chu et al. compared the sensing performance of low and high aspect 

ratio carbon nanotube(CNT) /polydimethylsiloxane (PDMS) composites and found that 

composites formed with high aspect ratio CNTs underwent larger drops in resistance upon heating 

than composites formed with low aspect ratio CNTs; the authors hypothesized that the longer 

(higher aspect ratio) CNTs were able to maintain a more connected network upon thermal 
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expansion of the PDMS than the shorter (lower aspect ratio) CNTs.40  In 2018, an NTC material 

was engineered by forming a foam of a CPC (carbon black/chlorinated poly(propylene 

carbonate)).41 When this porous material was heated, the expansion of the gas trapped in the pores 

resulted in the compression of the walls, causing a reversible increase in conductivity (as measured 

from 20 ℃ to 70 ℃). However, the behaviour of the material under mechanical deformation was 

not studied. Overall, very few polymer NTC materials with favorable sensing performance near 

body temperature have been illustrated.  

Reduced graphene oxide (rGO) – a graphenic material synthesized by thermal or chemical 

reduction of exfoliated graphene oxide (GO) – has been used in composites due to its large surface 

area and favourable electrical properties (relatively good electrical conductivity, high charge 

carrier mobility, and large carrier density). Pressed powders of rGO have a NTC, as the number of 

charge carriers increases with temperature, resulting in a reduction in resistance.42 However, these 

sheets tend to be very brittle and delicate, and therefore are not desirable for use in deformable 

sensors.43 Furthermore, a variety of chemical sensors have been implemented that leverage the 

change in conductivity that occurs when a gaseous analyte (such as water vapor) interacts with the 

surface of rGO 44,45 suggesting that rGO-based sensors may not have good selectivity for 

temperature. The mechanical properties of rGO can be improved through the formation of a 

composite; likewise, embedding rGO in a polymer with limited permeability could reduce 

interference from undesired analytes such as water vapor. For example, Lee et al. reported a gated 

rGO/polyurethane composite temperature sensor fabricated using standard lithographic techniques. 

Their sensor array showed up to 0.001/ sensitivity, and can be mounted on skin to monitor human 

temperature.46 However the sensor is sensitive to mechanical deformation, costly due to the 

complexity of lithographic fabrication, and exhibits relatively low sensitivity.   
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To engineer a highly responsive CPC based on rGO, the properties of the matrix must be carefully 

selected. A small thermal expansion coefficient is key to ensuring that the response of the material 

is dominated by the temperature-dependent properties of the rGO rather than by the thermal 

expansion of the polymer.  In this work, we engineer rGO polymer composites for use in wearable 

temperature sensors utilizing a polymer matrix with low thermal expansion, high thermal stability, 

and good resistance to moisture: polyhydroxybutyrate (PHB). PHB  is a biopolymer produced by 

bacteria that is biocompatible.47,48  The thermal expansion coefficient of PHB (40 µm/mK) is 

relatively low compared to polyester (125 µm/mK), polyethylene (PE) (200 µm/mK), and 

polyethylene terephthalate (PET) (59.4 µm/mK).49  PHB has a high melting temeprature (175 ℃), 

which should enable stability over a wide range of temperatures.50 PHB is also highly hydrophobic, 

which should make PHB-based devices and composites resistant to water. 48 Finally, PHB is 

soluble in chloroform and boiling acetic acid, enabling solutions to be formed that can be patterned 

using various printing techniques. In our previous work we compared the chemical and physical 

properties of PHB/rGO composites prepared using three different reducing agents, and found that 

– at room temperature – composites prepared using L-ascorbic acid by an in situ reduction method 

demonstrated very low percolation thresholds (0.1 vol%) and with relatively high conductivity at 

8 % loading. The excellent dispersion of these materials was shown using x-ray diffraction (XRD). 

48  

In this work, we investigate the suitability of a solution-processible polymer-reduced graphene 

oxide composite as a temperature-sensing material, and then manufacture and characterize printed 

devices incorporating this material. The responsive composite is formed from PHB matrix and 

sheet-like nanofiller (reduced graphene oxide (rGO)) with large lateral dimensions (40 to 50 µm). 

These composites are non-toxic and solution-processable.  We first examine the temperature-



84 

 

dependent electrical properties of the CPCs, for comparison against neat rGO. The physical, 

electrical and mechanical properties of composites with rGO loadings of 3 wt% to 12 wt% are 

systematically investigated. To explore the percolation behavior of the materials, in addition to the 

typical characterization of conductivity, both the mobility and charge carrier density of the samples 

at various filler loading are measured. To demonstrate the manufacturability of the materials, 

temperature sensing devices are fabricate by drop-casting rGO-PHB solutions on the surface of 

inkjet printed silver electrodes, and the temperature response, durability, stability, and water-

resistance of the devices are characterized. An array of devices (6 x 7, 12 x 12) are printed on a 

flexible substrate, and used to map the temperature profile of an object. To demosntrate that the 

PHB/rGO composites can be used in mechanically flexible temperature sensors, both thin, 

stretchable elastomeric substrates and functional meandering composite lines are printed by DIW. 

High adhesion is achieved between the active layer and the substrate, and the resulting devices can 

withstand strain while undergoing only a small change in resistance. As a proof-of-concept, the 

printed devices are then used to monitor temperature on the surface of skin.  

4.3 Materials 

PHB biopellets were purchased from Bulk Reef Supply, USA. The molecular weight was 

determined by Gel Permeation Chromatography (GPC) to be Mw: 190 kDa. The GPC method is 

described in our previous work.51 Large scale graphite flakes were purchased from Alfa Aesar Inc. 

Sulfuric acid (98%), hydrogen peroxide (30%), phosphoric acid (98%), hydrochloric acid (37%) 

and potassium permanganate particles were purchased from Fisher Scientific, Canada and used as 

received. Glacial acetic acid (99 %), L-ascorbic acid (L-A.A) were provided from Sigma-Aldrich, 

Canada and used as received. Silver ink was purchased from AgIC Inc, Japan and poured directly 

into the cartridge for inkjet printing. Polyethylene terephthalate (PET) film (Melinex 516, 3 mil) 

and silver paste (Pelco silver paste (Ted Pella, Inc.)) were used as received. Polydimethylsiloxane 
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(Sylgard 184, Dow Corning) was purchased from Sigma-Aldrich and was mixed in the standard 

10:1 ratio of elastomer: crosslinker prior to use.  

4.4 Experimental 

Preparation of GO slurry 

To synthesize graphene oxide (GO), graphite sheets with large lateral size were oxidized using the 

improved Hummer’s method.52 In detail, sulfuric acid (360 ml)/phosphoric acid (40 ml) was mixed 

with 3 g of graphite. 18 g of potassium permanganate, an oxidizer, was then added drop-wise into 

the above mixture under continuous stirring with constant maintaining temperature of 45 ℃ for 

16 h. The mixture was then allowed to cool to the room temperature before pouring the dispersion 

over 400 g of ice to quench the reaction. Hydrogen peroxide was slowly added drop-wise to the 

chilled solution until the dispersion turned a whitish yellow color. The slurry was separated from 

the acid by centrifugation and then re-suspended in water. The resulting GO was washed twice by 

hydrochloric acid and followed by three washes with ethanol and then kept in beaker for use.  

Preparation of rGO/PHB composite ink 

The composite rGO/PHB ink was prepared using an in situ reduction method described in our 

previous work, as illustrated in Figure 4.1.48 Figure 4. 1 The entire setup for direct ink writing. In 

detail, a solvent exchange was performed to transfer aqueous GO slurry to acetic acid by 

centrifuging the slurry at 20,000 rpm for 10 min and then replacing the solution with acetic acid 

(twice), ultimately forming a solution with a concentration of 1 mg/ml. The mixture was brought 

to a boil, and roughly 0.04 g of PHB pellets was added to act as a stabilizer; L-A.A was then added 

to the suspension (2:1 weight ratio, L-A.A:GO) under vigorous stirring and continuous heating at 

118 ℃ for 2 hrs. No purification step was needed to remove the L-A.A. The desired proportion of 
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PHB was dissolved in A.A  solution to form a homogeneous mixture at 118 ℃. The resulted black 

suspension was cooled to room temperature and kept in beaker for further use with no visible 

agglomeration. To fabricate temperature sensors, the composite ink was shaken well and a drop 

was dispensed onto the printed electrodes on a 140 ℃ hotplate. Substrate heating continued until 

all the solvent was evaporated (when the ink formed a visibly shiny and smooth surface, typically 

around 1 min).  

To convert the weight fraction to volume fraction, both density of rGO and PHB were used, with 

a value of 2.2 g/cm3 and 1.25 g/cm3, respectively. These values were input into the following 

equation: 𝑣𝑜𝑙 % =
A/2.2  (𝑔/𝑐𝑚3)  
A

2.2(𝑔/𝑐𝑚3)
+

𝐵

1.25(𝑔/𝑐𝑚3)
  
 × 100 %, where A is the mass (g) of nanofiller, B is the 

mass (g) of the PHB matrix (0.5 g). For example, 3 wt % rGO loading equals to 1.74 vol% loading.  

Preparation of rGO compressed powder 

GO was reduced by L-ascorbic acid using the same method as for the composite preperation except 

that PHB was not added to the acetic acid solution. In detail, the centrifudged GO (20,000 rpm, 10 

min) was dipensed in A.A solution with a concentration of 1mg/ml. The mixture was stirred 

continuously (200 rpm/min) on hot plate at the boiling point of A.A. Then, the L-A.A was added 

to the mixture with the weight ratio of 2:1 to GO, and the reduction process proceeded for 2 hrs 

under boiling. The resulting black suspension was washed by water three times and then dried in 

oven (80 ℃) overnight. The dried powder was compressed into films on hot compressor at a 

pressure of 25 GPa without adding heat. The entire setup for direct ink writing, shown in Figure 

4.2. 
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Figure 4.1 PHB and reduced graphene oxide (rGO) composites sythesis method and sensor 

fabrication through direct ink printing (µm thickness). 

 

Figure 4.2 The entire setup for direct ink writing. 
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Preparation of silver electrodes 

The branched electrodes were designed with the software SketchUp and printed using an office 

printer (Epson 2700) on glossy polyethylene terehthalate (PET) paper. No heat treatment was 

needed for the silver electrodes.  

4.5 Characterization 

Morphology 

A Zeiss Sigma 300 VP field emission scanning electron microscope (FE-SEM, Cambridge, UK) 

was used to observe the cross-sectional images of samples. A thin layer of gold (10 nm) was 

deposited onto the sample by using Denton sputter (DVISJ/24LL, Denton Vacuum, USA) to avoid 

surface charging during SEM observation. The images were collected using the secondary electron 

(SE) mode with a voltage of 3 kV. Cross-sectional images were obtained by fracture frozen 

samples under liquid nitrogen for SEM imaging. To prepare samples for optical microscope, 

composites were microtomed to slices 200 µm thick and mounted on glass slides. A Celestron 

400x optical microscope (Laboratory Biological Microscope Inc., Canada) was used to investigate 

the micromtomed surfaces. Figure 4. 3 Optical images of microtomed cross-sectional composite 

samples with varying wt % loading of rGO.  
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Figure 4.3 Optical images of microtomed cross-sectional composite samples with varying wt % 

loading of rGO.  

Resistance measurement 

The resistance of patterned sensors was was measured as a function of temperature using a 

homemade setup. A Peltier thermoelectric stage (Adcol, China) with voltage supply source was 

used as a heating source.  The temperature was varied from -10 to 100 ℃, at heating rate of roughly 

1 ℃/min. Samples were mounted on the centre area of the Peltier stage and looesely covered by 

cotton pads to avoid heat loss.  The samples were connected by Al wires  to a  source meter 

(Keithley 2401, USA), which supplied a voltage of  1 V; the resistance of each individual sensor 

was recorded serially as the temperature was varied.  

Conductivity and mobility measurement 

The in-plane conductivity, mobility, charge carrier density, and Hall voltage of both pressed rGO 

powder and composite films were determined by ACCENT HL5500 Hall System at room 

temperature using the van der Pauw method. Films were prepared with a thickness of 80 µm and 

cut into 7 mm × 7 mm squares. Contacts were defined at each  of the four corners of the sample 
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using a layer of silver paste followed by aluminum electrodes to which wires were connected. 

Photographs of the setup and sample configuration are shown in Fig. 4.4. During measurement, a 

magnetic field (0.325 T) was applied perpendicular to the plane of the film, and current (0.1 µA 

for highly resistive materials to 0.1 mA for less resistive materials) was applied between two of 

the electrodes at opposite corners while the voltage was measured between the remaining two 

electrodes.  

 

Figure 4.4 Hall effect measurement setup: (a) sample characterization with four electrodes 

underneath (b), schematic depicting the location of the four electrodes on the square sample and 

the measurement principle. 

Mechanical properties 

An Instron 5943 tensile tester (Instron, Norwood, MA, USA) equiped with a 1 kN load cell was 

used to investigate the mechanical properties. Compressions tests were performed on all devices 

to test the cyclability. Samples were fixed on the center of  compression flaten, and rod with a flat, 

circular end (diameter 10 mm) was clamped with the top set of clamps to apply a load. A constant 

load of 40 kPa was applied at a rate of 0.5 mm/min. Bending tests were performed by fixing one 

end of a sample to a stationary holder while using a linear motor to displace the other end. During 
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compression and bending tests, electrodes were connected to the Keithley 2401 so that resistance 

data could be recorded.  

Statistical Analysis 

The sensitivity value were displayed as the mean stand ± standard deviation (SD). Sample number 

were for n ≥ 3 per group. Statistical calculations were utilized by one-way analysis of variance 

(ANOVA), followed by student’s t-test was utilized to determine the statistical significance of 

resistivity data for each type composites. The statistical significance was determined as P ＜ 0.05. 

(Figure 4.5) 

 

Figure 4.5 Significance values of resistivity data for rGO and each composite. 

4.6 Results and Discussion 

Morphoplogy of rGO/PHB composites 

To investigate the cross-sectional morphologies of plain PHB and composites, samples were 

imaged using both scanning electron microscopy and transmission electron microscopy, and the 

results were shown in Figure 4.6.  For neat PHB and samples with lower concentrations of rGO (1 

wt% and 2 wt%), relatively homogeneous fracture surfaces were observed by SEM. However, at 
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these low concentration values, rGO was difficult to observe in the SEM images. At higher 

concentrations of rGO (3 wt% and above) the fractured surface appeared increasingly brittle, and 

the rGO flakes (indicated by dashed squares) were visible and appeared randomly distributed in 

the matrix. The observed change in the brittleness of the fractured surface suggests that the 

presence of the rGO impedes the deformation of the polymer under elongation. The optical images 

of microtomed surfaces of the composites are shown in Figure 4.3, and these images indicated a 

similar trend as the SEM images, where rGO sheets were randomly distributed through the PHB 

matrix with no visible large agglomerations of filler. These results confirmed that the rGO was 

well-distributed in the polymer matrix.  

To better observe the dispersion of rGO inside PHB matrix, TEM was used to image a 1 wt% 

composite sample that was microtomed to 200 nm in thickness. In Figure 46 (d), fairly uniformly 

distributed wrinkles (dark grey in color) are visible in the polymer matrix (light grey). At higher 

magnification (Figure 4.6 (h) the wrinkles appear to be rGO sheets. Overall, a relatively good rGO 

dispersion was achieved in the composite material, although some rGO agglomeration can be seen.  
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Figure 4. 6 Side view SEM micrographs of cleaved samples of plain PHB (a), and 1 wt%, 2 wt%, 

3 wt%, 4 wt%, 6 wt% composites are in (b), (c), (e), (f), (g), respectively. Boxes identify rGO 

flakes. TEM images of 1 wt% 200 nm thick sample in (d) and (h). 

Electrical Testing 

The resistivity of a neat, hard-pressed  film of rGO powder was investigated as the sample was 

heated from 20 °C to 70 °C (Figure 4.7). As shown in Figure 4.8, the normalized resistance (R0-

R)/R0 underwent a decrease as a function of temperature, indicating that the material has a  NTC. 

A non-linear relationship was observed, which is consistent with previous measurements in the 

literature, which have been shown to follow an Arrhenius-like dependence on temperature, 

consistent with a model in which the bandgap of the rGO dominates the temperature-dependent 

charge transport behavior. 53,53,54 The TCR over the range of measurement was calculated to be – 

0.0184 /℃ from 20 to 60 ℃ , the absolute value of which is much higher than for Nickel (0.006 

/℃), indicating that the material is quite sensitive to temperature. These results suggested that rGO 

material is capable of making good temperature sensor.  
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Figure 4.7 The resistivity vs. temperature curve of compressed rGO powder. 

 

Figure 4.8 Normalized resistance change upon varying temperature on the pure compressed rGO 

sample (as measured in the direction parallel to the plane). 

To investigte the mechanism of charge transfer in the materials, the temperature-dependent I-V 

characteristics of both neat, pressed rGO powder and 3 wt% composite were characterized from 

20 ℃ to 70 ℃ (Figure 4.9). Figure 4.10 Relative resistance change of composites and the rGO. As 

the voltage was swept from  -5 to +5 V, a linear and symmetric response was observed for both 

types of samples. This linear relationship indicates that both pressed rGO pattern and rGO-PHB 
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composites exhibited ohmic behavior at a given temperature. In addition, the higher current seen 

at a given voltage for a higher temperature indicated that the resistance of the sample decreased as 

the temeprature increased, due either to a change in the number of charge carriers or a change in 

carrier mobility, or due to a synergistic combination of the two. No obvious lag or hysterious was 

observed in any of the measurements, showing that fast response of composites to the external 

temperature change.  

 

Figure 4.9 I-V curves (-5 to 5 V) of rGO compressed sample (a) and 3 wt% (1.73 vol%) composite 

(b) with varying temperature (20 to 70 ℃). 



96 

 

 

Figure 4.10 Normalized relative resistance change of composites and the rGO. 

The electrical conductivity of nanocomposites with different rGO concentration was measured by 

electrometer model 6517A  (resistivity > 104 Ω cm), and four point probe method (Kelvin sensing), 

and the results are shown in Figure 4.11 a. The conductivity of plain PHB was measured to be 10-

15 S/cm (indicating that it is highly insulating); composites with very low loading of rGO also 

exhibited very low conductivity. As the loading of rGO increased past 0.56 vol% (around 1 wt%), 

the conductivity rose sharply to 10-5 S/cm. This increase of 10 orders of magnitude can be 

explained using percolation theory, where a fully conductive network forms when a threshold 

volume fraction is reached. This effect can be described by the electrical percolation theory 

equation, 𝜎𝑐 = 𝜎𝑓[(∅ − ∅𝑐)/(1 − ∅𝑐)]𝑡; where 𝜎𝑓 is the intrinsic conductivity of nanofiller (here, 

rGO),  ∅  is the volume concentraion of filler, ∅𝑐 is the concentration of nanofiller at the 

percolation threshold, and t is the critical exponent (calculated by fitting the curve). To report 

conductivity measurements, the mass fraction of each rGO concentraion was converted to volume 

fraction based on the densities of PHB and rGO  (as described in the Experimental Section). In our 

system, the measured percolation threshold was determined to be 0.56 vol% (around 1 wt%), 

which is a very low value reported in rGO-based nanocomposites. This is due to the large aspect 
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ratio of the rGO achieved using our in situ reduction process of rGO, which resulted in a relatively 

high intrinsic conductivity (102 S/cm). A rapid increase in the plane electrical conductivity was 

observed as increasing the concentration of rGO filler (Figure 4.11 a). The critical exponent t was 

derived from linear fitting of the log σc vs. (∅ − ∅𝑐)/(1 − ∅𝑐) data (shown inset in Figure 4.11 a, 

and was found to be 3.39 ± 0.38.  For three dimensional networks, t has been predicted to be 

between 1.65 and 2,202 while for 2D networks t is expected to be 1.33. 56 A larger t suggests larger 

size of the clusters inside the polymer matrix. 57–59 Values larger than 2 have been determined 

experimentally for conductive composites formed from materials such as multiwalled carbon 

nanotubes in poly(methyl methacrylate) (t = 2.34 ± 0.19 55); solvothermally reduced graphene 

oxide polyvinylidene fluoride (t = 2.64 60) and emulsion mixing of graphene and polycarbonate (t 

= 4.18 61). These different values of the critical exponent t are dependent not only on the 

dimensionality of the filler but on the physical characteristics – including size and orientation of 

the conductive filler.   

The Hall mobility and charge carrier density of the composites were measured using the Van der 

Pauw method, and the results are shown in Figure 4.11b and c. As expected, the charge carriers 

were determined to be electrons based on the polarity of the measured voltage. These data showed 

that both mobility and number of carriers increased with increasing the rGO filler content, and 

significant changes in each of these properties occured near the same vol% loading as for the 

changes in conductivity (~0.56 vol%). The Hall effect measurements of the composites suggested 

that mobility and the number of carriers are highly influenced by the addition of the nanofiller. 

Both of these properties increased significantly above the percolation threshold (0.56 vol%) and 

increased steadily with the relative high loading of rGO filler in the polymer. The rGO mobility 

determined here (2100 ± 566 cm2/Vs) is one order of magnitude higher than reported for other 
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rGO.43 This increase can be attributed to the effectiveness of our in-situ solution-based processing 

route. We found the charge carrier density can be broadly fit in the threshold equation: 𝑛𝑐 =

𝑛𝑓[(∅ − ∅𝑐)/(1 − ∅𝑐)]𝑡 , where 𝑛𝑐  is the composite charge carrier density, 𝑛𝑓  is the carrier 

density of nanofiller (here is the rGO, 1016 cm-2), where the rest of the parameters are the same as 

electrical threshold. 

Below the electrical percolation threshold, both mobility (< 10-3 cm2/Vs) and  charge carrier 

density (< 106 cm-2) were very low, thus resulting in high electrical resistivity (> MΩ cm). Once 

the filler content was close to the electrical threshold (e.g. 3 wt% or .056 vol % rGO), although the 

carrier density was still low, the mobility increased around 4 orders of magnitude to 1 cm2/Vs; 

thereby increasing the overall conductivity.  

As was seen in Figure 4.11, inreasing the temperature either a pressed rGO powder or a 3wt% 

rGO-polymer composites results in an increase in conductivity. As we were unable to perform Van 

der Pauw measurements at elevated temperatures, we were unable to directly determine whether 

this effect was due to an increase in the number of charge carriers or an increase in carrier mobility. 

However, in general, the mobility of the charge carriers is expected to decline as a funciton of 

temperature due to an increase in phonon scattering. 62 This suggested that there must be an 

increase in the number of carriers as the temperature increases.  
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Figure 4.11 (a) Conductivity vs. volume fraction of the composites at room temperature, and the 

inside graph is the fitting curve for calculating the critical exponent (t). (b) and (c) are  mobility 

and charge carrier density change as a function of rGO volume fraction, respectively. 
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The change in relative resistance as a function of temperature was explored for devices consisting 

of rGO-PHB composites of varying composition drop-coated on printed silver electrodes. Relative 

resistance was measured from room temperature to 70 ℃, and the results are shown in Fig 4.12. 

Like the pure rGO sample, the resistance of all devices decreases with temperature, exhibting a 

NTC effect. Among these devices, those fabricated wtih the 3 wt% composite uderwent the largest 

change in relative resistance upon heating (-0.008 /℃), with TCR values of -0.006 /℃, -0.005 /℃, 

-0.004 /℃, -0.003 /℃ for devices made using 6, 8, 10, and 12 wt% composites, respectively. The 

resistivity and calculated TCR values were summarized in Table 4.1.  

The device made using the 3 wt% composite, exhibited the highest absolute TCR value. The 3 wt% 

composite is the closest to the percolation threshold, which should make it the most sensitive to 

variations in rGO loading: our results show that this sample is also the most sensitive to changes 

in temperature. Samples which are further below the threshold – such as 1 wt% and 2 wt% rGO-

PHB composites – show high resistivity at room temperature, and this value changes little as 

temperature increases (data not shown). Similarly, samples with rGO content well above the 

percolation threshold (e.g. 10 wt% and 12 wt%) have relatively low resistivity at room temperature, 

and the resistivity of these composites varies little with temperature, despite the fact that the 

number of charge carriers in the rGO itself increases with temperature (as discussed above). This 

suggests there the mobility of the composite as a whole is more restricted at elevated temperatures 

at higher wt% rGO loadings than for lower wt % rGO loadings.   
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Figure 4.12 Relative resistance change (20 to 65 ℃) under temperature scan for different 

composite samples (i.e. 3 wt%, 6 wt%, 8 wt%, 10 wt%, 12 wt%). 

Table 4.1 TCR and resistivity values for compressed rGO and different concentration composites. 

Material TCR value (/℃) Resistivity (Ω-cm) 

rGO - 0.018 (1.1 ± 0.2) × 10-2 

3 wt% Composites - 0.008 80 ± 6.4 

6 wt% Composites - 0.006 16.3 ± 1.8 

8 wt% Composites - 0.005 5 ± 1.0 

10 wt% Composites - 0.005 3.7 ± 0.2 

12 wt% Composites - 0.003 1.1 ± 0.1 

Drop-coated devices incorporating both neat rGO (without PHB) and composites films were also 

subjected to cyclic changes in temperature as their resistance was monitored and the results are 

shown in Fig 4.13. The devices were heated from room temperature to a peak temperature of 30 ℃, 

kept at the peak temperature for 5 min, and then cooled to the room temperature; similar heating 

cycles were subsequently applied to peak temperatures of 40 ℃ and 50 ℃. During each heating 
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cycle the absolute relative resistance of each device increased; upon cooling the resistance of each 

device returned to its initial value. As in the previous characterization the devices constructed with 

pure rGO exhibited the highest response (largest change in relative resistance), followed by 

devices fabricated using 3 wt%, 6 wt%, 8 wt%, 10 wt%, 12 wt% composites. For example, the 

sensitivity of rGO sample at  30 ℃ was almost double than the 8 wt% sample. The 3 wt%, critical 

filler content near threshold, had the highest (R0-R)/R0  among composites in each temperature 

step. Although 12 wt% had the lowest (R0-R)/R0  values, the overall resistance measured from 

instrument was quite stable with no obvious fluctuations (very narrow error bars). This is an 

important point considering for real applications. 

  

Figure 4.13 Temperature step measurement (30, 40, 50 ℃) on rGO and rGO-PHB composite 

devices. The heating profile is shown in the top portion of the figure, while the relative change in 

resistance of the various samples is plotted below. 

Selectivity is an important characteristic of a sensor. To determine whether the materials are 

responsive to pressure and humidity, the resistivity of a set of rGO-PHB composite devices were 

characterized during cyclic compression, bending, and upon exposure to water. Figure 4.14 A 
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typical 8 wt% composite (a) on Kapton substrate, (b) under bending (tensile strain) and (c) under 

bending (compressive strain). (d) A pressed rGO sample after bending. To fabricate functional 

devices, a responsive composite with high sensitivity (i.e. high TCR) and low resistivity (to 

achieve a more stable signal and to minimize ohmic heating during measurement) was desired. To 

balance these characteristics, the 6 wt% and 8 wt% composites were therefore selected for device 

fabrication and selectivity testing; as was summarized in Table 4.1, these material showed 

intermediate TCR values comparable to those of bulk nickel (-0.006 /℃ and -0.005 /℃, for the 6 

wt% and 8 wt% materials, respectively. Nickel: 0.006 /℃), and also exhibited relatively low 

resistivity at room temperature (16. 3 ± 1.0 Ω-cm and 5 ± 1.0 Ω-cm for the 6 wt% and 8 wt % 

materials, respectively).   

 

 

Figure 4.14 A typical 8 wt% composite (a) on Kapton substrate, (b) under bending (tensile 

strain) and (c) under bending (compressive strain). (d) A pressed rGO sample after bending.   

The resistance of pressed rGO , 6 wt% and 8 wt% rGO-PHB devices were characterized upon 

exposure to water vapor (Figures 4.15). While the relative resistance of the composite remained 
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fairly constant, the resistanceof the pressed rGO increased by over 100% as the relative humidity 

was varied from 20 % to 90 %. The relative resistance of the composite film was further tested 

during immersion in water as the temperature was cycled to 80 °C (Figures 4.15 (b) and 4.15 (c)). 

The results were highly repeatable, showing the stability of the measurements even upon 

immersion in water. Overall, these results suggest that the drop-cast film devices are almost inert 

to the external pressure, moisture and gave stable response over cyclic measurement, but are 

sensitive to the mechanical deformation (bending).  This indicates that care should therefore be 

taken to calibrate and operate devices at a relatively fixed radius of curvature. Stretching was not 

investigated for any of these devices as the PET substrate is not itself able to undergo a significant 

elongation before break.  

The response of the 8 wt% composite to compression and bending are shown in Figure 4.16.  The 

relative resistance change over 1600 cycles of cyclic compression (loading and unloading test) (20 

kPa), are shown in Figure 4.16 (a), and the set-up for the compression test is shown in Figure 

4.16(b). Only a small change in relative resistance is observed, indicationg that the device is 

relatively stable in compression. When the samples undergo bending, the relative resistance 

changes by up to 25 % over an applied tensile strain of 3 % (Figure 4.16 (c) and (d)). Similar 

results were observed for the 6 wt% samples, undergoing a change in relative resistance of up to 

23% over an applied tensile strain of 3 % (results not shown). 
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Figure 4.15 (a) Humidty tests: Relative resistance change of rGO and 6 wt% and 8 wt% drop-

casting device upon varying the relative humidity. The top inset picture shows the setup of the 

humidity measurement, where sample was fixed on top side of the big container and the 

humidity reader (ThermoPro TP-60) was placed inside the beaker. The bottom picture gave the 

setup and data aquisition illustration. (b) and (c) are resistance of the device while immersed in 

water as the temperature was increased to 80 °C and then reduced to 20 °C in 6 wt% and 8 wt% 

drop-casting devices. (d) 1000 cyclic repetitions of the water immersion test for 8 wt% drop-

casting device. 
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Figure 4.16 Selectivity testing on 8 wt% device. (a) Results of a cyclic compression test (20 kPa) 

(b) compression test setup using an Instron mechanical testing system in compression mode, (c) 

resistance change under bending (tensile strain), (d) resistance change under bending test 

(compressive strain). 

For measuring spatial temperatures, a 6 x 7 array of devices using was printed on a PET substrate 

(Figure 4.17). The 8 wt% composites were selected for this application due to its low resistivity 

and acceptable TCR value. Each device consisted of a set of silver electrodes (Figure 4.17 b) onto 

which the desired composite was deposited. To demonstrate spatial mapping, a piece of alloy metal 

in the shape of a bear was heated to roughly 30 ℃, and was placed on a table; the printed array of 
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sensors was placed over the bear with the contacts facing upward so the resistance at each point 

could be measured individually and sequentially using the source meter. The experiment setup was 

under IR camera, and the resulting image is shown in Figure 4.17c. The resistance of each pixel 

of the array was recorded, and a calibration curve was used to convert the measured resistance to 

a temperature (Figure 4.17d). The results indicate that the sensor array is able to map the 

temperature of the 2D dimensional objectIn all of our experiments, the surrounding temperature 

ranged from 22 °C to 24 °C; is expected that excessively hot or cold surroundings may have an 

effect on the measurements. In significantly cooler or warmer environments, devices should be re-

calibrated to obtain accurate results.  
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Figure 4.17 Enlarged silver electrodes and ink-jet printed patterned silver electrodes on PET 

substrate (left) (right) (a), composite ink was direct ink printed on each of the silver electrodes 

and the sensor array was covered by an alloy bear (b), heated bear and sensor array was under 

the device, and each element was individually measured (c), temperature mapping (6 × 7 pixels) 

on 8 wt % sample.  
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To engineer stretchable devices, meandering or serpentine shapes were fabricated by DIW (Figure 

4.18). The 6 wt% composite ink was chosen for this application instead of the 8 wt% ink as it 

exhibits similar properties but results in less clogging of the nozzle during printing. The conductive 

and responsive 6 wt% composite ink was deposited on top of the Kapton film (Figure 9a), 

achieving good adhesion between the two layers. Figure 4.18 b shows temperature dependent I-V 

performance of meandering temperature sensor using 6 wt% composite ink here from 20 ℃ to 

70 ℃. As the voltage was swept from  -5 to +5 V, a linear and symmetric response was observed 

for both types of samples. This linear relationship indicates that DIW-printed meandering sample, 

pressed rGO pattern and rGO-PHB composites (Figure 4.18) exhibited ohmic behaviour at a given 

temperature. The results in Figure 9c demonstrated that the device was nearly unresponsive when 

exposed to bending of up to 3 % strain; the meandering devices are much less vulnerable to 

bending deformation than the drop-cast film devices. Figure 9d shows the printed meandering 

temperature sensor can be stretched and twisted without delamination of the functional layer.  . 

Figure 4.18e shows the images of the meandering temperature sensor at relaxed (0 % strain) and 

stretched (10 % strain) states; the measured TCR values are all around 0.005/℃. This value is 

slightly lower than the drop-coated film 6 wt % device (0.006/℃) mainly because of the difference 

in geometry. The DIW printed lines are around 10 µm in thickness, which is much less thicker 

than the drop-casted films (80 µm). We also tested the real-time performance of the device on 

human temperature monitoring, listed in Figure 4.18f.  The meandering device was initially 

measuring the temperature of the room, and was then applied rapidly to the surface of the forehead, 

held for about 2 seconds, and then removed. It can be seen that the response of this device exhibits 

no obvious time delay upon contact or removing from the heated object. 
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Figure 4.18 a) Meandering structures of conductive rGO/PHB ink patterned on a flexible Kapton 

substrate by DIW. b) I-V curves of the temperature at 0% strain in the temperature range of 20 to 

70 ℃. c)  Strain sensitivity of the 6 wt% meandering temperature sensor (red curve is 10 % 

strain device, black curve is 0 % strain device). Inset pictures depict the device in the flat state 

and during bending (tensile strain). d) Meandering temperature sensor (6 wt% rGO/PHB) 

patterned on a PDMS substrate that was also printed by DIW, depicted in the relaxed and twisted 

states. e) Strain sensitivity of the 6 wt% meandering temperature sensor; inset images showing 

the device at 0 % and 10 % strain. f) Real-time temperature measurement of forehead skin (adult 

female) with the 6 wt% meandering temperature sensor. The vertical lines indicate a fast 

response upon loading and removing the device from heated object. 

 

 



111 

 

With the help of DIW, different shapes of sensors can be easily and quickly manufactured, with 

potential for scale-up. We designed a temperature sensing patch in the shape of a flower comprised 

of a meandering pattern fabricated between two thin layers of PDMS, as shown in Figure 4.19a. 

The measured TCR value is 0.0046/℃ using 6 wt% conductive ink, in Figure 4.19b. Figure 10c 

shows that device is capable of detecting small human temperature difference with stable output 

data during human movement. Here, the patch was mounted on the hand surface and wrist area, 

and temperatures were recorded. 

  

Figure 4.19 a) Schematic diagram of DIW flower shape temperature sensor structure using 

6wt % composite ink. b) Resistance variation with temperature in a range of 20 to 70 ℃. c) Real-

time temperature measurement of the hand surface and wrist (adult female). 

4.7 Conclusions 

In this study, rGO was introduced as a nanofiller (at concetrations from 3 wt% to 12 wt%) for PHB 

polymer to fabricate temperature-responsive materials with negative TCR using a solution 

processing method.  Both the room temperature resistivity and the variation in resistance as a 

function of temperature depends strongly on the wt% loading of the nanofiller. At room 
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temperature, the samples showed classic percolation behavior in terms of both conductivity, charge 

carrier mobility, and carrier concentration.  In terms of heating, below the percolation threshold, 

the composites are generally insulating and show little change in resistnace as a function of 

temperature. Near the percolation threshold (3 wt% in this work), composites exhhibited 

intermediate resistivities which varied strongly as a function of temperature. Above the percolation 

threshold, samples were reasonably conductive and underwent smaller but stable and repeatable 

reductions in resistance upon heating.  

The 8 wt% devices were found to be quite stable in response to pressure but responsive to bending. 

Care should therefore be taken to operate these particular devices at a constant radius of curvature. 

Due to the hydrophobicity of the polymer matrix, they were additionally found to be insensitve to 

both exposure to moisture and to immersion in water. 

Our work offered a strategy to fabricate arrays of temperature-responsive devices from conductive 

composites using solution-based methods including printing and drop-casting. These devices are 

made using inexpensive materials on polymer substrates, and the devices themselves can be re-

used.  These arrays could be useful for monitoring temperature profiles in wet environments, 

including in the body or underwater.   
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5.1. Abstract 

As the field of 3D printing continues to enable the fabrication of biomedical materials and devices, 

there is increasing demand for the development of biocompatible functional materials with 

tailorable properties. Here, we utilized a desktop 3D printer to fabricate porous structures of 

electrically conductive polymer composites comprised of multiwalled carbon nanotubes 

(MWCNTs) in a matrix of polyhydroxybutyrate (PHB). PHB is a biocompatible, biodegradable, 

and piezoelectric polymer. The MWCNTs were melt-mixed in amounts from 0.25 to 5 wt % in 

PHB from two different suppliers with slightly different physical properties. The nanomaterial 

dispersion, morphology, electrical, thermal, and mechanical properties, and the crystallization 

behavior of both types of composites were investigated. A good dispersion at the macro- and 

microscale was observed in both types of composites. Electrical percolation threshold ranges of 

0.25–0.5 wt % and 0.5–0.75 wt % were found for composites made with the two different types of 

PHB. The addition of MWCNTs resulted in an increase of Young’s modulus and decrease of strain 

at break for both composites. The processability of the materials was demonstrated by 3D printing 

both stretchable meandering conductive traces and well-defined pore structure scaffolds. 

Biocompatibility tests were performed with MRC-5 cells and showed that the materials lack 

cytotoxicity. These results show the potential of these electrically conductive materials for use in 

biomedical electronic devices or as electro-active scaffolds for tissue regeneration applications, 

which require biocompatible, porous materials with microscaled architectures. 

5.2 Introduction 

Fused deposition modelling (FDM) is increasingly being utilized in the production of biomedical 

devices due to its ability to rapidly manufacture structures of arbitrary size and shape.1–3 In this 

technique, a plastic filament is fed by a motor into a heated extruding print head. By moving the 

position of the print head with respect to the stage, three-dimensional structures are produced with 
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a controllable layer thickness. 4–7 As this field of manufacturing has expanded, a few materials 

have been widely adopted, including polylactic acid ( PLA) (which is easy to pattern due to its low 

melting point) and acrylonitrile butadiene styrene (ABS) (which produces tough and durable 3D 

printed pieces). When designing materials for chronic use in the body, several parameters must be 

considered, including stability, biocompatibility, and mechanical strength. In addition, materials 

with added functionality such as conductivity are in demand for applications such as wearable 

electronics, energy harvesting, and tissue scaffolds.8–10 Materials with diverse properties are 

therefore desired.  

 

Polyhydroxybutyrate (PHB) is a versatile thermoplastic material with potential for use in FDM. 

Derived from natural sources, PHB is both biodegradable and biocompatible.11 Although it can be 

enzymatically degraded in the environment, PHB is not degradable under most conditions inside 

the body; therefore, PHB can be a good candidate for bioelectronics and implants as the designed 

products are expected to be stable and to elicit a low foreign body response.11,12 Its monomer, 

hydroxybutyryl-CoA, produced bacterially through a fermentation process utilizing agricultural 

waste as the source, is found in all living cells.13 In addition, PHB is mildly piezoelectric, 

producing small electric potentials upon mechanical stimulation.14 Bone tissue is known to be 

piezoelectric, and this characteristic has been shown to play a role in osteoblast proliferation.15 

This suggests that piezoelectric PHB scaffolds could provide additional function in scaffolds 

beyond merely providing a physical structure for cell growth. These properties present advantages 

over PLA, the most used biopolymer for in vivo structural applications such as 3D printed 

scaffolds.12  
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Polymers that are normally electrically insulating can be made conductive through the addition of 

conducting fillers such as carbon nanomaterials.16,17  Carbon nanotubes (CNTs) in particular have 

received much attention in composite research owing to both their exceptional electrical properties 

(conductivity of 107 to 108 S/m) and mechanical properties (Young’s modulus of 1 TPa and yield 

strength of 100 GPa).18,19 Because of their high surface area, the addition of even a small fraction 

of CNTs can lead to a substantial change in characteristics (i.e. the materials exhibit a low electrical 

percolation threshold, at which concentration the filler forms a connected, conductive network).20 

CNTs can be either single-walled (SWCNTs) or multi-walled (MWCNTs). MWCNTs, which are 

comprised of several concentric SWCNTs connected by Van der Waals forces, are less expensive 

than single-walled CNTs. Like other carbon-based nanomaterials, CNTs have a long shelf life and 

good stability under heated or moist environments, and can be combined with polymers to form 

conductive materials.21–23.  

 

Recently, a number of electrically-conductive scaffolds  have been demonstrated in the literature, 

for applications including cardiac and neuronal engineering, as reviewed in a recent article.24 

Conductive scaffolds have been made using MWCNTs and gelatin, which showed improved cell 

organization and maturation.25 In this study, presence of nanofillers added the micro roughness to 

the scaffolds, thereby improving the cell attachment. In addition, the presence of the conductive 

fillers in the scaffolds enhanced the synchronous beating of the cardiomyocytes seeded upon 

them.  Similarly, another gelatin and CNTs scaffold presented good mechanical integrity while 

also exhibiting electrophysiological functions.26 As a soft hydrogel, gelatin is particularly useful 

for mimicking tissue for a limited period of time, but less useful for mimicking stiffer materials 

such as cartilage and bone. Such scaffold materials must be biocompatible, mechanically stable, 
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and exhibit organized pore distribution and reasonable porosity, requiring materials with higher 

modulus and stability.  Three-dimensional printing of suitable materials – such as the biopolymer 

PHB – could potentially be used to address these challenges. A few demonstrations of PHB/CNT 

composites can be found in the literature,27,28 for instance, PHB/CNT composites were processed 

in solution and used as hole collector in a solar cell, with an electrical percolation threshold of 0.2 

wt%.29 A triboelectric generator and pressure sensor has also been made by blending CNTs with 

PHB.30 While PHB is inherently brittle with a low strain at break (typically ~ 5%), the brittleness 

of PHB can be reduced through adding plasticizers. Three-dimensional printing of biopolymer 

polyhydroxybutyrate (PHB) and conductive PHB/CNT composites has not yet been demonstrated. 

 

In this study, we evaluate the suitability of PHB/CNT composites for use in 3D printing of 

conductive and porous materials, for applications such as circuits and scaffolds. Firstly, we 

prepared composite filaments by extrusion of PHB composites with varying concentrations of 

MWCNTs (0.25 wt% to 5 wt%), and for use as multifunctionality 3D printing (Figure 1). This 

range was selected as it is expected to capture the electrical percolation threshold, allowing a low 

electrical resistivity to be achieved at minimal loading of filler. As PHB is generally a brittle 

material, it was desirable to investigate a commercial formulation that includes additives. Two 

base biopolymers (PHB) were therefore compared: Biomer P209 (PHB with nucleating agent and 

plasticizers) and BRS Biopellets (PHB with 1 wt% Si impurity, without plasticizers). As dispersion 

is an important determinant of the properties of a composite, filler dispersions and morphologies 

were observed using scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM). The mechanical properties of both pristine PHB and composites were evaluated using a 

tensile tester. To demonstrate the manufacturability of the materials, 2D and 3D designs were 
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produced, including conductive meandering traces, solid 3D designs, and scaffold structures. To 

determine how printing affects the properties of the composites, the mechanical and electrical 

properties of the resulting structures were evaluated and compared to those of the filaments. To 

evaluate their suitability as cell-scaffolds and implant materials, the mechanical, electrical 

properties, and cytotoxicity of the resulting structures were characterized.  

 

Figure 5.1 MWCNT powder and PHB pellets were fed into the mixer, and then extruded into the 

strands Filaments, remolded from strands, were then hot compressed to the desired shape using 

alloy mold or 3D printed into designs.  

5.3 Materials  

NC 7000 MWCNTs were obtained from Nanocyl S.A. (NanocrylTM, Sambreville, Belgium), with 

an average diameter of 9.5 nm, a length of 1.5 µm, carbon purity of 90 %, density of 2.6 g/cm3, 

and surface area of roughly 300 m2/g. Two types of biopolymers were used in this work, BRS 

Biopellets (BRS Bulk pellets, Bulk Reef Supply, Golden Valley, USA) and Biomer 209 (Biomer 
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Ltd. Krailing, Germany), with a molecular weight (as determined by Gel Permeation 

Chromatography (GPC)) and density of 190 kDa and 560 kDa, 1.25 g/cm3, and 1.29 g/cm3, 

respectively.  Each of these PHB polymers were received as pellets produced by melt mixing 

pelletization. The BRS pellets had less than 1 wt% impurity of Si, while Biomer P209 contained 

both a nucleating agent (boron nitride) and plasticizers.  

5.4 Methods 

Hot compression molded samples 

The overall experimental process is shown in Figure 5.1. The melt-mixing of the samples with 

calculated concentrations of 0, 0.1, 0.25, 0.5, 0.75, 1 and 5 wt% MWCNTs with the polymer 

matrices was carried out using a small-scale twin-screw compounder (DSM Xplore Instruments 

BV, Sittard, The Netherland, 15 cm3 volume) at a temperature of 175 ℃ and extrusion speed of 

250 rpm with a mixing time of 5 min. Subsequently, the extruded filaments were compression 

molded using a hot press (No. 4386, Carver Inc, Wabash, IN, U.S.A.). To produce 70 cm × 80 cm 

× 0.2 cm square sheets, a three part AISI 1008 steel mold was used with two flat top and bottom 

mold sheets, while the middle part was a 2 mm thick steel with a rectangular 70 cm × 80 cm cut-

out. Approximately 5 g of extruded filaments were placed over the cut-out of the mold and heated 

for 5min, at 175 ℃. A gentle pressure was then pressed onto the whole mold to allow the melt 

materials to spread throughout the cut-out area. Then a pressure of 2.1 MPa was applied for 1 min, 

and the mold was removed after cooling down to ambient temperature. The resulted sheets were 

cut into dumbbell shapes using blade cutter.  
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FDM 3D-printed samples 

Neat PHB and composite filaments (1.75 mm thickness) were made from strands using a FilaFab 

PRO 350 extruder (FD3D Innovations Limited, U.K.) at 170 ℃ at 20 rpm. A MACHINA MK3 

X24 desktop 3D printer was used to produce structures of programmable shapes and sizes. The 

metal print head could be heated up to 500 ℃, and included a nozzle with a diameter of 0.40 mm. 

The printing parameters for the PHB/MWCNTs and PHB filaments were set in the printer software 

(Slic3r) and are listed below in Table 1. Elmer’s adhesive spray was used on the printing substrate 

to improve the adhesion of the printed pieces to the metal bed during processing. 

Table 5.1 Printing parameters for FDM processing for 3D designs 

 Value 

Nozzle Temperature (℃) 195 

Printed Bed Temperature (℃) 70 

Layer thickness (mm) 0.27 

Print Speed (mm/s) 80 

Infill Pattern (degrees) Rectilinear (90 °) 

Fill Density (%) 100 

 

5.5 Characterization 

Morphology 

The morphology of the microtomed Biomer PHB/MWCNTs and BRS PHB/MWCNTs samples (1 

µm thickness) containing 1 wt% nanofiller were observed using optical microscopy (microscope 
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BX53M combined with a camera DP 71 (both Olympus Deutschland GMbH, Hamburg, Germany)) 

and transmission electron microscopy (TEM) (JEOL, Ltd, Japan) at a voltage of 120 kV. The 

fracture surface morphology of composites with 1 wt% MWCNTs was observed using a field 

emission scanning electron microscope (FE-SEM) (Zeiss Sigma 300, Zeiss, Cambridge, UK) using 

secondary electron (SE) mode at a voltage of 3 kV. To prepare SEM samples, all samples were 

mounted on carbon tape and sputter-coated with a 10 nm gold layer.  

Mechanical Analysis 

An Instron 5943 tensile tester (Instron, Norwood, MA, U.S.A.) with a 1 kN load cell was used to 

measure the mechanical properties. Measurements were carried out based on the ASTM Standard 

D638: a strain rate of 2 mm/min was applied to dumbbell shape specimens (25 mm length between 

the shoulders, 2 mm in thickness). Five samples of each type were characterised. Strain and stress 

data were collected, and Young’s modulus was calculated from the slope of the linear region of 

the strain-stress curve. 

A PerkinElmer dynamic mechanical analyzer (DMA 8000) was used to characterize the 

compressive modulus of 3D printed scaffolds at room temperature under a range of frequencies 

(0.01 to 100 Hz). Measurements were performed in compression mode using a cubic scaffold 

sample (1 cm3) with a standard displacement of 0.05 mm.  

Thermal Characterization 

Differential Scanning Calorimetry (DSC) was used to obtain the melting temperature (Tm) and 

crystallinity was estimated by integrating the area of the melting endotherm peaks. This thermal 

test was carried out for each specimen (approximately 5 mg) in a sealed aluminium crucible. The  
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temperature was scanned from - 20 to 195 ℃, held at 195 ℃ for 5 min, and then cooled to -20 ℃, 

all at a heating/cooling rate of 5 ℃/min. The degree of crystallinity of all samples was calculated 

by integrating the area of specific melting enthalpy over the melting heat related to the neat 

crystalline material and the proportion of PHB within the composite.  

X-ray Diffraction 

The crystallinity of neat biopolymers and composites was investigated using a Rigaku XRD 

Ultimate IV (Cu-source) in the scan range of 2θ = 5- 40  ° at rate of 2 ℃/min at 44 kV. The 

composite samples (sheets) were kept flat for testing.  

Differential Scanning Calorimetry 

To calculate the percent crystallinity of each sample, a peak fitting procedure was implemented, 

where the sharp peaks were assumed to be crystalline, and the rest of the area was considered to 

correspond to amorphous regions. The degree of crystallinity (𝑋𝐶) of the BRS, Biomer, and was 

calculated using the following equation: 𝑋𝐶 =
∆𝐻𝑚

∆𝐻𝑚100×𝑤
, where ∆𝐻𝑚 is the integrated area of the 

melting peak and ∆𝐻𝑚100 is the enthalpy of neat 100 % PHB crystalline (146.6 J mol-1). 

Electrical Characterization 

Electrical characterization was performed on compression molded samples with a thickness of 400 

to 500 µm. The volume resistivity of high resistance samples (resistivity > 109 Ω cm) was 

measured through the thickness of the sample with a ring-opening electrode (Model 8009) and a 

Keithley 6517A electrometer.  The in-plane resistivity of lower resistivity samples (high 

concentration of MWCNTs) was determined using a Four Point probe (Kelvin sensing) station 

with a 1 mm probe spacing and powered by a Keithley 6517A electrometer.  
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Dielectric Properties 

The dielectric properties of materials were measured for three replicates using a Model 894 Bench 

LCR meter in the frequency range of 20 to 500,000 Hz. The capacitance was directly measured 

from the instrument, where the samples were sandwiched by a round copper electrode with a 

diameter of 10 mm. The capacitance of a parallel capacitor is defined as 𝐶 =
ε𝐴

𝑑
, where C is 

capacitance, ε is real permittivity, A is surface area, and d is the thickness of the capacitor. Once 

C, A, d, are measured, the real permittivity of the samples can be calculated. 

Porosity measurement 

The porosity P of the PHB and composite scaffolds was estimated by taking into account the 

weight and volume of scaffolds as well as the density of the two types of PHB and MWCNTs, P 

= 
𝜌𝑉−𝑀

𝜌𝑉
 × 100 %. In this equation, P (%) is defined as porosity, 𝜌 (g/cm3)is the density of the 

material, V (cm3) is the volume of the scaffold, and M (g) is the measured weight of the scaffold. 

Cell proliferation  

The biocompatibility of the materials was evaluated with Medical Research Council cell strain-5 

(MRC-5) fibroblast cells using a cell proliferation kit. Briefly, PHB films (1 cm2) were sterilized 

with ultraviolet light and immersed in 1 ml Dulbecco’s Modified Eagle Medium (DMEM) culture 

medium for 24 h and the extracted liquid was collected. MRC-5 fibroblast cells were seeded onto 

a 96-well plate at a density of 6,000 cells per well with 100 µL of DMEM medium. The cells were 

incubated at 37 ℃ in a balanced air humidified incubator with an atmosphere of 5 % CO2. After 

incubation of the cells for 24 h, the culture media were removed and replaced by 100 µL of fresh 

DMEM media. The cells were allowed to be further incubated for 24 h. 20 µL (3-(4,5-



129 

 

Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) solution (5 mg/ml) was then 

added per well, and then incubated for 4 h. The culture media were then carefully removed, and 

100 µL of lysis buffer (dimethyl sulfoxide (DMSO)/isopropanol = 1:1 volume ratio) solution was 

used to dissolve the crystal formation. An optical absorption spectrometer was used to measure 

the absorbance at 570 nm, and cell viability was calculated by comparing optical density 570 nm 

values of cells treated with/without the extracted liquid.  

Scaffold and Cell Morphology Examination 

Top-view and side-view scaffolds, and cell morphology were observed by optical microscopy. 

Before evaluating the cell proliferation, all the tested samples (neat PHB, composite, and printed 

scaffolds) underwent 72 h incubation.  

5.6 Results and Discussions 

Nanocomposite Morphological Characterization 

Figure 2 (a) and (b) show the optical images of microtomed thin sections (1 µm) of Biomer 

PHB/MWCNT and BRS PHB/MWCNT composites (compression molded) exemplarily shown at 

1 wt% nanofiller. This loading of nanofiller was selected as it was expected to be high enough to 

allow numerous agglomerations to be observed in a single view, while low enough that individual 

agglomerations could be discerned. The dark spots appeared on both images are remaining large 

agglomerates of NC7000 MWCNTs. A relatively good dispersion was observed at the 

macroscopic scale with some visible nanofiller agglomerates. Overall, the maximum size of 

remaining agglomerates (dark spots) in the Biomer composite system (Figure 2 (b)) was greater 

than that in BRS PHB (Figure 2(a)). Figure 2 (c) and (d) show the the TEM micrographs of the 
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composites. Rectangular annotations on the images are used to highlight the agglomerates of CNTs. 

Both TEM graphs showed reasonable MWCNT distribution at the nanoscale, wherein individually 

dispersed MWCNT threads can be observed as well as some larger clusters (around 1 µm in size). 

Similar structures have been observed in previous work, e.g. for polycarbonate-CNT composites.32 

In the Biomer PHB-MWCNT composites these agglomerates tend to be comprised of a more dense 

cluster of MWCNTs, whereas in the BRS PHB-MWNCT composites the agglomerates have a 

more fluffy structure, made up of fewer MWCNTs. This confirms better dispersion at the 

nanoscale for BRS PHB/MWCNT composites. 

 

Figure 5.2 Optical images of microtomed BRS PHB/MWCNTs (1 wt%) composite (a) and Biomer 

PHB/MWCNTs (1 wt%) (b). TEM images of BRS PHB/MWCNTs (1 wt%) composite (c) and 

Biomer PHB/MWCNTs (1 wt%) (d).  
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SEM images were collected to analyze the fracture surface of 1 wt% samples, shown in Figure 5.3 

(a) and (b). The cryofractured surfaces of both samples showed the presence of wrinkle-like 

structures with no visible cracks, indicating that MWCNTs were well mixed with the polymer 

matrix, and also well-adhered to the matrix. The Biomer composite (Figure 5.3 (b)) includes larger 

visible agglomerates of MWCNTs than the BRS sample (Figure 5.3 (a)); this is in agreement with 

the TEM and optical results. This may influence the mechanical and electrical properties of the 

resulting composites. The more pronounced visibility of the MWCNTs in the Biomer PHB 

composite may result from a less perfect infiltration of the PHB chains into the primary MWCNTs 

bundles, leading to easier separation of the nanotubes during the cryofracturing.  
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Figure 5.3 SEM images of cryofractured surfaces of composites with 1 wt% MWCNTs in BRS 

PHB (a) and in Biomer PHB (b). 
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Mechanical Properties 

Representative stress-strain curves of the neat biopolymer (i.e. BRS and Biomer), 1 wt%, and 5 

wt% composites are plotted in Figure 5.4 (a) and (b). The value of Young’s modulus (E) and strain 

at break (𝜀) are plotted in the bar charts in Figure 5.4 (c) and (d). The characteristics of neat BRS 

PHB align with those reported in our previous work, 28,29 and reflect the brittleness of this material, 

particularly exhibiting a low strain at break. As can be seen in Figs. 4 (a) and (b), the neat Biomer 

PHB is less brittle than the BRS PHB, with higher strain at break and lower Young’s modulus. 

These differences in mechanical properties occur because the Biomer PHB contains a plasticizers 

to lubricant the polymer chains, which makes it less brittle.  

For very low MWCNTs content (0.1 wt%, 0.25 wt%) no obvious change in modulus occurred in 

either type of composite. At high loading (5 wt%), both types of composites undergo a large 

increase in Young’s modulus with respect to the Neat polymer (without MWCNTs). For example, 

the Young’s modulus of Biomer PHB increased from 1390 ± 50 MPa for the neat polymer to 1730 

± 100 MPa for the 5 wt% composite, while the strain at break decreased from 6.4 % to 5.0%. This 

corresponds to an approximately 25 % increase in Young’ s modulus and 21 % decrease in strain 

at break. The Young’s modulus of the BRS PHB increased from 1844 ± 108 MPa for the neat 

polymer to 2263 ± 23 MPa for the 5 wt% composite, which is almost a 23 % rise in Young’ s 

modulus and a 24 % decrease in strain at break. These trends (decreasing strain in break and 

increasing Young’s modulus) as frequently observed in CNTs-polymer composites 30  
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Figure 5.4 Representative strain-stress curves of neat and 1 wt% BRS PHB/MWCNTs composite 

(a) and Biomer PHB/MWCNTs (b). The bar chart of Youngs’ modulus (c) and strain at break (d) 

of composites with different MWCNTs concentration, representing the average and standard 

deviation of 5 samples each. 

Crystallinity and Thermal Behavior 

The crystallinity and thermal properties of Biomer PHB, BRS PHB and PHB/MWCNTs 

composites were evaluated using DSC. Figure 5.5 shows the representative DSC second run 

heating curves for each material, where neat BRS and Biomer PHB presented a double melting 

peak at Tm1 (158 ℃), Tm2 (170 ℃), and Tm1 (164 ℃), Tm2 (170 ℃), respectively. The double 
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melting peak of PHB type biopolymer is often observed, and is generally attributed to the presence 

of metastable crystals that melt at a lower temperature than stable ones.31 

The degree of crystallinity ( 𝑋𝐶 ) of the BRS, Biomer, and composites with MWCNTs is 

summarized in Table 2. 𝑋𝐶 was calculated using the following equation: 𝑋𝐶 =
∆𝐻𝑚

∆𝐻𝑚100×𝑤
, where 

∆𝐻𝑚  is the integrated area of the melting peak, ∆𝐻𝑚100  is the enthalpy of neat 100 % PHB 

crystalline (146.6 J mol-1), w is the fraction of PHB.32 Initial crystallinity values for the BRS PHB 

agree with our previous work,230 and, as expected, the Biomer formulation exhibited a lower value 

due to the inclusion of plasticizers. The crystallinity for both types of PHB decreased with 

increasing the content of MWCNTs. The crystallinity of neat BRS and Biomer were 29.1 % and 

32.3 %, respectively, and at 5 wt% loading of MWCNs these values dropped substantially to 16.6 % 

and 19.2 %, respectively. The composites showed decreasing crystallinity with increasing the % 

loading of MWCNTs, indicating that  MWCNTs suppress crystallization by pinning the polymer 

chains.33 34. While each neat PHB (0 wt % MWCNTs) exhibits two peaks, for the composites 

formed with Biomer PHB as the wt% of the MWCNTs increases, the distinction between these 

two peaks lessens. This may be due to the fact that the position of these peaks is relatively close 

together, causing them to overlap as the intensity of the peak at the higher Tm decreases.  
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Figure 5.5 DSC heating endotherms of composites of BRS PHB c (a) and Biomer PHB (b) 

containing different concentration of MWCNTs.  
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Table 5.2 Crystallinity of biopolymer (BRS and Biomer) and MWCNTs composites as obtained  

by DSC. 

CNTs loading (wt %) Crystallinity (%) BRS 

Composites 

Crystallinity (%) Biomer 

Composites 

0 29.1 32.3 

0.1 24.9 28.4 

0.25 21.3 27.0 

0.5 19.3 26.1 

0.75 17.4 22.5 

1 16.6 19.2 

5 14.1 17.4 

XRD  

Figure 5.6 depicts the XRD patterns of the composites and also of neat BRS PHB and Biomer 

PHB. The XRD pattern of neat BRS and Biomer show similar appearance, including peaks at 2θ 

values that can be attributed to the (020), (110), (021), (111), and (121) crystal planes of the 

polymer. The MWCNTs XRD pattern has a typical sharp peak at 25°, and this peak is absent in 

the composite materials, suggesting that the MWCNTs were well mixed with the polymer matrix. 

In the composites, the peaks appeared very similar to each other and to the neat biopolymer, 

suggesting a minimal effect of MWCNTs on the type of crystals formed in the polymer. However, 

an overall decrease in peak area with increasing filler concentration was observed in Figure 5.6 

(a), indicating that the overall crystallinity of the composites decreased with increasing MWCNT 



138 

 

content. This suggests that the presence of MWCNTs may limit the movement of polymer (BRS) 

chains into crystalline lamellaes to form the crystals. The ratio of the integrated area for the 

(020):(110) peaks was 0.87:1 and 0.8:1 in BRS PHB and Biomer PHB polymers (without filler), 

respectively. For each composite, the integrated area of (020) is larger than the area of (110) in 

both PHB types; the ratio of these values are around 1.14:1, 1.21:1 for BRS PHB and Biomer PHB, 

respectively. A similar change in the ratio of intensities has been observed in previous rGO/PHB 

work and by Arza et al. 28,35 In these works, the ratio of the integrated area for the  (020):(110) 

peaks increased with increasing wt% amount of rGO. This change was attributed to preferential 

orientation effects within the polymer. 28,36At further increase in the MWCNTs content (> 0.1 wt%) 

such as 0.25 wt%, the peak intensities were increased.  
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Figure 5.6 XRD patterns of BRS PHB/MWCNTs composites (a) and Biomer PHB/MWCNT 

composites (b) containing different concentration of MWCNTs.  

Electrical properties 

Figure 5.7 illustrates the electrical volume resistivity of the two kinds of composites; as expected, 

both types of composites exhibit decreasing resistivity with increasing wt% of MWCNTs. Neat 

BRS PHB and Biomer PHB (0 wt% filler) were found to be insulating, with resistivity values of 

1016 Ω cm and 1014 Ω cm, respectively. The resistivity of the BRS PHB was two orders of 
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magnitude higher than that of the Biomer, likely due to small differences is impurities and additives 

in these PHB materials. Above 0.5 wt% loading, the resistivity decreased in each type of composite.  

The BRS composites have a lower electrical percolation threshold (0.5 wt%) compared to Biomer 

composites (0.8 wt%), suggesting the formation of a more connected network. This observation is 

in agreement with the morphological characterization, which showed better dispersion of the CNTs 

in the Biomer composites. At each wt% loading above 5 wt%, the BRS composites were less 

resistive than Biomer samples. Overall, both PHB/MWCNTs composites showed quite low 

resistivity above the electrical percolation threshold. At 5 wt % loading, the resistivity of the BRS 

PHB-MWCNT composite and the Biomer PHB/MWCNT composite were 2.2 ± 0.4 Ω cm, 5.8 ± 

0.6 Ω cm, respectively. Each PHB/MWCNT (1 wt%) composite showed lower resistivity values 

than currently reported poly(lactic acid)/polystyrene/MWCNT, polypropylene/MWCNT and 

polyamide-4/MWCNT composites.37–39 

 

Figure 5.7 Electrical resistivity of the composites of two types of biopolymer (BRS PHB and 

Biomer PHB) with different MWCNTs content. 
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Dielectric properties  

Flexible electronics with a high dielectric constant are important for many biomedical applications 

(e.g. physiological signals monitoring).26 While polymers usually exhibit a low dielectric constant 

(< 10), flexible dielectrics with a high dielectric constant can be achieved by the addition of 

conductive particles to a polymer matrix. The capacitance of a parallel capacitor is defined as 𝐶 =

ε𝐴

𝑑
, where C is capacitance, is real permittivity, A is surface area, and d is the thickness of the 

capacitor. By knowing the C, A, d, the real permittivity of the samples can be calculated. Figure 

5.8 (a) and (b) show the real permittivity and Figure 5.8 (c) and (d) depicts the imaginary 

permittivity of the two types of composites, BRS PHB/MWCNTs and Biomer PHB/MWCNTs, 

respectively. As expected, both neat biopolymers have very low real permittivity (< 10). All 

samples showed a decrease in both real and imaginary permittivity as the frequency was increased 

from 20 to 500 kHz. As the MWCNT contents was increased in each type of composite, the real 

permittivity increased, and a permittivity value of greater than 104 is reached at 5 wt% loading for 

each type of composite. The real permittivity originates from the inner polarization of charge 

carriers, and a rise in real permittivity occurs with increasing the MWCNTs content as more 

conductive nanofillers results in more charge carriers.  The high dielectric constant suggests more 

surface charges on the composite scaffold, indicating a better electroactive response formed 

between scaffold and tissue interfaces. 40 These values are comparable to the current reported high 

dielectric polymer/CNTs composites.41,42 Likewise, the imaginary permittivity rises with 

MWCNTs content, reaching a fairly low overall value between 11 and 14 for the 5 wt% composites. 

The imaginary permittivity, referred to as the Ohmic loss, comes from the dissipation of electrical 

energy through a dielectric material. A low imaginary permittivity is critical for antennas and other 

radio frequency related applications.  
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Figure 5.8 Real permittivity of BRS PHB/MWCNT composites (a) and Biomer PHB/MWCNTs 

composites (b), and imaginary permittivity of BRS PHB/MWCNTs composites (c) Biomer 

PHB/MWCNTs composites (d). 

Planar and 3D Printed Structures 

Having characterized the morphology, electrical, and dielectrical properties of composites and 

biopolymer, the extruded filaments were used to print – by FDM – dumbbell shapes for tensile 

testing, 2D circuits and 3D designs. Composites with 1 wt% loading of MWCNTs in Biomer PHB 

were selected for printing because they exhibited the best combination of low resistivity and 
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acceptable flexbility.  Figure 5.9 (a) shows tensile tests conducted on 3D printed dumbbells; in 

general the 3D printed dumbbells exhibited lower Young’s modulus than the compression molded 

materials but similar elongation at break. This reduction in modulus likely results from the fact 

that the 3D printed structures are not perfectly compact, rather they incorporate some air space 

introduced as a part of the printing process. 29  Figure 5.9 (b) compares the average conductivity 

of the extruded filaments (Biomer: 1200 Ω cm, BRS: 5000 Ω cm at 1 wt %), compression molded 

samples (Biomer: 780 Ω cm, BRS: 100 Ω cm at 1 wt %), and printed 3D object (Biomer: 900 Ω 

cm, BRS: 240 Ω cm at 1 wt %). Overall, the compression molded samples had slightly lower 

resistivity compared to the printed materials, suggesting the voids and air bubbles increased the 

resistivity of composites. Figure 5.9 (c) compares the resistivity change of 1 wt% Biomer filament 

under bending test with the strain up to 2 %. The result suggested that resistivity of filaments is 

slightly influenced by mechanical deformation (bending). Figure 5.9 (d) and (e) showed the 2D 

circuits that can light up the led lights from 3V. Figure 5. 9 (f) showed that the filaments were 

capable of being used in the printing of complicated 2D designs. 
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Figure 5.9 (a) Stress-strain curves of 3D printed and compression molded dumbbell shape 

biopolymers. (b) Average volume resistivity comparison among compressed PHB/CNTs 

samples, extruded composite filaments, and printed 3D objects using filaments. (c) Resistivity 

change of 1 wt% Biomer/CNTs filament under bending deformation (strain up to 2 %). (d) A 

series of LED light up under 3 V using 1 wt % Biomer/CNTs filament as wire. (e) and (f) Printed 

meandering, zigzag, and spiral-shaped conductive leads.  

3D Printed Scaffolds 

Porous scaffold structures with dimensions of 1 cm3 cube were printed using each type of PHB 

with a range of filler content. To characterize the structure of 3D printed scaffolds, optical 

microscopy was used. Figures 5.10 (a) and (d) are optical images of the pores on the scaffold, and 

inset pictures depict top view of scaffolds. Both PHB biopolymer and PHB/MWCNTs composite 

scaffolds have a spongy appearance, with square-like organized pores ranging from 50 to 100 µm 

in size. Figure 5.10 (b) and (e) show the structure of the side view of scaffolds, where the printed 
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layers are uniform and around 150 µm in thickness. The porosity P of the PHB and composite 

scaffolds was estimated by taking into account the weight and volume of scaffolds as well as the 

density of the two types of PHB and MWCNTs, P = 
𝜌𝑉−𝑀

𝜌𝑉
 × 100 %. The P (%) is defined as 

porosity, 𝜌 (g/cm3)is the density of the material, V (cm3) is the volume of the scaffold, and M (g) 

is the measured weight of the scaffold. The porosity  results are shown in Figure 5.10 (c). Each of 

these structures was found to have a high porosity (over 40 %), in line with the porosity of 

trabecular bones in human body (30% to 90%).43,44  Figure 5.10 (f) presents the compressive 

modulus of BRS and Biomer scaffolds as well as Biomer PHB/MWCNTs (1 wt%) composite 

scaffolds under standard DMA frequency sweeping (0.01 Hz to 100 Hz). All of three of the 

scaffolds had a compressive modulus on the order of 102 MPa, where the 1 wt% composite scaffold 

showed slightly higher compressive modulus than the other two. This range of compressive 

modulus is comparable to the modulus of bone (70 to 400 MPa). 44,45  
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Figure 5.10 (a) and (d) are the optical images of Biomer PHB and Biomer PHB/MWCNTs 

composite scaffolds, and the inside pictures are top view pictures of each scaffold (1 cm3). (b) 

and (e) are the optical images of the side view of Biomer PHB and Biomer PHB/MWCNTs 

scaffolds. (c) is the porosity comparison among biopolymer and composite scaffolds. (f) is the 

compressive modulus of BRS, Biomer, and 1 wt % composite Biomer PHB/MWCNTs scaffolds 

under DMA frequency sweeping. 

Cell Cytotoxicity 

Biocompatibility is an important requirement for composite materials used in biomedical 

applications. The cytotoxicity of PHB/MWCNTs composites is not known though the PHB 

biopolymer itself is biocompatible and free MWCNTs may be toxic. The MRC-5 (Medical 

Research Council cell strain 5) fibroblast cells were incubated with our printed scaffolds (with 

CNTs content of up to 5 wt%), and cell viabilities were analyzed by standard cell proliferation test 
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(MTT) assay, listed in Figure 5.11. After 24 h of incubation, cell viabilities of 94.6% and 97.9% 

were obtained from Medical Research Council cell strain-5 (MRC-5) fibroblast cells, in neat BRS 

and Biomer neat polymer samples. Overall, cell viabilities gradually decreased in composites by 

increasing the MWCNTs content, with 80.7% and 81.3%, respectively in 5 wt % composites. In 

spite of this small difference of cell viabilities among neat polymer and 5 wt% MWCNTs 

composites, this result suggests that adding MWCNTs into the PHB polymer may be very low 

cytotoxic to cell lines. Overall excellent biocompatibility may be ascribed to the fact that fixed 

MWCNTs that was mixed into the polymer matrix is not toxic at a cellular level. The morphology 

of cell attachment on the scaffolds is listed in Figure 5.12 observed using optical microscopy, 

showing good cell proliferation and no obvious cell shape deformation on printed scaffolds.  

 

Figure 5.11 Cell viability of MRC-5 normal cells after 24 h incubation with biopolymer and 

MWCNTs composites. 
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Figure 5.12 Optical images of cell morphologies attached on different samples.  

5.7 Discussion  

In recent years, PHB has become increasingly utilized in medical applications due to its good 

biological performance, thermal stability, and thermoplastic properties. Although it has been 

shown that PHB can be enzymatically degraded in the environment by various types of 

bacteria,51,52 it has also been shown to be relatively stable in the body, undergoing a mass loss of 
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only 0 to 1.6 wt% during 6 months implantation (depending on its chemical formulation).53 For 

some applications, electrical conductivity would be a benefit. PHB can be made conductive 

through the addition of conductive nanofillers. Two types of PHB – BRS (neat PHB) and Biomer 

P209 (containing plasticizers and nucleating agents) – were examined in this work. As observed 

by both SEM and TEM of 1 wt% samples, the BRS PHB/MWCNT composites had slightly better 

dispersion at microscale compared to the Biomer composites. In a previous study from one of the 

coauthors, it was shown that for polycarbonate (PC)-CNT composites prepared under conditions 

where the melt viscosity was kept constant for the different samples, composites made from lower 

molecular weight PC exhibited smaller undispersed primary agglomerates compared to composites 

formed using higher molecular weight PC.53 Although in our study temperature, rather than melt 

viscosity, was kept constant during processing, differences in the molecular weight (MW) of the 

two types of polymers are expected to contribute to differences in dispersion. Our observation of 

better dispersion being achieved in the lower MW polymer is consistent with the previous results 

from the PC-CNT study. 

The mechanical properties of the composites were strongly related to the mechanical properties of 

the polymers. Structures 3D-printed from the Biomer polymer exhibited a lower Young’s modulus 

and larger strain to break compared to BRS biopolymer. At each wt% loading of MWCNTs (from 

0 wt% to 5 wt%), the Biomer PHB/MWCNT composites – which had higher MW but also included 

additives such as plasticizers) – were more ductile than the BRS PHB/MWCNT composites 

(exhibiting a smaller Young’s modulus and larger strain at break at each wt% loading). 

As expected, the addition of MWCNTs led to a gradual increase in Young’s modulus as a function 

of wt% loading in each type of polymer. While the use of a commercially-formulated PHB 
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containing plasticizers can enhance the flexibility of polymer, the addition of a stiff nanofiller like 

MWCNTs will inevitably increase the stiffness of materials.  

Incorporating MWCNTs into the polymer matrix also resulted in a reduction in strain at break (as 

a function of wt% loading) for each type of polymer. Interestingly, the strain at break of the Biomer 

PHB MWCNT composite decreased noticeably upon the addition of even the lowest wt% 

MWCNTs; this may result from the formation of agglomerations that acted as weak points during 

mechanical testing. In comparison, the decline in strain at break of the BRS PHB-MWCNT 

composite was more gradual, decreasing from an already low value of 4.4 % at 0 wt% loading to 

3.4 % at 5 wt% loading of MWCNTs.   

The composites prepared using the lower molecular weight BRS PHB (containing no plasticizers) 

showed slightly better electrical and dielectric properties than composites incorporating the 

Biomer (higher conductivity and real permittivity at the same wt% loading). The sharp changes in 

properties achieved at relatively low loading results both from the high intrinsic conductivity of 

the MWCNTs, and the good dispersion achieved in each material. Importantly, this dispersion was 

maintained through multiple processing steps, from mixing the composites in a twin screw 

extruder, forming filaments, and 3D printing.   

FDM, the 3D printing technique utilized in our work, can be used to construct complex 3D designs 

with well-defined details. While the biopolymer PLA has been utilized extensively as a 3D printing 

filament, to our knowledge, thermoplastic PHB and PHB/CNTs composite filaments have not been 

demonstrated previously by FDM. Optimal printing parameters have been established in this work, 

and structure characterization of printed subjects has been investigated. Printed samples showed 

lower mechanical properties (smaller Young’s modulus and strain at break) compared with 
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polymer samples manufactured through molding. 3D printing enables us to print complex 2D or 

3D designs, such as conductive circuits, scaffolds.  

The 3D printed scaffolds demonstrated here are good candidates for use in bone tissue engineering 

applications. The compressive modulus of fabricated scaffolds is comparable to that of bone tissue, 

suggesting that these structures can mimic the mechanical environment in which bone cells can 

develop. The conductivity of the materials is also of interest for tissue engineering applications, as 

it has been shown that conductive scaffolds can be used to stimulate function in cells.14,25  Our 

work has shown that the composites utilized in these scaffolds show low cytotoxicity to fibroblasts. 

Through variation of the printing parameters, the size of the pores can be tuned using the 3D 

printing process.  As has been shown previously, both porosity and pore size will influence cell 

infiltration, and higher infiltration is expected in high porosity samples with large pores.54,55 The 

next step in these studies will be to seed the scaffolds with osteoblasts and study their viability, 

morphology, and growth over time.   

5.8 Conclusions  

In this work, we demonstrate that functional PHB composites can be printed by FDM to form 

porous scaffolds and other 3D structures. Filaments were prepared from extruded composites, and 

patterned in a desktop 3D printer. To address the inherent brittleness of PHB, a commercial 

polymer (Biomer) containing plasticizers and nucleating agents was utilized and the properties of 

this material were compared to a more homogeneous PHB. Conductive composites could be 

prepared from each type of material, however when MWCNTs were introduced into the PHBs the 

stiffening effect of the nanofiller outweighed the plasticizing effect of the additives in the Biomer 

material.  PHB and PHB/MWCNT composite scaffolds with hierarchically pore structure have 
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been made through 3D printing. 3D cubic scaffolds have relatively uniform inner pores, with a 

high porosity, high compressive modulus, and no obvious toxicity. This work presents 

opportunities for the development of biopolymers that can be functionalized for use in electronic 

devices such as sensors and bone regeneration applications.  
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6. Summary and Conclusions 

The work described in this thesis demonstrates that conductive biopolymer composites comprised 

of reduced graphene oxide (rGO) in a polyhydroxybutyrate (PHB) matrix can be achieved by using 

in-situ reduction with the presence of acetic acid and suitable processing parameters. Conductive 

rGO/PHB composites show temperature-dependent resistance; thus temperature sensors have been 

fabricated using the composite as sensing layers. Printing techniques have been used in this work 

to pattern composite inks, in some cases on elastomeric substrates that were also printed. Together, 

printed, intrinsically elastic substrates and responsive layers shaped in a meandering pattern form 

sensors that are both stretchable and highly flexible, and which do not undergo a noticeable 

sensitivity change (in response to temperature) under deformation. These sensors are capable of 

monitoring human body temperature on curved surfaces such as the forehead or wrist. It was also 

shown that highly conductive PHB-carbon nanotube (CNT) composites could be fabricated using 

melt mixing, which does not require the use of organic solvent. The desired portion of CNTs was 

blended with PHB pellets in a twin-screw extruder, and then shaped in a filament extruder to form 

conductive filaments for use in 3D printing. These filaments could be printed out by standard 3D 

printer with controllable porosity and architecture. More detailed conclusion of the studies 

presented in each chapter follow.  

Three different reducing agents (e.g. hydrazine (N2H4), sodium borohydride (NaBH4), L-ascorbic 

acid (L-A.A)) were utilized to reduce rGO to form conductive rGO/PHB composite in the presence 

of ascorbic acid. The Chapter 3 was entitled: “Solution-processed conductive biocomposites based 

on polyhydroxybutyrate and reduced graphene oxide”. The work systematically compared the 

effects of three reducing agents by comparing reduction efficiency, carbon and oxygen atom ratio 

presented on the resulted rGO, and the conductivity, morphologies of the formed composites. L-
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ascorbic acid shows the lowest electrical percolation threshold (1 wt%) and the highest known 

values for rGO/PHB composites. The mechanical properties were characterized, and a strain 

sensor was demonstrated using these composites. This work provides insight into the fundamental 

properties of biopolymer-graphenic nanomaterial composites, and shows how highly conductive 

composites can be prepared from solution.  

A simple and low-cost temperature sensor was proposed in Chapter 4 entitled “Flexible and 

stretchable temperature sensors fabricated using solution-processable conductive polymer 

composites”. The responsive element of the temperature sensor is a conductive rGO/PHB 

composite deposited on both flexible and stretchable polymer substrates through both drop coating 

and direct ink writing (DIW). A high melting point biopolymer PHB was used as the matrix and 

the graphenic material rGO as the nanofiller, resulting in a material that exhibits a temperature-

dependent resistivity. One important property of sensors is selectivity to the desired stimulus. To 

compensate for the mechanical stress that occurs during bending, a meandering pattern was 

deposited. This pattern showed no obvious resistivity change under bending. This chapter adds to 

the current literature about composite printing and offers exciting future directions on designing 

and patterning flexible composite electronics. 

Chapter 5 is entitled “3D Printed and Biocompatible Conductive Composites Comprised of 

Polyhydroxybutyrate and Multi-Walled Carbon Nanotubes ”. Multi-walled nanotubes (MWCNTs) 

and PHB were blend in amount from 0.25 to 5 wt% and then 3D printed using a commercially 

available desktop 3D printer. It was shown that MWCNTs/PHB composites could be printed out 

smoothly into neat scaffolds structure with tunable porosity and architecture, and low cytotoxicity. 

These materials may be potentially used in bone regeneration applications. The results of this 
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research may help to advance work on 3D printing of composites involving other thermal plastics 

and fillers such as cellulose, graphenic materials. 

The findings in this thesis, in addition to forming an integral part of conductive biopolymer 

composites (CPCs) development, could have applications in biomedical fields for healthcare 

monitoring. For example, the in-situ reduction method (Chapter 3) to reduce graphene oxide (GO) 

in the presence of PHB and acetic acid using ascorbic acid can be utilized to prepare other rGO 

related CPCs for better rGO compatibility and distribution. The temperature sensor comprised of 

rGO/PHB responsive patterns and flexible polymer substrates (Chapter 4) has potential use for the 

next generation stretchable electronics. The 3D printed CNTs/PHB composite scaffolds presented 

in Chapter 5 provides an insight into the composite applications in biomedical field, indicating that 

PHB can be used for bone regeneration as the modulus of scaffolds are comparable to the 

trabecular bones.  

One aspect of my work focused on patterning composites using direct ink writing (DIW), a 

technique that is compatible with a wide range of viscosity of inks and different materials. DIW is 

an extrusion-based system with a size-tunable nozzle, which can therefore be used to print inks 

with a wider range of viscosities than printing. DIW is particularly useful in working with soft 

materials (solution-based inks, hydrogels, composites), and is more versatile comparted to fused 

deposition modelling (FDM), which can only be used with thermoplastic materials. Recent 

advances in DIW have focused heavily on printing hydrogels laden with cells, creating organ-like 

structures that let living cells multiply. These printed “mini organs” and vascularized tissues are 

under development for fundamental research related to drug screening, disease modeling, and 

tissue repair and regeneration.1,2 However, my work has focused on another direction: patterning 
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of solution-processible conductive and responsive composites. The ability to print new functional 

materials, including conductive composites, will open up many new possibilities for the fabrication 

of both stretchable and conductive electrodes and responsive materials. This will allow the 

development of real-time, low-cost electronics and sensors on flexible substrates. Challenge of 

this technique that must be addressed moving forward are in printing smaller scale (µm) with fine 

details, and printing structures with sufficient mechanical strength for specific applications. 

Overall, the work described in this thesis led to improved knowledge on conductive polymer 

composites which can be used in a variety of fields and applications, from biomedical fields to 

PHB-based sensors and devices. It established clear comparisons of different reducing agents in 

reducing GO with the presence of acetic acid and PHB-such studies are scarce in the available 

literature.3,4,5 In the course of the work, printing technique was developed that can pattern the 

composite ink to desired designs. This offered a platform for the rapid development of printing 

electronics – demonstrated with printed meandering designs using composite inks. This system 

may be used to print other types of composite inks that contain filler particles, which has rarely 

reported before. This is a big step for widening the use of conductive composites, with the aim of 

large-scale fabrication in making printable and low-cost electronics.6–8 Finally, conductive PHB 

composites have been fabricated through compression molding without the deployment of organic 

solvent, and the molded filaments can be 3D printed into different designs. These materials may 

have applications as conductive scaffolds that are capable of communicating with intercellular 

cells. Conductive scaffolds made from polymer composites are an emerging topic in current 

research. 9-11 Overall, my contributions add new knowledge on the 3D printing unconventional 

composite materials.  
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6.1 Future Work 

Several projects can expand from the findings presented in this PhD work. Some of them could 

include: 

An exciting avenue to investigate is designing new functional composite inks. Conductive 

composite inks that can be printed in a cost-effective manner could have industrial applications. 

Both graphenic nanofillers and metallic nanoparticles are highly conductive, but tend to have poor 

solubility in most common solvents. In addition, these materials tend to form agglomerates when 

blended with polymers. Proper ink formulation requires choosing compatible solvents and forming 

stable dispersions. By designing new compositions of composite inks, both conductivity and 

function of inks could be modified and improved. This can be achieved by using different 

dimensions and properties of nanofiller and polymers. Various 2D materials composite inks have 

been established with different functionalities, and environmentally friendly, sustainable, low cost, 

and highly conductive inks still need further investigation. 250  

Further development of printing techniques will be beneficial to realize more applications for 

conductive composite flexible electronics.  The compatibility of inkjet printing is limited to inks 

with suitable viscosities, though good resolution print designs produced. Direct ink writing can be 

further investigated by improving the extrusion system to improve the print quality. Thermoplastic 

conductive composites can be compression molded into different dimensions including filaments 

that can be printed using 3D printer. Better control of filament feed system and nozzle designs can 

expand the use of low melting temperature polymer composites for bio printing,9 including 

scaffolds demonstrated in this thesis. 
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Finally, aging and degradation studies could be performed on the composites demonstrated in this 

work so as to determine their suitability for use in various applications. They should also be 

subjected to in vitro and in vivo testing to determine their stability under biological conditions. 
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