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Abstract 

The future success in healthcare is now strictly entangled with the advances in tis-

sue engineering and bio sensing technologies. Solutions to overcome current limi-

tations in this multidisciplinary field have been actively pursued which has resulted 

in new materials and properties. Stretchable electronics with tunable mechanical, 

chemical and electrical properties which are compatible with 3D printing process 

are highly demanded for biomedical, tissue engineering and health monitoring ap-

plications. However, current existing studies have been rather failed to be used in 

clinics and industries. Cost efficiency and facile preparation method are other dis-

suasive factors for further achievements. Introducing self-healing properties to the 

elastic electronics can ensure higher safety and be helpful for bio mimicking pur-

poses. Hydrogels enable mimicking most tissues of human and animal bodies due 

to their tissue like properties. With tuning different mechanical, physical, chemical 

and electrical parameters of hydrogels, one can develop bio mimicking hydrogels 

for countless applications.  

Herein, three approaches are represented to synthesize conductive nanocomposites 

applicable in biomedical sensing for health monitoring systems, electric skin and 

artificial organs. Briefly, in chapter 2, an innovative strategy is presented to fabri-

cate a CNT-based stretchable strain gauge which can detect high strains with high 

sensitivity. Contrary to some other sensors in which the conductive particles are 



required to be deposited on elastomer substrates, in this design, CNTs are distrib-

uted uniformly on the entire substrate material. Beside, a facile and very unique 

approach is presented to reach CNTs with aligned arrangement. Another feature of 

our sensor is the ability to recognize the humid changes with a high sensitivity and 

fast resistance response capable of monitoring the human breathing. The moldable 

and plastic material of gum sensors allow a very uniform dispersion of nanotube 

solution and the ability of being folded leads to a good alignment of nanotubes 

with good conductivity. 

In chapter 3, a mechanically and electrically self-healing hydrogel was synthesized with 

pressure and extension sensitive features, introducing a promising candidate for wearable 

sensors. The hydrogel was prepared with physically and chemically cross-linked net-

works through a two-step synthesis. Another feature of our hydrogel is the injectability 

which enables to print a CSH hydrogel for the first time. The non-covalent and reversible 

bonds can be disrupted and reformed by an introduction and removal of an external force, 

respectively. Furthermore, we revealed that the current CSH hydrogel has the ability to 

monitor human motions with fast resistance response. 

In chapter 4, a new class of tunable hydrogels was developed based on poly vinyl alco-

hol. A new method of gelation was introduced which enables both layer by layer and 3D 

printing fabrications. PVA hydrogels perform shape memory and artificial muscle behav-

iour and can retrieve 90% of plastic deformation upon adding water. Strong mechanical 

and stable chemistry of this hydrogel led to new injectable electronics. This material can 

be an alternative for microfluidic chip and be introduced as new class of catheters. Appli-

cations of this new approach are discussed. Biocompatibility, protein and bacterial anti-



fouling and blood-compatibility of this material are confirmed with in vitro experiments 

which opens new gates for the field of biomaterials. 
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 Chapter 1 

 

Introduction 

Emulation of human sensing through stretchable electronics is a key to develop artificial intelligence 

and human/robot interactive electronics [1]. Till now, promising inventions and technologies were 

developed for mimicry system, but there is still a long way to go to tackle challenges facing in  tac-

tile-sensing simulation of the human skin characteristics with high resolution, high sensitivity, and 

fast response [2]. Very much like human skin, e-skin should be able to differentiate among different 

types of mechanical forces and at the same time can sense temperature and humidity in order to 

stablish physiological balance between the body and the ambient surroundings, which are current is-

sues faced the application in robotics and prosthetics [3]. 

In 1970s, the potential application of tactile-sensing simulation had been introduced and sev-

eral exciting pressure sensing materials were proposed. In this respect, one can mention a 

prosthetic hand with tactile feedback and a personal computer with a touchscreen [4]. By the 

end of 1990s, eye-catching advances were obtained in developing flexible and stretchable 

electronics for various applications by the means of flexible materials [5]. More importantly 
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in last decade, tactile sensors reached a prominent improvement and developed using differ-

ent physical transduction mechanisms [6]. For instance, using large-scale and flexible pres-

sure-sensitive sensor arrays based on transistors result in improved mechanical and electrical 

properties and profoundly diminish the crosstalk between pixels for precise mapping of pres-

sure distribution [7]. Furthermore, using oriented piezoelectric nanowires and nanobelts al-

lows synthesizing highly integrated tactile sensor arrays capable of high-resolution tactile 

mapping beyond that of human sensing [8].  

Great deals of studies have been accomplished to fabricate multifunctional e-skins with hu-

man-like perceptive properties to overcome the additional wide-ranging industrial hurdles 

[9]. These artificial intelligent e-skins with multiple sensing modules can simultaneously 

measure and differentiate different types of external stimuli including strain, twist, tempera-

ture, and humidity [10]. Next-generation of multifunctional e-skin devices is very much in-

volved with self-healing and self-powered properties [11].  

 

1.1 Self-healing mechanism 

Nature has provided countless inspirations to develop biomimetic self-healing synthetic materials. 

For example, through mimicking the blood supply mechanism in human skin in injury, a microvas-

cular self-healing system was developed delivering healing agent to cracks in a polymer coating via 

a three-dimensional microvascular network [12]. 

Developing self-repairing materials inevitably paves the way for more reliable and safer human 

made devices. According to the recent accomplishments in developing self-repairing materials, one 

can list these studies in two categories, namely intrinsic and extrinsic self-healing systems [13]. The 

main difference between these two types of self-healing system arises from their chemistries. 



Chapter 1  3 

 

 

Extrinsic self-healing materials were developed based on a healing agent and a catalyst embedded in 

the matrix [14-16]. The preparations of such materials were performed either through microencapsu-

lation or microvascular network. Any damage or cut in vascular networks and capsules initiate the 

healing process. 

Usually, capsule shells are made of poly (ureaeformaldehyde) (PUF); polyurethane; poly (melami-

neeureaeformaldehyde) (PMUF) and poly (melamineeformaldehyde) (PMF) [17, 18]. The micro-

encapsulation strategy demands high amount of catalyst while the self-healing of materials can be 

performed only once in the damaged area because the healing agents in the healed region is already 

consumed. Intrinsic self-healing materials allow repeatable healing processes through dynamic 

chemical/physical crosslinking by forming reversible covalent/non-covalent bonds [19]. π-π stack-

ing, ligand-metal bonding, hydrogen bonding, or host-guest interaction stacking are tools in covalent 

chemistry and Diels-Alder reaction, radical exchange and dynamic urea bond are used in covalent 

approaches. 

Intrinsic self-healing materials are mostly stimuli-responsive self-healing materials, known as non-

autonomous self-healing systems and can be activated by light [20], temperature [21], electricity 

[22], and redox potential [23] stimuli. In contrast, automatically self-healable systems enable recov-

ering their originals without any external stimuli.  

Several mechanisms have been proposed to develop autonomously and repeatedly self-repairing 

smart materials by dynamic covalent interactions, including disulfide bonds [24], imine bonds [25] 

and acylhydrazone bonds [26]. Another pathway is to design a supramolecular system by using non-

covalent interactions, including hydrogen bond [27, 28], host–guest interaction [29], hydrophobic 

association [30], crystallization [31], metal–ligand interactions and ionic interactions [32]. Although 

dynamic non-covalent approaches are able to improve the healing time and efficiency, the applica-

bility of the most proposed self-healing hydrogels is questionable, mainly due to their poor mechan-
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ical performance (figure 1. 1). To address this shortening, one idea was introduced to establish a fair 

balance between chemical and physical crosslinking networks[33-36]. 

Repeatedly autonomous self-healing systems together with pressure sensitivity are considered as es-

sential tasks for mimicking the human skin with the nervous system [11]. Despite fascinating num-

ber of studies on self-healing materials, only few attempts were made to capture other functional 

features like conductivity, or sensitivity. Flexible materials with autonomous self-healing and elec-

trical conductive aspects are highly required and valuable for the development of emerging fields 

such as artificial skins [11], medical devices [29], soft robotics [37] and flexible devices [38]. How-

ever, preparations of a material engaging all the above mentioned synergistic features still remain a 

great challenge.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 1. Different approaches towards developing intrinsic autonomous self-healing materials. Reproduced 

with a kind permission from [39]. 
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1.2 Stretchability 

Mechanical properties of hydrogels have a direct bearing on their applications [40]. Most hydrogels 

fail to exhibit high stretchability. For instance, an alginate hydrogel can withstand stretches around 

1.2 times of its original length. Several synthetic hydrogels have been developed reaching stretches 

in the range of 10–20 (these values are significantly reduced in samples with notches) [41, 42]. One 

can mention the synthesis of hydrogels from polymers forming ionically and covalently crosslinked 

networks containing 90% of water and can be stretched more than 20 times than initial length [43]. 

Another physical barrier of most hydrogels is their brittleness  [44], which compared to cartilage and 

natural rubbers is very low [45]. Efforts have been made to synthesize hydrogels with improved me-

chanical properties [46].  Ionic nanocomposite physical hydrogels with excellent and balanced me-

chanical properties of elongation at break 2300% was synthesized using poly acrylic acid and based 

on hydrogen bonds and physical ionic cross-linking [35]. 

 

1.3 Shape memory and artificial muscle 

Shape memory polymers (SMPs) are new class of smart and adaptive materials capable of retain 

their original shape through an external stimulus (figure 1.  2). Shape memory functionality together 

with the good biocompatibility of polymers has attracted great deals of attention in biomedical ap-

plications. 
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Figure 1. 2  Shape memory materials can be stimulated through multiple external sources with specific character-

istics such as cytocompatibility, sterilisability and biodegradability corresponding to applications. Reused with 

kind permission from   [47]. 

 

By providing unconventional functions, shape memory properties introduce a very attractive insight 

into materials science and opening unexplored horizons. However, their biomedical applications 

have been rarely studied due to unmet biocompatible requirements, especially for long-term and 

permanent purposes. 

1.4 Injectability 

Although flexible electronics offers a solution for conforming electronics to non-planar and stretch-

able surfaces, targeted delivery of flexible electronics to internal regions still remains a big chal-

lenge. By means of syringe injection, one can co-inject our three-dimensional (3D) interpenetration 

of flexible mesh electronics together with cells and polymer precursor to the host tissue. Injectable 

electronics introduce new solutions for biomedical applications and tissue engineering by directly 

interfacing our systems with the internal structures of man-made and biological materials allowing 

continuous monitoring and manipulation of their properties (figure 1. 3). Minimally invasive inject-
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able electronics can provide prolonged drug delivery system or continuous health monitoring sys-

tem. Continuous improvement it injectable mesh technology and material can let the new science 

fictions be invented that will let you wirelessly connect with your computer directly with your brain. 

Huge prospective potential for this technology is considered like monitoring brain wave path, and 

new treatments for brain disorders such as Parkinson’s and ultimately improving the brain’s capaci-

ties. 

 

 

 

 

 

Figure 1. 3 Schematic illustrations of injectable electronics. Reproduced with kind permission from [48]. 

 

 

 

1.5 Electric-skin 

So-called electronic skin or e-skin is referred to a flexible membrane that mimics human skin 

functions. Human skin is the largest organ of the human body and can feel stretch and pres-

sure forces, temperature changes, humidity and can heal itself upon damage. The purpose of 

E-skin is to design a system incorporating these functions and apply them for robotic, bio-
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medical, artificial intelligence and health applications. E-skins should be flexible, stretcha-

ble, wearable, and thin and can withstand crumpling in distortion. The introduction of wire-

less technology and the development of self-powered e-skins pave the way for suitable sens-

ing and better energy/data transfer. Future opportunities lie in the fabrication of implantable 

and more wearable e-skins which could be used to monitor our vital science and life threat-

ening predictions such as heart attacks and through making e-skin gloves doctors might be 

able to detect tiny cancer tumors which has great effect on how soon cancer can be identified 

and treated. The fast growing advances in this area is of high importance to the scientific 

community and to the future of human and animal’s life. 

 

1.6 Objectives 

This thesis is intended to bring novel ideas to overcome current obstacles in the field of bio-

medical sensing technology. To this end, different approaches are introduced in terms of ma-

terial, mechanical and electrical properties and gelation mechanisms. Three methodologies 

are introduced to generate conductive nanocomposites with the application of monitoring vi-

tal health parameters. Conductive materials have been employed as sensing agent.  Different 

kinds of electronics with considering several functional characteristics such as tunable con-

ductivity, stretchability, 3D printing ability, self-healing properties and shape memory which 

is mimicking human organs are presented. On the other hand, facile preparation methodolo-

gy and cost efficiency are other factors which are taken into consideration.  

In chapter 2, fabrication of a low-cost, flexible, wearable and stretchable biomedical sensor 

is explained based on CNTs and chewing gum.  



Chapter 1  9 

 

 

In chapter 3, fabrication of conductive intrinsic and autonomous self-healing hydrogel with 

3D printing ability based on poly pyrrole and acrylic acid is reported. 

In chapter 4, fabrication of a strong biocompatible and blood-compatible conductive hydrogel with 

3D printing ability, injectable properties with shape memory performance is studied along with po-

tential applications.  
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 Chapter 2 

 

Gum Sensor: A Stretchable, Wearable, and Fold-

able Sensor based on Carbon Nanotube/Chewing 

Gum Membrane 

 

 

 

 

 

 

  

  

    



Chapter 2  11 

 

 

Presented in this chapter is a novel and facile approach to fabricate an elastic, attachable and 

cost-efficient carbon nanotube (CNT)-based strain gauge which can be efficiently used as 

bodily motion sensors. An innovative and unique method is introduced to align CNTs with-

out external excitations or any complicated procedure. In this design, CNTs are aligned and 

distributed uniformly on the entire chewing gum by multiple stretching and folding tech-

nique. Current sensor is demonstrated to be a linear strain sensor for at least strains up to 

200%, and can detect strains as high as 530% with a high sensitivity ranging from 12 to 25 

and high durability. Gum sensor has been used as bodily motion sensors and outstanding re-

sults are achieved; the sensitivity is quite high, capable of tracing slow breathing. Since the

gum sensor can be patterned into various forms, it has wide applications in miniaturized sen-

sors and biochips. Interestingly, we revealed that our gum sensor has the ability to monitor 

the humid changes with high sensitivity and fast resistance response capable of monitoring 

the human breathing.  

2.1 Introduction 

The development of attachable and wearable sensors has drawn a great deal of attention from 

the research community mainly owing to the necessity of monitoring the health status of 

human.[49-52] Ideal sensors should achieve high sensitivity, fast response, low cost, high 

reliability and the possibility of being produced in various shapes, sizes and geometries. In 

design of a health monitoring system, the capability of deforming biosensors in response to 

motions such as stretching, bending, folding and twisting is of high importance.[53] 

Recently, many efforts have been made to devise motion biosensors capable of capturing 

breathing or joint and muscle movements.[10, 54-58] These precious studies introduce a 
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wide spectrum of applications in biomedical clothes, robotic systems, human motion 

detection and so on.[59, 60] 

On the other hand, it has been proven that a p-type carbon nanotube (CNT) turns into a n-

type when water vapor is added, indicating that CNTs can be used as humidity-sensing mate-

rials.[61] The humid sensitivity of single-walled and multi-walled CNTs has been investigat-

ed in several studies.[62-64] CNT-based composites are usually more sensitive to humidity 

changes compared to pure CNTs.[65] There are several research efforts on designing multi-

walled carbon nanotube (MWCNT)-based composites that can be used as fast response hu-

mid sensitive sensors.[65-71] 

Conventional metal strain gauges are unable to operate at high strain levels (more than 5%); 

and as a consequence, they cannot efficiently fulfill requirements for human motion detec-

tion and wearable electronics.[54, 60] The previously mercury-based strain gauges, used in 

biological measurements for decades, have toxicity and limited strain performance.[72] One 

criterion for evaluating the sensitivity of strain sensors is known as the gauge factor that is 

defined as , in which  is the strain (R is the resistance and R0 is the primary re-

sistance). Applying nanostructures such as nanotubes, nanoparticles, graphene and nanowires 

in strain sensors have opened an encouraging field to advance stretchable and flexible strain 

sensors.[73-77] Meanwhile, CNT-based sensors are promisingly recognized as the next fron-

tier in personalized healthcare. [78-80] 

To develop stretchable conductive functional materials, a creative approach is to combine ex-

isting stretchable materials with conductive nanostructures. [81-84] For instance, a mixture 

of thermoplastic elastomer and carbon black particles were used to prepare strain sensors in 

textile.[60, 81] Yamada et al. fabricated stretchable devices by arranging thin films of 
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aligned single-walled CNTs on the poly dimethylsiloxane (PDMS) substrate.[54] This tech-

nique enables the strain sensor to monitor a strain as high as 280%, but with a relatively low 

gauge factor ranging from 0.06 in 40% strain to 0.82 in 200% strain. Shin et al. reported an 

electrically conductive composite sensor prepared by infiltration of MWCNT forests with 

polyurethane binder, capable of measuring strain up to 300% with a sensitivity ranging from 

0.34 to 1.07.[82]
 
Cai et al. designed CNT-based capacitive strain sensors which can detect 

strains up to 300% with a small gauge factor.[80] Generally, sensors that can detect high 

strains exhibit low sensitivity, and highly sensitive sensors can only measure smaller 

strains.[85, 86] Hence, it is important to develop strain gauges with a high strain measure-

ment, while maintaining high sensitivity. 

Represented herein is an innovative strategy to fabricate a CNT-based stretchable strain 

gauge which can detect strains as high as 530% with a high sensitivity ranging from 12 to 25. 

Contrary to other sensors in which the conductive particles are required to be deposited on 

elastomer substrates, in this design, CNTs are distributed uniformly on the entire substrate 

material. Hence, the performance cannot be affected by the substrate’s limitation. Beside, a 

facile and very unique approach is presented to reach CNTs with aligned arrangement. An-

other feature of our sensor is the ability to recognize the humid changes with a high sensitivi-

ty and fast resistance response capable of monitoring the human breathing. Pairing these su-

perb sensing performances with other functional properties, including attachability, foldabil-

ity and formability, gum sensors promisingly introduce a wide range of potential applications 

in the human motion detection. The moldable and plastic material of gum sensors allow a 

very uniform dispersion of nanotube solution and the ability of being folded leads to a good 

alignment of nanotubes, achieving the conductivity of 10 S/m. 
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2.2 Preparation of CNT/gum membrane 

Shown in Figure 2.1a is the schematic illustration of the preparation method of CNT/gum 

membrane. MWCNTs with different concentrations (2 wt.%, 4 wt.%, 6 wt.% and 8 wt.% 

MWNTs) were dispersed in a 2 wt.% water solution of F-127. A typical chewing gum was 

washed with ethanol and distilled water by shaking for an overnight. Then, the gum was wet 

with CNT solution following by stretching and folding for multiple times (around 500 times) 

in one direction to make a uniform distribution. Such a process was continued for the rest of 

the solution, reaching a conductive super elastic membrane with a layer-by-layer structure as 

it is seen in the cross-section SEM image shown in Figure 2. 1b (The SEM image of the 

sample from a transversal cross-section is shown in Figure 2. 2). The moldable and plastic 

material of the gum allows a very uniform dispersion of nanotube solution as shown in Fig-

ure 2. 1c (movie 2.1). Figure 2. 3 represents the surface and cross-section SEM images of the 

MWCNT/gum membrane (6 wt.% MWCNT). Multiple stretching and folding processes lead 

to a good alignment of nanotubes in the stress direction as shown in Figure 2. 3. The arrows 

show the direction of the stretching. From the SEM images of the cross-section shown in 

Figure 2. 3 a and b, we can see that the multiple stretching and folding processes lead to a 

layer by layer structure in which in each layer MWCNTs are aligned in the stress direction. 

Figure 2. 3b is higher magnification of Figure 2. 3a and shows a clearer image of MWCNTs 

orientation in the cross-section. It is found that in each layer, CNTs are aligned in the stretch-

ing direction, and as a result, the conductivity of the membrane is improved to a value of 10 

S/m. [87] However, for MWCNT/gum membrane prepared by arbitrary mixing CNTs and 

gum, the conductivity of 3 S/m was achieved. 
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Figure 2. 1 (a) Schematic diagram of the preparation method for the MWCNT/gum membrane. (b) SEM image 

of the MWCNT/gum membrane cross section (the arrow shows the stretch direction). (c) Optical image of the 

MWCNT/gum membrane (6 wt.% MWCNT).  

 

 

Figure 2. 2. The SEM image of the gum sensor (6 wt.% MWCNT) from a transversal cross-section. 
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Figure 2. 3 High resolution images of the MWCNT/gum membrane (6 wt.% MWCNT). (a) SEM images of 

the MWCNT/gum cross section. (b) Higher magnification of MWCNT/gum cross section image, showing the 

MWCNT orientation in one layer. (c) SEM image, showing the surface of gum sensor. The arrows show the 

stretch direction. 

 

 

(a) 
(b) 

(c) 
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2.3 Results and Discussion 

2.3.1 Elastic properties of the CNT/gum membrane 

To evaluate elastic properties of the CNT/gum membrane (6 wt.% MWCNT), measurements 

of the relationship between the tensile stress and  strain were performed (Figure 2. 4a). The 

stress-strain curve at strain speed of 5 mm/min and the corresponding resistance behavior 

during the tensile loading are displayed in Figure 2. 4 b and c, respectively. In all of the ex-

periments, a gum membrane with a length of 20mm, width of 3mm, and thickness of 0.3mm 

was used. Young’s modulus of the gum sensor is about 1.3MPa which is 6.5 times higher 

than the reference gum membrane (Table 2. 1), showing a complete penetration of 

MWCNTs into the gum. The variation of the resistance versus the elongation of gum sensor 

is reported in Figure 2. 4c. A two-probe technique is used to report the electrical resistance 

(R) behavior of the gum sensor. The strain as a result of the applied stress is associated with 

an increase in the resistance of the gum sensor (movie 2.2 of Supporting Information). From 

the inset of Figure 2. 4c, it is seen that the resistance trend experiences an almost linear re-

gime for strains as large as 200%, which is quite prominent compared to other CNT-based 

sensors. [54, 82, 88, 89] One reason that we have linear electrical response for strains as 

large as 200% is that for gum sensors with 6 wt% concentration of CNT, the mechanism of 

sensing the resistance is based on only the connection of nanotubes; and, water molecules do 

not contribute in transferring electrons (refer to the mechanism section).[66] The other rea-

son is because of the fact that in higher concentrations, CNTs are in contact and more inter-

connected; so, the electrical resistance follows a linear trend corresponding to the elongation 

in lower strains (the tunneling resistance would not play a role until larger levels of strain; re-
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fer to the mechanism section). [90] The gauge factor (G) of the gum sensor upon stretching 

is calculated in Figure 2. 4d. The gum sensor shows an almost constant sensitivity of 12 up 

to more than 200% strain limit (the inset of Figure 2. 4d). The G value is found to be in-

creased with an increase in the strain from 12 at 200% strain to 25 at 530% elongation. 

Figure 2. 4e presents a typical resistance versus strain plot of the gum sensor positioned be-

tween two PDMS substrates when the gum sensor was stretched up to 100% of the initial 

length and released. The figure indicates that the current gum sensor is almost reversible. 

This can be because of the fact that multiple stretching and releasing in preparation process 

causes nanotubes to buckle into waves. These aligned wavy bundles of MWCNTs cause 

higher contact areas between CNTs. These waves help the electrical resistance response fol-

low a linear trend in lower amplitudes (Figure 2. 4c and d), because MWCNTs are still in 

contact. Following by further strain to the gum sensor, these wavy bundles become more 

straight and provide less contact areas (since MWCNTs are still in touch, tunneling effect 

does not interfere) so the resistance decreases. Upon the release of stress, MWCNTs bundle 

again and the gum sensor recovers its electrical property (refer to the mechanism section). 

[55] To verify stretching stability, the resistance variation of the gum sensor during the cy-

clic stretching and releasing process from 0 to 50% strain, with a 1000 cycles (limited by the 

rupture of the PDMS substrate) is captured in Figure 2. 4f. It is observed that after 1000 cy-

cles, the resistance is only increased by 10% and stretch and release resistances are complete-

ly switchable during 1000 cycles. 
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Figure 2. 4.  (a) Optical image of the gum sensor prepared for the tensile test . (b) Stress vs. tensile strain for the 

gum sensor (6 wt% MWCNT). (c) Resistance (R) of gum sensor vs. strain of elongation. (d) Gauge factor (G) vs. 

strain. (e) Typical resistance trace as a response to a given strain for gum sensor. (f) Cyclic 50% stretching-

releasing process. 
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2.3.2 Gum sensor: bodily motion sensor 

In order to evaluate the applicability of the gum sensor in medical devices for measuring human 

bodily motion, the gum sensor is tested as a strain sensor in different applications. A CNT/gum 

membrane (6 wt% CNT, 20mm length, 3mm width and 0.3mm thickness) was sealed between two 

PDMS thin films. The gum sensor was attached on the index finger and the resistance variation was 

measured while the finger was repeatedly bent in 10º, 30º, 45º and 90º, as shown in Figure 2. 5a, b, c 

and d, respectively. The results show that the gum sensor can efficiently monitor both small and big 

angles with a high accuracy (movie 2.3 of the Supporting Information). When bending angles rise 

from 0º to 90º, the resistance is found to be increased up to 200% of its initial value (Figure 2. 5d).  

To better demonstrate the potential of the gum sensor, the sensor (6 wt.% MWCNT) was further 

tested by attaching it on the throat of a person, as shown in Figure 2. 6a. b c show the responses of 

the gum sensor at motions of the throat in the directions of the head up and down, and left and right, 

respectively. The resistance variation represents the result of the small stretching in the gum sensor 

upon the muscular motions of the neck. Also, a muscular motion associated with the sneeze is de-

termined as shown in Figure 2. 6d. To depict the sensitivity of the gum sensor, a very sensitive mo-

tion of the slow and deep breathing was monitored and the resistance traces are plotted in Figure 2. 

6e and f, indicating a resulted high sensitivity and accuracy of our gum sensor.  
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Table 2. 1Comparison of the conductivity measured by 4-point probe method for samples with different weight 

ratios of CNT. 

CNT% in gum Conductivity(S/m) 

2 1 

4 5 

6 10 

8 12 
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Figure 2. 5. Resistance variation of the gum sensor (6 wt.% MWCNT) as the finger was subjected to a bending-

relaxing movement pattern when the finger is bended repeatedly from, (a) 0º to 10º, (b) From 0º to 30º, (c) From 

0º to 45º, (d) From 0º and 90º degree. 
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Figure 2. 6. Applications of the gum sensor (6 wt.% MWCNT) as bodily motion sensors. (a) Photo of the gum 

sensor sealed between two PDMS films attached to the throat. (b) The response of the gum sensor attached to the 

throat, when moving head up and down repeatedly. (c) Moving head left and right repeatedly. (d) The sneeze. (e) 

Resistance traces showing deep breathing. (f) Resistance traces showing slow breathing.   

 

2.3.3 Gum sensor: humidity sensor 

Interestingly, we found that our gum sensor has the potential to be used as a humidity sensor as well. 

To illustrate the finding, the resistance variation of samples with different MWCNT contents upon 

increasing the relative humidity is shown in Figure 2. 7a. As the humidity grows, the resistance is 

seen to be decreased exponentially for gum sensors with lower CNT contents. With an increase in 

the CNT concentration in the membrane, the resistance decreases with smaller slopes in which, at 

7% CNT content (near percolation threshold), the resistance remains unchanged for all of the hu-

midity range. The finding is most likely due to the fact that, in lower CNT concentrations, ions in 

water can contribute in transferring electrons, while with a rise of CNT contents, the CNT junction 

resistance dominates the humidity sensing (refer to Mechanism).[66] In another experiment, we 

showed that the gum sensor is highly sensitive and rapidly responds to humidity changes that can 

capture the resistance changing responding to human breathing (Figure 2. 7b). In this experiment, a 

person’s nose got close to 3 cm distance from the gum sensor. The person was normally breathing 

for 20 s while the electrical resistance was monitored. After that the humidity source was removed 

from the gum sensor, and it was found that the sensor can rapidly respond to humidity changes, as if 

it can count the number of breaths of a human. Moreover, it is seen that after removing the humidity 

source from the gum sensor, the value of the resistance returns to the initial one (recovery of the re-

sistance), implying that the process of sensing humidity is fully reversible. 
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The effect of the temperature changes on the electrical response of the gum sensor with 6% CNT 

concentration is also depicted in Figure 2. 8. It is found that an increase in the temperature results in 

lower electrical resistances. When the temperature was increased from room temperature (25
○
C) to 

35
○
C, the resistance dropped by 10%. This response is mostly because of the fact that with the in-

crease of the temperature, the gum sensor becomes softer. So, nanotubes inside are more relaxed and 

can transfer the electron more easily. According to the experiments, the gum sensor accommodates 

to the environment temperature very quickly. Hence, the body temperature cannot affect the effi-

ciency (the body temperature is constant during the test). However, it is seen that from 25
○
C to 

35
○
C, the electrical resistance is decreased only by 10%. 
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Figure 2. 7. Application of the gum sensor as humid monitoring. (a) Humidity dependence of the gum sensors 

with different concentrations of CNT. (b) Resistance traces of the gum sensor (5 wt.% MWCNT) to the humidity 

changes while the subject is breathing with 3 cm distance with the sensor. 
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Figure 2. 8. The effect of the temperature changes on the electrical response of the gum sensor with 6% CNT con-

centration. 

 

2.4 Mechanism  

The mechanism of the gum sensor in different working conditions is explained herein. We 

examined the morphology of the gum sensor by using two different SEM machines to com-

prehend firstly why the electrical resistance of the membrane is a function of CNTs arrange-

ment, and secondly, how this arrangement changes the resistance during mechanical perfor-

mance. Generally, two different mechanisms are introduced. First mechanism is to express 

the effect of aligned CNTs in increasing the conductivity (related to the multiple stretching 

and folding processes) shown in Figure 2. 9 and Figure 2. 10. The second mechanism is pro-

posed to express CNTs orientation or deformation during mechanical testing (Figure 2. 11).  

The SEM images explaining the orientation of MWCNTs in addition to a series of schematic 

diagrams during multiple stretching and folding processes are depicted in Figure 2. 9. As it is 

proved by the SEM images, for the sample with no alignment of CNTs which prepared with-
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out stretching and folding process (Figure 2. 9a), there is less overlap of CNTs, while after 

multiple stretching and folding of the gum sensor, there will be generally more overlaps and 

connections of MWCNTs in a way that MWCNTs bundle tightly together (Figure 2. 9c and 

Figure 2. 10c), so the tunneling resistance would not play a role until larger levels of strain.  

Figure 2. 9b shows the MWCNTs arrangement in the gum sensor after almost 100 times of 

stretching and folding. There are still some bundles of MWCNTs which are not oriented in 

stretch direction. This can be because of the compressive stress (due to the Poisson effect). 

These bundles oriented perpendicular to the axis of strain will be oriented by continuing the 

stretching and releasing process as seen in Figure 2. 9c. (A similar behavior has been ob-

served in another paper. [55] In their design, the effect of the Passion on the orientation of 

CNTs would be remained which could affect the performance of the sensor, but stretchability 

and foldablity of the gum sensor can remove the Poisson effect on the alignment of 

MWCNTs). 

Multiple stretching and releasing in preparation process causes nanotubes to buckle into 

waves (shown in Figure 2. 10). Because after stretching the membrane, relaxation to strain 

produces waves in the bundles that had been aligned by stretching. These aligned wavy bun-

dles of MWCNTs cause higher contact areas between CNTs and accordingly lead to an in-

crease in the conductivity. These waves help the electrical resistance response follow a linear 

trend in lower amplitudes (Figure 2. 4c and d), since MWCNTs are still in contact. This is 

while, for high amplitudes, tunneling effects gets prominent. [55, 90]  

To evaluate the deformation behavior of the gum sensor under large stretching, we per-

formed mechanical tests with SEM observations shown in Figure 2. 11. Figure 2. 11a and b 

show the arrangement of MWCNTs in the gum sensor before mechanical stretching; and, 

Figure 2. 11c and d are expressing the deformation of gum sensor after 200% stretching. As 
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it is seen, before elongation, most of the MWCNTs’ bundles are attached, but when the gum 

sensor is stretched 2 times larger (Figure 2. 11c and d), not all CNTs are in contact. The gaps 

between MWCNTs bundles are marked with green circles to make better comparison. This 

fact promotes the tunneling effect and leads to nonlinear increase of resistance (Figure 2. 4c 

and d) [90]. 

To explain the finding reported in Figure 6a regarding changes in the gum sensor resistance, 

we proposed the electrical conduction mechanisms when the film is exposed to water vapor 

for lower CNT concentrations (Figure 2. 12a) and higher CNT concentrations (Figure 2. 

12b). As it is shown in Figure 10a, for gum sensor with lower CNT concentrations (much 

lower than the percolation threshold), the distance between MWCNTs is large; so ions in wa-

ter can contribute in transferring electrons. Accordingly, with the increase of humidity, for 

lower CNT concentrations, the electrical resistance decreases in a nonlinear trend as seen in 

Figure 2. 7a. On the other hand, when the CNT concentration increases, the CNT junction 

resistance dominates the humidity sensing and electrons are transferred through CNTs rather 

than water ions; hence, the gum sensor becomes less sensitive to humid changes in higher 

CNT concentrations. 
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Figure 2. 9. Evolution of morphology of CNTs in gum sensor (6 wt.% MWCNT). Expressing how multiple 

stretching and folding processes can leads to aligned CNTs. The corresponding schematics are shown in the right 

(a) The sample with no alignment of CNTs which prepared without stretching and folding process. (b) After 100 

times stretching and folding process. (c) After 500 times stretching and folding process. 

CNTs 

(a) 

(c) 

(b) 



Chapter 2  29 

 

 

  

 

 

Figure 2. 10. Evolution of morphology of CNTs in gum sensor (6 wt.% MWCNT). Multiple stretching and releas-

ing in preparation processes cause CNTs buckle into waves. (a) Orientation of CNTs in gum sensor before 

stretching and folding process. (b) After multiple stretching and folding processes. (c) Higher magnification of 

SEM image shown in Figure 8b. 

 

 

 

 

(a) 

(c) 

(b) 
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Figure 2. 11. Evolution of morphology of CNTs in gum sensor (6 wt.% MWCNT) during mechanical tests. (a) Ar-

rangement of MWCNTs in the gum sensor before mechanical stretching. (b) Higher magnification of 9b. (c) Ar-

rangement of MWCNTs in the gum sensor after 200% stretching. (d) Higher magnification of 9d. 
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Figure 2. 12. The proposed electrical conduction mechanisms when the gum sensor is exposed to water vapor (a) 

Schematic representation of the conduction mechanism of MWCNT/gum membrane with low MWCNT content. 

(b) With high MWCNT content. 

 

2.5 Methods 

2.5.1 Preparation of MWCNT/gum membrane 

MWCNTs (Boyu gaoke, Beijing, China) with different concentrations (2 wt.%, 4 wt.%, 6 

wt.% and 8 wt.% MWNTs) were added to 2 wt.% water solution of poloxamer 407 (Pluron-

ic® F-127) (SEM image of the MWCNT bundles is shown in Figure 2. 13); The MWCNT 

solution were sonicated with a probe Q 700 sonicator at 100 W for 2 hrs (6 seconds on and 1 

second off). The sonication was performed under the ice-water condition. So, the tempera-

ture was always kept low during the sonication. After each 30 minutes of sonication, the so-

lution was remained in ice-water for 10 minutes and then sonicated again for another 30 

minutes. To make sure that there is no release of the probe material into the MWCNT solu-

tion, the energy dispersive spectroscopy (EDX) analysis was performed shown in Figure 2. 

14 and no titanium element peak was observed. A typical chewing gum was chewed for 30 

min and washed with ethanol and distilled water by shaking for overnight; then, the gum left 

H2O CNTs 
(b) (a) 
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in the room temperature for overnight to let the excess water evaporates and reaches a stable 

weight (Note that the type of gum is not important. The experiments have been done for dif-

ferent gums, showing the same performance as a strain sensor with difference in Young’s 

modulus; herein, we used Doublemint gum for the experiments). Then, 5 µL of MWCNT so-

lution was added to the surface of the gum and it was stretched and folded for multiple times 

in one direction. To evaluate the resilience of the material in different relevant environments, 

the gum sensor was remained in both buffer solution PH=7 and distilled water for one week; 

each day the MWCNT/gum was stretched and folded inside the liquids and remained for 

overnight. After this procedure, the color of liquids was totally clear, which can simply prove 

that the release of CNTs from gum sensor is not easy. In another experiment, the gum sensor 

was shaken overnight in a container filled with water in 40◦C environment. Again, no chang-

es were observed in the color of water. It seems that the attachable nature of the gum sensor 

makes it really difficult to release CNTs from gum matrix in different conditions. A 

CNT/gum membrane with 6 wt.% of CNTs was found to be appropriate for strain sensing 

measurements. No observable performance variations were detected in electrical resistance 

trend when the CNT content was increased from 6 wt.% to 8 wt.%. However, further chang-

es outside this range were found to be not appropriate for the operation of the system. For 

example, the gum sensor became more rigid and less stretchable when the CNT content was 

increased to 8 wt.%. In addition, for gum sensors at this ratio of CNT, the mechanism of 

sensing the resistance is based on only the connection of nanotubes; and water molecules do 

not contribute in transferring electrons (Figure 2. 12).The electrical conductivity of gum sen-

sors with different weight ratios of CNT was measured by using 4-point probe method and 

reported in Table 2. 1. The Young modulus calculated for samples with different weight rati-
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os of CNT are represented in Table 2. 2 (each sample was tested 7 times and the average is 

reported). 

2.5.2 Preparation of sealed gum sensor (used in Figure 2. 4e, f, 2.5 and Figure 2. 

6) 

Two copper tapes with 2 cm distance are attached to the thermally cured PDMS thin mem-

brane. The gum membrane was positioned on the PDMS membrane while the ends are on 

each copper tape. Then the gum membrane was covered by 184 silicone elastomer base.  The 

cross linker was added to the silicone elastomer base to cure the resin at room temperature. 

Then the other PDMS membrane was put on the gum and membrane, letting the system dry 

in room temperature. 

 

  

 

Figure 2. 13.  (a) SEM image of the initial MWCNTs bundles. MWCNT solution without sonication is added to 

gum (6 wt.% MWCNT). (b) Higher magnification of a MWCNT bundle.  

 

(b) (a) 
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Figure 2. 14. EDX image of the gum sensor. There is no release of the probe material into the MWCNT solution 

because no titanium element peak is observed in the image which proves that the sonication was accomplished 

safely. 

 

 

Table 2. 2 Comparison of the Young modulus calculated for samples with different weight ratios 

of CNT.  

CNT% in 

gum 

Young’s modulus (MPa) 

0 0.2 

2 0.5 

4 0.8 

6 1.3 

8 3.1 
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2.6 Experimental sections 

2.6.1 Tensile test 

CNT/gum membraines with 20 mm length, 3 mm width and 0.3 mm thickness and different 

CNT concentrations were tested by INSTRON 5965 (Instron, MA, USA). Strain speed was 

constant at 5 mm/min. To determine the dependence of resistance (R) of the gum sensor on 

the strain presented in Figure 2. 4c, the INSTRON machine was used to provide elongation 

with constant speed of 5 mm/min. At the same time, the resistance was measured with 2 

probes digital multimeter (VICTOR 86E, DIGITAL MULTIMETER), as shown in movie 

2.2 of the Supporting Information and Figure 2. 4a (two sides copper tapes were used to con-

nect ends of the sample to the probes). 

2.6.2 Conductivity measurements 

Gum sensors with different concentrations were prepared (13 mm length, 7 mm width, and 

0.3 mm thickness); then, from the sheet resistance (Rs) obtained from the measurement of 4-

point probe machine and thickness (t), the conductivity (σ) was calculated ( ). The 

sheet resistance was measured with ST-2258C multifunction digital four-probe tester (Su-

zhou Jingge Electronic Co., Lts.), using a linear probe head (2.0 mm). 

2.6.3 Experiment conditions for Figure 2. 5 and Figure 2. 5 

To prepare plots represented in Figure 2. 5, the gum sensor sealed between PDMS mem-

branes was attached to the proximal interphangeal of index finger as shown in Figure 2. 16. 

To prepare plots represented in Figure 2. 6, the sealed gum sensor was attached to the throat 
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just below the thyroid cartilage. Wire leads were attached to the gum sensor at either end 

with copper tapes, which were connected to the digital multimeter. 

2.6.4 Humidity sensing test 

In order to report the humidity dependence of the gum sensor with different concentrations 

of CNT (Figure 2. 7a), gum sensors with different concentrations and same size were provid-

ed (20 mm length, 3 mm width and 0.3 mm thickness). The conductivity was measured with 

2 point probe machine. The sensor was kept in a closed empty container in which the humid-

ity was changing with a humidifier and measured with the humidity meter (CEM, DT-625). 

2.6.5 Temperature dependency test (Figure 2. 8) 

The gum sensor with 6% CNT concentration (20 mm length, 3 mm width and 0.3 mm thick-

ness) was attached to the outside of container filled with water. The container was placed on 

the plate heater with magnetic bar rotating inside. The temperature of the heater was in-

creased while conductivity was measured with 2 point probe machine. 

2.6.6 Characterization of the gum sensor 

The microstructure and morphology of gum sensor, were characterized by two scanning elec-

tron microscopy machines: JEOL, JSM-5900LV, SEM Tech Solution (Figure 2. 2, Figure 2. 

13, Figure 2. 2, Figure 2. 14, Figure 2. 3c and Figure 2. 9) and JEOL JAMP-9500F, Scanning 

Auger Microprobe (Figure 2. 3,Figure 2. 10 and Figure 2. 11). To prepare cross-section im-

ages shown in Figure 2. 3c, Figure 2. 3, and 5S the gum sensor was kept in freezer (-80○C) 

for 30 minutes and then broken and prepared for SEM analyses. 
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2.7 Conclusion 

In conclusion, a facile approach to prepare an elastic, attachable, low cost and conductive 

membrane was presented which can be efficiently used for sensing muscle and joint motions. 

Since the gum sensor can be patterned into various forms, it has wide applications in minia-

turized sensors and biochips. To the best of our knowledge, in terms of high sensitivity (G 

ranging from 12 to 25), high measurable strain (530% strain), high durability (1000 stretch-

release cycles, limited by the PDMS properties), facile fabrication, cost efficiency, current 

sensor introduces results superior to those of any other strain sensors. For the first time, we 

presented an innovative and facile approach to align CNTs. Besides, we revealed that our 

gum sensor has the ability to monitor the humid changes with high sensitivity, capable of 

sensing human breathing. This study is the first attempt that introduces using the gum in bi-

omedical application. The novel fabrication process presented herein gave uniform and 

aligned dispersion of MWCNTs, reaching a good conductivity of 10 S/m. It is anticipated 

that gum sensors could be promising candidates for the construction of high performance 

strain and humidity monitoring systems. 

 

Figure 2. 15. The photo of the gum sensor attached to the index finger to prepare plots in figure 2.  5. 
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Figure 2. 16. SEM images for CNT/gum membrane which is prepared by arbitrary mixing (Not 

folding and stretching process) 

 

 

2.8 Supplementary document (List of movies) 

Movie 2.1 Showing the gum sensor 

Movie 2.2 Showing the operation of the gum sensor with applied stress 

Movie 2.3 Showing operation of gum sensor when attached to the index finger 
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 Chapter 3 

 

Skin-inspired multifunctional autonomic-intrinsic 

conductive self-healing hydrogels with pressure 

sensitivity, ultra-stretchability and 3D printability 

 

The advent of conductive self-healing (CSH) hydrogels, a class of novel materials mimick-

ing human skin, can change the trajectory of the industrial process owing to their tremendous 

prospective of applications in soft robots, biomimetic prostheses and health monitor-

ing systems. Developed herein is a mechanically and electrically self-healing hydrogel based 

on physically and chemically cross-linked networks. The autonomous intrinsic self-healing 

of the hydrogel was attained through dynamic ionic interactions between carboxylic groups 
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of poly acrylic acid and ferric ions. A covalent cross-linking is employed to support mechan-

ical structure of the hydrogel. Establishing a fair balance 

between the chemical and physical crosslinking networks together with the conductive 

nanostructure of poly pyrrole networks led to a double network hydrogel with bulk conduc-

tivity, mechanical and electrical self-healing properties (100% mechanical recovery in 2 

min), ultra-stretchability (1500%) and pressure sensitivity. The practical potential of CSH 

hydrogels was further revealed by their application in human motion detection and their 3D 

printing performance. 

 

3.1 Introduction 

Nature has provided countless inspirations to develop biomimetic synthetic materials [12]. 

Repeatable autonomous self-healing systems together with pressure sensitivity are consid-

ered as essential components for mimicking the human skin [11]. Despite extensive studies 

on developing self-healing materials, only few attempts were made to capture other function-

al features such as conductivity. Developing hydrogels with autonomous self-healing proper-

ty and electrical conductivity are vital for the advancement of emerging fields such as artifi-

cial skins [11], medical devices [29], soft robotics [37] and flexible devices [38]. However, 

designing a material engaging such multiple functions still remains a big challenge. A sum-

mary of studies on synthesizing conductive self-healing (CSH) materials is provided in Table 

3. 1. The mechanical and electrical recovery efficiencies are defined as the strain ratio and 

the electrical restoration before and after healing, respectively. Conductive microcapsules 

has enabled fast electrical recovery through releasing the conductive agent, but unable to 
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provide repeatable electrical healing at the region and lose their efficiency, and not mechani-

cally healable [91, 92]. Unlike extrinsic systems that require the encapsulation of external 

healing agents [14-16], intrinsic self-healing materials allow repeatable healing processes 

through dynamic chemical/physical crosslinking by forming reversible covalent/non-

covalent bonds [19]. By using silver nanowires as a conductive component, several stimuli-

responsive self-healing composites were developed. The application of such designs is yet 

limited due to the lack of stretchability and bulk conductivity [93-95]. Stimuli-responsive 

self-healing materials, so-called non-autonomous self-healing systems are triggered by light 

[20], temperature [21], electricity [22], and redox potential [23] stimuli. In contrast, autono-

mously self-healable systems are recovered without any external stimuli. Autonomous and 

repeatable self-repairing materials can be developed by employing dynamic covalent interac-

tions [24-26] or alternatively by designing a supramolecular system using non-covalent in-

teractions, including hydrogen bond [27, 28], host-guest interaction [29], hydrophobic asso-

ciation [30], crystallization [31], metal-ligand interactions and ionic interactions [32]. Tee et 

al. [11] developed a composite capable of restoring its mechanical and electrical properties 

through the supramolecular polymeric hydrogen-bonding network. The proposed self-

healing electronic skin demonstrated a good ability to sense mechanical forces. However, the 

efficiency of mechanical recovery was only 41% after 10 min followed by mechanical dam-

age. Peng et al. [96] proposed hybrid hydrogels produced from a commercial superabsorbent 

polymer and reduced graphene oxide for a potential candidate in soft moisture-related resis-

tors-sensor systems, whereas it cannot sense the mechanical force, a key factor for electrical 

skin. Using a polymer network and single-walled carbon nanotubes connected through host-

guest interactions, Guo et al. [97] designed a composite revealing bulk electrical conductivi-

ty, proximity and humidity sensitivities. The specimen was self-healed after 5 min under 
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ambient conditions and was able to recover 90% of its mechanical and electrical properties. 

However, this design suffers from low conductivity (5 S/m) and low pressure sensitivity. Shi 

et al. [98] developed a self-healing hybrid hydrogel in which the dynamic assem-

bly/disassembly nature of metal-ligand supramolecules contributes to self-healing property 

and the conductive nanostructure of poly pyrrole (PPy) aerogel contributes to reach bulk 

conductivity. However, the conductivity was relatively low (10 S/m) and stretchability was 

limited to 67%. Although dynamic non-covalent approaches enhance the time and efficiency 

of the healing, the applicability of the most proposed self-healing hydrogels is questionable, 

mainly due to their poor mechanical performance. One approach to address this shortening is 

establishing a fair balance between chemical and physical crosslinking networks [33-36]. 

In current chapter, we synthesized a mechanically and electrically self-healing hydrogel with 

pressure and extension sensitive features, introducing a promising candidate for wearable 

sensors. The hydrogel was prepared with physically and chemically cross-linked networks 

through a two-step synthesis. In the first step, PPy is grafted to the double-bond decorated 

chitosan (DCh) to form PPy-grafted chitosan (DCh-PPy) attributing to the electrical conduc-

tivity of 40 S/cm. In the second place, acrylic acid (AA) monomers were chemically pol-

ymerized in the presence of DCh-PPy and ferric irons, to form poly acrylic acid (PAA) dou-

ble network with physically and chemically cross-linked polymers. The reversible ionic in-

teractions between carboxylic groups of PAA and ferric ions contribute to an eye-catching 

autonomous self-healing property (100% mechanical recovery in 2min; electrical recovery 

with 90% efficiency in 30s). The covalent crosslinking between PAA and N,N’’-

methylenebis-acrylamide (MBAA) is responsible for strengthening the mechanical perfor-

mance of the hydrogel. Another feature of our hydrogel is the injectability which enables to 

print a CSH hydrogel for the first time. The non-covalent and reversible bonds can be dis-
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rupted and reformed by an introduction and removal of an external force, respectively [99]. 

Furthermore, we revealed that the current CSH hydrogel has the ability to monitor human 

motions with fast resistance response. 

Table 3. 1 A review on conductive self-healing materials (Ext: extrinsic, Int: intrinsic, Auto: autonomous, Non: 

Non-autonomous) 

Ref. 

 
Classifica-

tion 

Self-healing 

mechanisms 

Substances Healing 

condi-

tions 

Mechanical 

healing 

recovery 

Electrical 

healing 

Efficiency 

Conductiv-

ity/ Re-

sistance 

Strai

n 

(%) 

 

Year 

[91] Auto/ Ext Microcapsules Galliumindium-Au/Cr 

Film 

RT  

- 

99% 

1s 

 

3.40×104 
S.cm−1 

-  

2011 

[100] Auto/ Ext Microcapsules Polymer-stabilized car-

bon nanotube and gra-

phene microcapsules 

RT - 30% - -  

2012 

[92] Auto/ Ext Microcapsules Ink of silver particles 

in acrylic binder, filled 

microcapsules 

RT - 80% 

10 min 

- -  

2012 

[101] Non /Int 
 

Thermoplastici-
ty of polypyr-

role-agarose gel 

PPy/Agarose Heat 
120°C 

and light 

stimuli 

30 min   
0.35 S.cm−1 

-  
2014 

[98] Auto/Int Supramolecules 

and metal-ligand 

bonds 

PPy/ 2,2′:6′,2″-

terpyridine/Zn(II) 

RT - 1 min  

12 S.m−1 

 

67 

 

2015 

[97] Auto/Int Host-guest in-
teractions 

Poly(2-hydroxyethyl 
methacrylate) and sin-

gle-walled 
carbon nanotubes 

RT 90% 
5 min 

95% 
5 min 

 
7.76 S.m−1 

 
550 

 
2015 

[95] Non /Int 

 

Heat Silver nanowires 

(AgNWs) on polycapro-

lactone/poly(vinyl alco-
hol) composite films 

Near-

infrared 

2.5 min 94%  

0.25 Ω·sq–1 

 

- 

 

2014 

[102] Auto/Int Hydrogen-bond Silicon microparticle -

conductive carbon black 
nanoparticles 

RT 90% 

3 hrs 

1 min  

0.25 S.cm−1 

 

300 

 

2013 

[93] Non /Int 

 

Flowability-

based healing 

AgNWs/(bPEI/PAA-

HA) 

Water - 2 min  

0.42 Ω.sq−1 

 

- 

 

2012 

[103] Auto/Int Hydrogen bond (Reverlink®)EGaIn RT 
10 min 

40% - 3 × 10 4 
S.cm−1 

 
150 

 
2013 

[94] Non /Int 

 

Reversible 

Diels-Alder cy-

cloaddition reac-
tion 

AgNW-

MDPB(monomer with 

two maleimide groups)-
FGEEDR(monomer 

with four furan groups) 

Heating 

110 ° C. 

1 hr 

86% 

1 hr 

 

97% 

5 min 

 

18.6 Ω.sq−1 

 

5 

 

2013 

[11] Auto/Int Supramolecular 
polymeric hy-

drogen-bonding 

network 

Branched oligomer net-
work-micro-Ni particles 

RT 41% 
10 min 

 
90% 

15 s 

 
40  S.cm−1 

 
35 

 
2012 

[104] Non /Int 

 

Host-guest in-

teractions 

b-Cyclodextrin-

decorated single-walled 

carbon nanotubes and 
adamantine acetic modi-

fied 

polyethylenimine oli-
gomer complex 

Water 90% 

5 min 

90%  

0.15 S.m−1 

 

7 

 

2015 

[96] Auto/Int Hydrogen 

bonds 

Superabsorbent polymer 

and hyperbranched pol-

ymer-rGO nanosheets 

RT 1 min 20 s  

5×104 Ω 

 

50 

 

2014 

[105] Auto/Int Hydrogen and 

disulfide bonds 

Hyperbranched 

poly(amido amine)s and 

carbon nanotubes 

RT 50% 

1 min 

100% 

18 min 

 

741 Ω.sq−1 

 

- 

 

2015 

Our Auto/Int Ionic bond and PAA, PPy, chitosan, RT 100% 96%    
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hydro-

gel 

chemical bond MBAA, Fe3+ 2 min 1 min 3 S.cm−1 1500 2016 

 

 

 

3.2 Preparation of CSH hydrogel 

The chemical illustration for the preparation of the conductive component and CSH hydrogel was 

drawn in Figure 3. 1. Schematic diagram of the synthesis of hydrogel network.. First, chitosan was 

decorated by using methacrylic anhydride to obtain DCh. A nuclear magnetic resonance spectrosco-

py was performed to confirm the presence of double bond in chitosan (Supplementary Figure 3. 

12and Figure 3. 13). Afterwards, DCh was grafted with PPy to synthesize DCh-PPy. Herein, DCh-

PPy with two different compositions was prepared as listed in Table 3. 2. To further examine the 

chemical structure, Fourier transformed infrared spectra of chitosan, DCh, and DCh-PPy20 were 

presented in Supplementary Figure 3. 14. 

The CSH hydrogels were prepared via free radical polymerization of AA in the presence of FeCl3, 

cross-linker (MBAA) and conductive compound (DCh-PPy) as shown in Figure 3. 2a. This 

polymerization gives chemically cross-linked PAA chains that form the backbone of the hydrogel 

and preserve the permanent hydrogel network. On the other hand, the ionic bonding between ferric 

ions and carboxylic groups introduces the secondary network as a physical cross-link within the hy-

drogel. 

It is noteworthy to mention that owing to the conjugation with chitosan, PPy-chitosan 

complex become much more stable in the solution. In comparison, using PPy (prepared with 

the same formula without chitosan) as a conductive component in hydrogel solution led to 

self-polymerization and ultimately aggregation of PPy (Figure 3. 6). 
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Figure 3. 1. Schematic diagram of the synthesis of hydrogel network. 

 

 

 

Table 3. 2Compositions of poly pyrrole-grafted chitosan 

Sample Name DCh 

(g) 

(Pyrrole)/(DCh) 

(Mol/Mol) 

Aps 

(g) 

DCh-PPy10 0.1 6.6 0.095 

DCh-PPy20 0.1 13.3 0.19 
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Figure 3. 2. CSH hydrogel (a) Illustration of the structure of the CSH hydrogel (b) Photo of the CSH hydrogel. 

 

 

 

 

Figure 3. 3 Optical image of H2010h1 solution before gelation using a) PPy as conductive compound b) using 

DCh-PPy as conductive compound. It is seen that using chitosan-PPy complex makes the hydrogel solution more 

stable than PPy networks alone.  

 

 

(b) 

3+ 

(a) 

(b) (a) 
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3.3 Effects of the component concertation on the CSH hydro-

gel performance 

To ensure the optimum percentage of ferric ions, samples containing different ratios of Fe
3+

 and 

same ratios of other components were prepared and listed in Table 3. 5. It was observed that the hy-

drogel cannot be formed in the absence of ferric ions. With an increase in mol% of Fe
3+

 to 0.312 and 

0.625, the hydrogels were found to be formed, while still suffering from poor mechanical structure 

and being unable to keep their shapes. Hydrogels with 1.25 mol% of ferric ions performed the most 

stable and durable mechanical structure. However, following by a further increment in Fe
3+

, the hy-

drogels tended to be mechanically weak again. Accordingly, an adequate amount of ferric ions (1.25 

mol%) was found to be able to enhance the cross-linking ratio and expedite the polymerization of 

PAA. Abundant amount of Fe
3+

 might hinder the radical polymerization of PAA, thus leaving the 

hydrogel with non-crosslinked ions which adversely affect the mechanical properties (Figure 3. 4) 

[34, 106, 107]. This observation suggests a significant effect of ionic interactions between carbox-

ylic groups of PAA and ferric ions on maintaining the mechanical performance of the hydrogel.  

Hydrogels with different compositions listed in Table 3. 3 were prepared with different cross-linking 

concentrations and mass ratios of DCh-PPy. For instance, H2010h1 contains 100 µL of AA, 400 µL 

of water, 0.25 mol% of MBAA, 10 mg of DCh-PPy20 and 0.005 g of Ammonium per sulfate (APS). 

Hydrogels prepared in Table 3. 3 were further tested to evaluate the conductivity and self-healing 

time (Table 3. 4). Conductivity of hydrogels was measured by using the four point probe method. 

According to Table 3. 4, hydrogels prepared by DCh-PPy20 have higher conductivity compared to 

those by DCh-PPy10. The results suggest that varying the percentage of cross-linker does not affect 

the resistance. 
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The effect of the swelling ratio on the conductivity of H2010h1 hydrogel was investigated in Figure 

3. 5 Conductivity of H2010h1 hydrogel with different PH as a function of swelling ratio. Increasing 

the swelling ratio resulted in lower conductivities. It was also seen that as long as the swelling ratio 

was approximately less than 7.5, the conductivity was in an order of 10 S/cm. However, the conduc-

tivity dropped to an order of 0.01 S/cm at higher swelling ratios. Therefore, the threshold swelling 

ratio was around 7.5, where the conductivity experienced a sudden drop with 3 order magnitudes. 

The depletion of conductivity at higher swelling ratios is due to the breakdown of conductive path-

ways of PPy networks within the hydrogel. It is worthwhile mentioning that the swelling ratios of all 

hydrogels prepared according to the recipe in Table 3. 3 were around 5-6. 

 

Table 3. 3Composition of conductive hydrogels 

En-

try 

Hydrogel 

Name 

AA 

(μl) 

Water 

(μl) 

MBAA/

AA 

(mol%) 

APS 

(mg) 

Fe(Cl3)/A

A 

(mol%) 

Conductive 

Compound 

DCh-

PPy 

(mg) 

1 H1010 100 400 0.25 5 1.25 DCh-PPy10 10 

2 H2010h1 100 400 0.25 5 1.25 DCh-PPy20 10 

3 H2010h2 100 400 0.30 5 1.25 DCh-PPy20 10 

4 H2010h3 100 400 0.35 5 1.25 DCh-PPy20 10 

5 H2010h4 100 400 0.4 5 1.25 DCh-PPy20 10 

6 H2015h 100 400 0.4 5 1.25 DCh-PPy20 15 
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Table 3. 4 Conductive property and self-healing time of hydrogels 

Entry Hydrogel Name Conductivity (𝛔) 

(S/cm) 

I(μA) Self-healing 

time(min) 

1 H1010 0.23 10 2 

2 H2010h1 2.22 10 2 

3 H2010h2 2.7 10 4 

4 H2010h3 1.54 10 10 

5 H2010h4 2.5 10 - 

6 H2015h 3.125 10 4 

 

 

 

Table 3. 5 The effect of Fe3+ concentration on the hydrogel structure. 10 mg of DCh-PPy20 conductive com-

pound was added to each entry 

Entry AA 

(μl) 

Water 

(μl) 

MBAA/AA 

(mol%) 

Fe(Cl3)/AA 

(mol%) 

APS 

(mg) 

Gel property Optical image 

1 100 400 0.25 0 5 No gelation --- 

 

2 

 

100 

 

400 

 

0.25 

 

0.312 

 

5 

 

Poor structure 

 

 

  3 

 

100 

 

400 

 

0.25 

 

0.625 

 

5 

 

poor structure 

 

 

4 

 

100 

 

400 

 

0.25 

 

1.25 

 

5 

 

H2010h1 

 

 

5 

 

100 

 

400 

 

0.25 

 

1.5 

 

5 

 

poor structure 

 

6 100 400 0.25 2.5 5 No gelation ---- 
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Figure 3. 4. Schematic illustration of the hydrogel networks a) when there are less Fe
3+

 ions b) more Fe
3+

 ions 

which in either cases, the gel structure is weak.  

 

 

Figure 3. 5 Conductivity of H2010h1 hydrogel with different PH as a function of swelling ratio. 

 

Self-healing mechanism and efficiencyFigure 3. 6 studies the self-healing behavior of the CSH hydro-

gels. According to Figure 3. 6a, H2010h1 was cut into two halves. Then, two halves were 

brought into a contact and the healing time was recorded. It was found that H2010h1 was 

self-healed completely after only two minutes without leaving any cut trace (no specific 

(a) (b) 
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changes were observed in cut area after 2 min, Supplementary Movie 3.1). The proposed 

self-healing mechanism was schematically shown in Figure 3. 6b. When two halves were 

brought into a contact, dynamic ionic interactions enabled ferric ions to migrate from one 

side to another leading to the hydrogel healing. Similarly, other entries in Table 3. 3 were 

tested and the recovery times were recorded (Table 3. 3). According to Table 3. 3, the con-

centration of the cross-linker can significantly affect the healing time. The self-healing times 

for H2010h1, H2010h2, and H2010h3 hydrogels (containing 25%, 30% and 35% of MBAA 

(MBAA/AA mol%), respectively) were 2min, 4min and 10 min, respectively. Hence, a high-

er percentage of the cross-linker increases the healing time. For example, H2010h4 hydrogel 

with 40% of the cross-linker was found to recover after 5 hrs. 

Furthermore, it was observed that the amount of DCh-PPy should be 10 mg (20 mg/ml). Hy-

drogels prepared with less than this value were found to have lower conductivity. The con-

ductivity of the hydrogels with more than this value was found similar (entry 6 in Table 3. 3 

and Table 3. 3). For a certain amount of cross-linker, a hydrogel with more than 15 mg of 

DCh-PPy was mechanically poor and unable to maintain its shape. Figure 3. 6c reveals the 

effect of the chemical crosslinking density on the self-healing recovery efficiency through 

comparing the strain ratio before and after cut (strain rate was 2 mm/s). It was seen that with 

an increase in the MBAA concentration, the strain ratio decreased with an increasing rate, 

reaching almost a complete loss of self-healing for H2010h4 hydrogel corresponding to 40% 

of MBAA. For H2010h1, the strain rate before and after the cut was almost the same, signal-

ing a complete self-healing. When MBAA was less than 25 mol%, the mechanical properties 

of the hydrogel become poor and unable to keep its shape. Accordingly, the chemical cross-

linking was shown to be a significant parameter to preserve the mechanical strength and sta-

ble shape of the conductive hydrogel. H2010h1 hydrogel revealed to be mechanically stable 



Chapter 3  52 

 

 

with highly efficient self-healing ability. Capability of the electrical recovery after cut was 

demonstrated in Figure 3. 6 d, showing 90% of electrical recovery in 30 seconds. Also, it 

was seen that after one minute, the electrical recovery efficiency was 96%. 
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Figure 3. 6. Self-healing property of H2010h1 hydrogel. (a) The hydrogel was cut into two halves and then togeth-

er again; each 30 S, the hydrogel is shown enabling us to track the vestige of cut. (b) Schematic mechanism of 

healing after the cut. (c) Self-healing recovery efficiency (strain ratio before cut and after healing) (samples were 

prepared in rod shape with 8mm diameter and 1cm length). (d) Capability of electrical recovery after cut, show-

ing 90% of electrical recovery in 30 seconds. It is seen after 1 min, the electrical recovery efficiency is 96%. 

 

3.4 Mechanical properties of CSH hydrogels 

The dynamic oscillatory frequency sweep of the H2010h1 hydrogel was studied for frequencies 

ranging from 0.1 to 100 rad/s and the storage (G′) and loss moduli (G″) were illustrated in Figure 3. 

4a. A frequency-dependent behavior was observed, in which for frequency values less than 0.5 

 

 
 
 

     

     

 
 

(Before Cut) (Cut) (2 halves attached) (30S) (60S) 

(150S) (180S) (120S) (Stretching After 180 S) 

) 

(90S) 

(a) 

(b) (c) 

(d) 

3+ 
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rad/s, G′ and G″ increased dramatically. Over the studied frequency range, G′ was shown to be big-

ger than G″, representing the gel-like property. To evaluate the self-healing properties of the H2010 

hydrogel, the strain amplitude sweep test was performed and was shown in Figure 3. 4b. It was seen 

that the critical strain of the storage and loss moduli (strains where both moduli experience a dra-

matic drop and the hydrogel fails) were 200% and 100%, respectively [29]. For strains confined to 

this interval, the network of hydrogel was not yet damaged, but it turned more into the liquid phase. 

The collapse of the hydrogel occurs when the value of G′ and G″ interact at the oscillatory strain 

amplitude of 400 %. In order to determine the recovery of mechanical property of H2010h1 hydro-

gel after network failure at high strains, G′ and G″ of the hydrogel under continuous strain sweep 

with alternate low (5%) and high (200%) oscillation excitations were demonstrated in Figure 3. 4c. 

At first sequence, when the hydrogel was subjected to the small amplitude oscillatory shear (1%) for 

100 seconds, the storage modulus was constantly about 12000pa and always higher than the loss 

moduli (1800pa). This fact shows that the hydrogel network was conserved adequately under low 

oscillatory strains. After that, the hydrogel was subjected to a high amplitude oscillatory shear 

(200%). It was found that G′ decreased considerably to around 1300pa and this value of G′ is close 

to G″, implying that the hydrogel network lost its gel-like character. Subsequently, when the strain 

amplitude was decreased to the previous value (1%), the G′ and G″ both recovered instantaneously 

to primary values promptly, proving the robust self-healing property of the hydrogel and fast recov-

ery of the hydrogel network after the damage. This process was repeated for multiple times and our 

results indicate that the recovery of the hydrogel network and self-healing property are repeatable 

with the same efficiency. 
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Figure 3. 7. Rheology examination of H2010h1 hydrogel. (a) The storage and loss moduli as a function of fre-

quency and (b) oscillatory strain amplitude. (c) G′ and G″ of the hydrogel under continuous strain sweep with al-

ternate small oscillation force (5% strain) and a large one (200% strain). 

Figure 3. 8 investigates the mechanical properties and morphology of hydrogels with different cross-

linking ratios when samples were subjected to uniaxial stress. Figure 3. 8a shows the optical image 

of H2010h1 sample with the length of 15mm without stretch and with a stretch of 250mm (more 

than 1500% of the original length). According to the stress-strain curves (Figure 3. 8b), the elonga-

tion at fracture was reduced and the yield strength was improved with an increase in the crosslinking 

ratio. Moreover, at a specific strain ratio, the tensile strength of the hydrogel with a higher crosslink-

ing ratio was larger. The reason why ultimate strengths of lower cross-linked hydrogels were larger 

than those with higher one might be due to the water evaporation of hydrogel. Low cross-linked hy-

drogels had higher elongation percentages at break, leading to an increased surface area which has 

direct bearing on the hydrogel dehydration. Scanning electron microscopy (SEM) images of hydro-

gels with different cross-linker ratios (H2010h1, H2010h2, and H2010h3) were shown in Figure 3. 

8e, f and g. The nanostructured morphologies of PPy networks were also shown in the inset. Hydro-

gels with lower amount of MBAA, had larger porosity. It is evident that increasing the cross-linker 

ratio enhanced the number of covalent bonds and inter-chain connections, and hence leading to the 

foundation of more mechanically strengthened hydrogels. This behavior is also observable in com-

pressive stress-strain curves and elasticity moduli reported in Figure 3. 8c and d, respectively. 

H2010h3 has higher degree of chemical crosslinking and higher Young’s modulus. 
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Sample Name E 

(KPa) 

H2010 h1 670 

H2010 h2 750 

H2010 h3 800 

 

 

Figure 3. 8. Tensile experiments for hydrogels with different cross-linker ratios and SEM images. (a) The optical 

image of H2010h1 sample with 15mm length, 5mm width, 1mm thickness without stretch (left) and while 

stretched to 1500% (right). (b) Stress vs tensile strain for the hydrogels with different cross-linker ratios (10 

mm/min speed). (c) Compressive stress–strain curves and Young’s modulus for hydrogels with different cross-

linker ratios (the speed test was 1 mm/min). (d) Compressive modulus of elasticity (E). (e) SEM images of 

H2010h1 hydrogel, with 25%, (f) H2010h2 with 30%, and (g) H2010h3 with 35% of cross-linker. 

3.5 Pressure sensing performance 

Shown in Figure 3. 8 is the dependency of the resistance with an applied compression. It was seen 

that with an increase in the applied pressure, the conductivity raised correspondingly (Figure 3. 8a). 

(g) 

(e) 

(f) 

H2010 h1 

H2010h2 

H2010h3 

(a) 

0 % Strain 

1500 % 

Strain 

(c) 

(d) 

(b) 
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This behavior was further illustrated in Figure 3. 8b (Supplementary Movie 3.2). By using the hy-

drogel, we designed a complete circuit composed of a LED bulb. Increasing the pressure led to a 

brighter light in the LED bulb. This is mainly owing to the fact that with applying compression 

force, the distance between the conductive particles inside the hydrogel network decreases leading 

to more interconnections. To examine the pressure sensing performance by using the INSTRON 

machine and two-probes digital multimeter (VICTOR 86E, digital multimeter), the corresponding 

resistance variation due to the cyclic compression was captured while the length of the hydrogel was 

repeatedly changing to 25% and 50% of the original length of the specimen (Figure 3. 8c and Movie 

3.3). It was seen that at both strains of 25% and 50%, the resistance of hydrogel ideally responded to 

the applied loading and unloading process. 

 

 

 

 

 

 

 

Figure 3. 9. Resistance variation of H2010h1 hydrogel when subjected to compressive load. (a) Conductivity of 

H2010h1 hydrogel against compression strength. (b) A complete circuit composed of a LED bulb and our hydro-

gel; showing the LED response to applied pressure on the hydrogel. (c) The corresponding resistance variations 

due to the cyclic compression while the length of the hydrogel was repeatedly changing to 25% and 50% of the 

original length (Length of sample was 10mm with 8mm diameter and the speed test was 20 mm/min). 

(a) 

(b) 

(c) 
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3.6 3D printing of CSH hydrogels and introducing the weara-

ble and stretchable sensor  

A hydrogel with following components was prepared: 400μL water, 10mg DCh-PPy20, 1.25mol% 

Fe(Cl3)/AA, 0.25mol% MBAA/AA, 100μL AA and 0.0025g of APS which compared to H2010h1, 

half of initiator (APS) was used. In the 3D printing process, two steps of solidification were per-

formed to achieve higher printing efficiency and enable the hydrogel to pass through the needle. Al-

so, it was found that gelatin membrane is the best candidate of the printing substrate (compared to 

glass slide, PDMS, and petri dish). The second initiator becomes active when the APS-contained 

gelatin membrane liquefies, since the APS is incubated inside the gelatin membrane. 

Graph shown in Figure 3. 10a presents the effect of high shear rates on the CSH hydrogel viscosity. 

The background image shows the conductive ink for printing, and the index image is the 3D printing 

nuzzle while was printing the hydrogel on gelatin membrane. It was seen that the viscosity de-

creased at higher shear rates, signaling a shear-thinning behavior. Thus, while the hydrogel passes 

through the needle, the dynamic network of the hydrogel breaks down. On the other hand, the self-

healing property resulted from ionic transition helps the hydrogel to heal again.  

The 3D printing process is illustrated in Figure 3. 10b (Supplementary Movie 3.4). In the first step, 

the CSH hydrogel was printed on the APS-contained gelatin membrane which is the sacrificial layer. 

Afterwards, the gelatin together with 3D pattern was placed on a thin PDMS membrane from the 

printed side. Hot water was added to wash the gelatin; and it was found that duration of 2 min was 

enough to wash the gelatin. Meanwhile, the second solidification occurred, since APS initiator was 

incubated in gelatin membrane and released in the presence of hot water. Two sided copper tapes 
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were used to connect the ends of printing for collecting signals. Another PDMS membrane was used 

to cover the 3D printed pattern.  

A real-time bodily motion monitoring system was designed using smart phones and 3D printed CSH 

hydrogel. Current wearable and flexible device was used for human motion detection and data were 

appeared in smart phone by Bluetooth ( 

 

 

 

Figure 3. 15). As shown in Figure 3. 10c, the sensor was adhered to the chest for respiration moni-

toring and the electrical changes associated with inhalation and exhalation were recorded for slow 

and deep breathing. The signal of deep breathing was of lower frequency and larger amplitude than 

that of slow one. Also, CSH sensor was used to record wrist pulses; each cycle signifies a pulse. The 

results completely conformed to the realistic physiological behaviors. Relative changes in resistance 

for index finger and bicep motions were also depicted (Supplementary Movie 3.5). The peaks and 

valleys are assigned to the stretching and relaxing muscles, respectively. Figure 3. 10d shows the 

CSH hydrogel strip and 3D printed hydrogel attached on the index finger. The resistance variations 

were collected while the finger was repeatedly bent in 20°, 45° and 90°. The results show that both 

prototypes can efficiently monitor small and big angles with a high accuracy (Supplementary Movie 

3.6). 
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Figure 3. 10. 3D printing characterization, preparation and application. (a) Shear-thinning behavior. (b) Prepa-

ration of 3D printed wearable sensor with the CSH hydrogel. (c) A real-time bodily motion monitoring system us-

ing smart phones and 3D printed CSH wearable and flexible sensor. (d) Resistance variation of the CSH hydrogel 

strip (left), and 3D printed sensor (Right) attached on the index finger, as the finger was subjected to repeated 

bending and relaxing from 0° to 20°, 45° and 90°.   
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3.7 Supporting information 

 

3.7.1 Material 

Acrylic acid (AA) from Sigma, Iron (III) chloride anhydrous, methacrylic anhydride 94% (MA) and 

pyrrole were purchased from Alfa Aesar. N,N’’-methylenebis-acrylamide (MBAA) and ammonium 

per sulfate (APS) purchased from Sigma. Chitosan (Ch) (85% deacetylation degree) was purchased 

from Golden-Shell Pharmaceutical Co., Ltd (Zhejiang, China). Gelatin powder was purchased from 

Ward’s Science. 

3.7.2 Preparation of chitosan decorated with double bonds (DCh) 

1.5 g chitosan was added slowly to 50 ml of 2% acetic acid solution. The solution was stirred for 3 

hrs under heating condition at 80°C. After dissolving completely, the heating was removed and the 

temperature returned 25°C, and then 555μl of MA (0.33%  MA (mol%, MA/Ch)) was added drop-

wise into chitosan solution, stirring overnight, following by dialysis against with distilled water for 3 

days and freezing-dry to obtain chitosan decorated with double bond (DCh). 

3.7.3 Grafting DCh with poly pyrrole (DCh-PPy20) 

100 mg of DCh was dissolved in 25 ml of 0.1M HCl to obtain the DCh solution. 578 μl of pyrrole 

(13.3% pyrrole (mol%, pyrrole/Ch)) was added to the DCh solution drop-wise and stirred in room 

temperature for 2 hrs. 0.19 g of APS was added gradually in small portions. The mixture was stirred 

for 24 hrs at room temperature. To obtain solid DCh-PPy, pH value (2-3) was changed to pH = 7 (by 

adding sodium hydroxide diluted solution). The black particles were precipitated by adding ethanol. 

The solution together with DCh-PPy conductive particles was kept in -20°C freezer for 15 min in 
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order to facilitate the precipitation. With the aid of centrifuging (3000 rpm for 10 min), DCh-PPy 

was separated from the solution and washed with distilled water for multiple times and then dried in 

room temperature. 

3.7.4 Preparation of CSH hydrogels 

Hydrogels were prepared by free radical polymerization and ionic crosslinking. A typical H2010h1 

hydrogel was prepared with an aqueous solution containing 100 μL AA, 1.25% FeCl3 (mol%, 

FeCl3/AA), 0.25% MBAA (mol%, MBAA/AA), 10mg DCh-PPy and 300 μL of water. After soni-

cation for 10 min, the solution was degassed by purging with nitrogen gas for 10min. Finally, 100 

μL of 50 mg/ml APS aqueous solution was added to initiate the reaction. 

3.7.5 Conductivity measurements 

We used two point measurements to report the resistance, and four point probe machine to measure 

the conductivity. The resistivity (ρ) values were measured with an ST-2258C multifunction digital 

four-probe tester (Suzhou Jingge Electronic Co., Ltd.), using a linear probe head (2.0 mm). The 

conductivity (σ) was calculated through σ=1/ρ, illustrated in Figure 3a and Table S4. All samples for 

conductivity measurements were prepared with the same area, 8mm diameter. 

One can obtain the resistance values calculated from four-point-probe machine consistent with those 

measured with two point multimeter device, when the current of machine is set to lower values such 

as 1μA and 0.1μA. Appropriate input current choices are very important for a particular material. In-

sufficient input current for a given material will result in an invalid measurement.  IV characteristics 

also show that the resistance is between 300 and 900 ohms. 

We also performed impedance spectroscopy measurement for H2010h1 sample with 17mm 17mm, 

and 1mm as shown below. The resistance achieved from EIS is around R=180 Ω. This value is close 
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to two point measurement. For the same sample, two point probe measurement shows R=290 Ω.  

 

 

 
 

Figure 3. 11Impedance spectroscopy measurement for H2010h1 sample with 17mm 17mm, and 1mm. 

 

3.7.6 Swelling ratio measurement (Figure 3. 5) 

Three buffer solution with PH: 2, 4 and 7.4 adjusted by acetic acid and sodium hydroxide were pre-

pared. Nine H2010h1 samples were synthesized and let immersed in buffer solutions (Three samples 

for each solution) for five days and each day solutions were changed. Afterwards, hydrogels were 

washed with distilled water and their weight and conductivity were measured in the fully swelling 

state. The measurements were repeated again after each hour and reported. Finally, the fully dried 

hydrogel weight was measured, leading to the swelling ratio of hydrogels. 
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3.7.7 Rheological characterization of the hydrogel 

Rheological measurements were carried out using an AR-G2 stress-controlled rheometer (TA In-

struments) with 8mm diameter parallel plate, Peltier plate steel. 

3.7.8 Tensile test (Figure 3. 8) 

Samples with 15mm length, 5mm width, 1mm thickness were tested by INSTRON 5965 (Instron, 

Norwood, MA, USA). Strain speed was constant at 10 mm/min.  

3.7.9 Characterization of the CSH hydrogel 

The microstructure and morphology of hydrogels were characterized by scanning electron micros-

copy JEOL, JSM-5900LV, SEM Tech Solution (hydrogels were freeze-dried and broken; the cross-

sectional sides were used for SEM study). Nuclear magnetic resonance (NMR) spectroscopy exper-

iments were performed with a Bruker Avance 300MHz NMR spectrometer. Fourier transformed in-

frared (FTIR) spectra were studied using Thermo Nicolet iS10 FTIR Spectrometer. 

3.7.10 Experiment condition for Figure 3. 8 

Figure 3. 8: a customized holder was designed, letting measurement of conductivity with 4 point 

probe while the compressive strength was applied to the hydrogel (sample was 10mm with 8mm di-

ameter) with INSTRON 5965. Figure 3. 8c: Cyclic compressive stress-strain test was performed 

with INSTRON machine and at the same time, the resistance was measured with a two-probe digital 

multimeter (VICTOR 86E, digital multimeter) which is shown in Movie 3.3 (two sided copper tapes 

were used to connect the ends of the sample to the probes). 
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3.7.11 3D printing parameters 

 A conventional 3D printing was customized and the hydrogel was printed while the speed of nuzzle 

was 2mm/s, the applied pressure was 40 Psi. Needle with 300 micrometer diameter was used.  

3.7.12 APS-contained gelatin substrate preparation  

5mL water solution containing 10% gelatin and 2% APS was prepared and mixed for 30 min while 

heated at 70°C. As prepared solution was poured in petri dish and left in 4°C fridge for 20 min and 

used as substrate for printing. 

 

3.7.13 Chemical characterization 
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Figure 3. 12C-NMR (D2O, 300 MHz, δ in ppm) 180-165 (C4), 145-140 (C2), 125-115 (C3), 105-95 (C9), 80-70 (C7, 

C6, C5), 65-45 (C10), 40-25 (C8), 20-18 9 (C1) 
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Figure 3. 13.1H-NMR (D2O, 300 MHz, δ in ppm) 5.80-5.70 (d, 1Hc, 1Hb), 5.30 (m, 1Hj), 4.85-4.70 (s, 1Hg, 1Hn, 

1Hl), 3.80-3.50 (m, 1Hi, 1Hk, 1Hf, 1Hh), 2.90 (m, 1He), 2.10-1.60 (s, 2Hm, 1Ho), 1.40 (s, 3Ha) . 

 

The 
1
H-NMR spectrum shows the chemical shifts at 5.80 ppm and 5.70 ppm corresponding to vinyl-

ic conjugated protons (Hc) and (Hb), respectively. The chemical shift at 5.30 ppm is attributed to 

anomeric proton (Hj). The appearance of vinylic conjugated protons from methacrylic anhydride and 

anomeric proton from chitosan confirms the coupling of the chitosan and methacrylic anhydride. 

The chemical shifts in the spectrum at 3.80-3.50 ppm correspond to the methylene and methine pro-

tons of chitosan (Hi, k, f, h ) and the chemical shift at 1.30 ppm correspond to the methyl group (CH3a) 

from the methacrylic anhydride further confirm the successful synthesis of the chitosan-methacrylic 

anhydride from the 
1
H-NMR spectrum.  

The 
13

C-NMR spectrum also show the chemical shifts at 180-165 ppm which are attributed to car-

bonyl carbons (C4) and the chemical shifts at 141 ppm and 121 ppm corresponding to vinylic car-
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bons (C2) and (C3). Furthermore it appears in the spectrum the chemical shifts at 105 ppm which 

are attributed to anomeric carbons (C9) of chitosan that further confirm the successful coupling of 

the chitosan and methacrylic anhydride. The chemical shifts from 80-18 ppm are attributed to ter-

tiary, secondary and primary carbons from the chitosan and methacrylic anhydride, and that further 

confirm again the successful coupling of the chitosan-methacrylic anhydride from the 
13

C-NMR 

spectrum.  

 

 

Figure 3. 14. FTIR spectra of chitosan (CH), double bound chitosan (DCH), and DCH grafted with PPy 

(DCHPPy) 

 

FTIR was used to characterize fully the material products. The large band appearing in the spectrum 

in the range from 3600 cm
-1

 to 3300 cm
-1

 was due to the stretching vibrations of OH groups which 

are overlapping to the stretching vibrations of N-H of the chitosan. The peaks at 2936 cm
-1

 and 2863 

cm
-1

 correspond to the symmetric and asymmetric C-H stretching modes respectively of the chi-

tosan. The peak at 1674 cm
-
1 is attributed to C=O carbonyl group from the ketone functionality of 

chitosan. Bending vibrations of C-H groups were also visible at 1426-1375 cm
−1

 of the chitosan. 
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The peaks near 1175 cm
-1

, 1077 cm
-1

 and 1027 cm
−1

 are attributed to the symmetric and asymmetric 

stretching vibrations C-O-C of the ring. The small peak at 891 cm
-1

 corresponds to C-H wagging of 

the chitosan. The similar characteristic absorption bands were observed in the spectrum of the chi-

tosan-methacrylic anhydride with the appearance of the two peaks vibrations at 1653 cm
-1

 and 1542 

cm
-1

 corresponding to C=O amide functionality and C=C conjugated respectively. Despite the over-

lapping of the amide peak over the ketone peak, the amide functionality is conjugated with the C=C 

peak in the DCh product and these peaks confirm the successful formation of amide and therefore 

the chitosan-methacrylic anhydride. However the spectrum of chitosan-methacrylic anhydride 

polypyrrole (DCh-PPy) shows the peak at 1555 cm
-1

 which is attributed to C-C in-ring and C–C in-

ter-ring stretching of polypyrrole, whereas the small peaks from 1403 cm
-1

 and 1374 cm
–1

 are at-

tributed to C–H or C–N in–plane deformation modes. These bands confirm the formation of 

polypyrrole coupled to chitosan-methacrylic anhydride. Furthermore The peaks at 1151 cm
-1

, 1050 

cm
-1

and 967 cm
-1

 are assigned to antisymmetrical C–H in-plane bending, to N-H in-plane defor-

mation vibration and to the C-C out of plane ring deformation vibration respectively, and further 

confirm the successful synthesis of DCh-PPy. 
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Figure 3. 15. The block diagram of the wireless bodily motion detection system. 

  

3.7.14 List of movies 

Movie 3.1 Showing the self-healing process of H2010h1 hydrogel. 

Movie 3.2 Showing a complete circuit composed of a LED bulb and CSH hydrogel. 

Movie 3.3 Showing the operation of the H2010h1 with applied cyclic pressure.  

Movie 3.4 Showing the preparation of 3D printed wearable sensor with the CSH hydrogel. 

Movie 3.5 Showing a real-time health monitoring system using smart phones and 3D printed CSH 

wearable and flexible sensor. 

Movie 3.6 Showing operation of H2010h1 strip as a strain sensor when attached to the index finger. 
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New aspects on PVA hydrogel: strong resistive 

3D printable, stretchable shape memory hydrogel: 

Catheter, microchannel, electronics 
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Poly vinyl alcohol (PVA) has been largely used in tissue engineering and biological studies. Pre-

sented findings introduce a new PVA-based physically crosslinked hydrogels with tunable proper-

ties, offering novel approaches for drug delivery, biomedical actuators and devices, bio-robots and 

biomedicines. Hydrogels were made by immersing dried PVA solution in NAOH and other hydrox-

ide solutions. The PVA membranes were characterized by Fourier transform infrared spectroscopy 

measurement and scanning electron microscopy. This facile preparation method with scalable pro-

cedure can introduce new applications in tissue engineering. 

Current PVA hydrogel can show very strong mechanical strength and the ability to retrieve plastic 

deformation upon receiving water, providing a strong contraction force capable of carrying 500g 

weight, and showing shape memory properties. Strong mechanical strength, capability of incorporat-

ing different nanomaterials, 3D printability and injectability introduces new horizons for implanta-

ble electronics, nanomedicine and minimally invasive techniques, and biomedical fields [108]. To 

characterize the PVA hydrogel, the swelling ratio, degradation, mechanical and chemical properties 

of the hydrogels are examined. This material and the gelation process introduce a new alternative for 

microfluidic channels which are usually made with PDMS. Microchannels with different sizes and 

structures are made with the aid of a 3D printer. The application of PVA hydrogel in novel biomedi-

cal sensors and catheters is presented by incorporating PVA and conductive nanomaterials which are 

compatible with 3D printing fabrication. A new mechanism for gelation is represented. 3D printabil-

ity and appreciated mechanical and physical performance of current material introduce new solu-

tions for chemistry, medicine, tissue engineering and nano-energy. 

Biocompatibility and blood-compatibility of this material is approved through in vitro experiments. 

Cell Viability and cell function are evaluated for two different types of cells, showing excellent cell 
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viability and biocompatibility. Blood-compatibility is evaluated with studying protein and platelet 

adhesions and hemolysis assays which resulted in excellent results compared to control group. 

 

4.1 Introduction  

Stretchable materials are significantly important for biomedical, tissue engineering and soft robotic 

applications. Poly (vinyl alcohol) (PVA) is one of the most important synthetic polymer composed 

of carbon, oxygen and hydrogen atoms and is biodegradable under both aerobic and anaerobic con-

ditions with wide spectrum of applications in commercial, industrial, medical and nutraceutical sec-

tors [109]. PVA can be easily dissolved in water. Special techniques are available to achieve indis-

solubility [110]. PVA hydrogels are usually synthesized through two popular mechanisms including 

chemical bonding using a cross-linker such as gluthydride and/or physical like freeze and taw. 

4.1.1 PVA hydrogel properties biocompatibility and biodegradability 

PVA has shown the potential to be used as vascular graph with an excellent blood–material interac-

tion evaluated by hemocompatibility. The PVA hydrogel made with a freeze/thaw cycle was used 

for in vivo testing after covering with human MSCs which performed just a slight irritant material to 

the surrounding [111] 

Their structure and mechanical properties introduce them as a good candidate for engineered blood 

vessels. Although their hydrophilicity decreases cell proliferation, their mixture with natural poly-

mers such as chitosan, gelatin, or starch can overcome this problem. Cell attachment and prolifera-

tion of PVA alone and combined with chitosan, gelatin, or starch were studied with protein adsorp-

tion and bovine vascular endothelial cell culture experiments in which PVA/gelatin hydrogels per-
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formed better cell proliferation [112]. Using freeze-thawing and coagulation bath treatment, one can 

tune the physical characteristics [112].  

4.1.2 Antibacterial 

Four main approaches to tackle the adhesion and proliferation of microorganisms on the surface of 

biomaterials include chemical surface modification with protein and bacteria-repellent coating, with 

quaternary ammonium, incorporation and release of antibiotics from the surface and with anti-

microbial metals coatings. Incorporating metallic silver, silver nanoparticles, silver salts, or silver 

sulfadiazine on the surface can lead to release silver ions which inhibit colonization and biofilm 

formation on the surface [113].  

A cytotoxic effect of Ag NPs was investigated, showing that 10 µg/mL AgNPs induces low toxicity 

to the tumoral cell lines HepG2 and the highest antimicrobial activity tested observed at 5.0 µg/mL 

by HeLa. This result highlights a certain degree of safety for lower concentrations. Medical devices 

coated with AgNps should slowly release silver ions at 5.0 µg/ mL concentration [114]. 

The procedures of biological coatings of orthopedic implants include: 1) Design of multifunctional 

composite coatings, 2) Implant surface preparation and coating characterization, 3) Animals implan-

tation and sample preparation, 4) Ground section preparation and histological analysis, 5) Antibacte-

rial and biocompatibility tests. 

4.1.2.1 Catheter antibacterial coating 

The most common reason of failure of long-term indwelling catheters is bacterial biofilm and crys-

talline deposits. Colonized bacteria in the catheter surface cause serious infections in the urinary 

tract which can ultimately lead to blockage in the catheter, resulting in trauma and pain. Several 

techniques to remove bacteria adhesion were explored. For example, the PLGA-based films loaded 
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with the two antibacterial agents including norfloxacin and silver nanoparticles were applied on Pol-

yurethane (PUR) and Silicon sheets. This biodegradable coating helped to resist the encrustation for 

at least 2 weeks, introducing a potential biocompatible coating for urinary catheters [115]. 

Silver nanoparticles were used as bioactive agent to coat plastic catheters. Catheters were coated 

with AgNO3, and reduced with N,N,N 0 ,N 0 –tetramethylethylenediamine and their activity on mi-

crobial growth and biofilm formation was studied against pathogens. This coating led to a 100 nm 

layer of silver nanoparticles on the surface of the catheters which silver was released gradually over 

10 days. Significant in vitro antimicrobial activity was performed with the use of coated catheters 

[116]. 

4.1.2.2 PVA antibacterial coating 

Antibacterial improvement can be accomplished from available strategies. Capability of PVA in in-

corporating different materials was presented in this article. Success in antibacterial improvement in 

this material can open gates for this new material in implants and medical operations. PVA rein-

forced with Hydroxy propyl trimethyl ammonium chloride cellulose (CM) was synthesized by hy-

drogen bonding. It was reported that CM can enhance the antibacterial activity as well as the surface 

roughness, hydrophobicity and water swelling ratio. Maximum weight proportion for CM was 

PVA/CM: 80:20 [117].  Antibacterial polymeric films was made by the use of PVA and silver ni-

trate, representing applications for protective coating [118]. 

 

4.1.3 Conductive threat with PVA/CNT 

PVA hydrogel incorporating conductive agent can be used to synthesize conductive threats. 
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For instance, a combination of PVA with CNTs was used with 40% (CNT/PVA) weight ratio, fol-

lowing by using sodium sulfate (Na2SO4) as the coagulating agent for solidification. In this process, 

the PVA/CNTs solution was extruded with a syringe pump through a needle with an internal diame-

ter of 0.5 mm, providing a conductive threat  with conductivity of 40kohm/cm [110].  

PVA/CNT threat was also provided by 50 wt %/50 wt % mixing ratio. Fibers were produced by in-

jection of PVA/CNT dispersion in a static coagulation bath containing saturated sodium sulfate salt 

(320 g/L of sodium sulfate). Coagulated fibers were washed in a water bath and then dried by infra-

red (IR) heating [119]. 

PVA has been largely used in tissue engineering and biological studies. An in situ gellable wound 

dressing hydrogel was developed by using a co-enzymatic reaction of GOx and hydrogen peroxide 

and prepared by pouring on a polymeric aqueous solution of a polyvinyl alcohol derivative pos-

sessing phenolic hydroxyl moieties (PVA-Ph) on wound [120]. PVA was used to improve the me-

chanical robustness and elasticity of the copper nanowires (CuNW) aerogel. The CuNW-PVA Com-

posite was prepared by freezing in -80 and freeze-drying [121]. 

4.2 Preparation of hydrogels  

PVA with molecular weight of 205,000 gr/mol was used for providing PVA hydrogel. PVA viscous 

solution was provided by dissolving 100 mg/mL of PVA in distilled water and let overnight in shak-

ing bath heated with 60 °C. After dissolving PVA, the solution was used in room temperature. To 

make the hydrogels, solution was poured, printed or coated on a surface and after drying, the solidi-

fication occurring when immersed in enriched solidification solutions. The gelation can be occurred 

by using LiOH, NAOH and KOH. Effect of changing the concentration of these agents was studied 

on hydrogel and gellation properties.  
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Designed PVA hydrogels have the capability to uniformly incorporate different nanomaterials. Here 

we combined 10% PVA solution with MNPs, exfoliated graphene and CNTs. According to the fig-

ure 4. 1A, combining PVA with MNPs led to a stretchable magnetic membrane which can be used 

as magnetic actuator (0.1gr magnetic nanoparticles added to 5mL of PVA solution and sonicated 

and stirred, then cast to a dish to make the film). Movie 4. 1 shows how magnetic membrane can 

dance with the movement of a magnet. Figure 4. 1B shows exfoliated graphene perfectly embedded 

in PVA network and made a uniformly distributed membrane. Figure 4. 1C is a very thin nanomem-

brane made with PVA and CNT (PVA and CNT 10mg/mL). The solution was poured on a dish and 

dried overnight and made a homogenous film. The second image is when 10mL solution was left to 

dry on a dish. Figure 4. 1D is showing PVA coated with PANI after one coating and multiple coat-

ing. It was observed that PANI can be nicely coated on the PVA membrane which can offer many 

applications in PH indicators or be used in supercapacitors. As it is seen in movie 4. 2 and Figure 4. 

1E, PVA coated with PANI can effectively detect the PH changes with switching its color from 

green in acidic to purple in basic environment. This preparation method offers an adjustable thick-

ness production. 

 

Figure 4. 1. combination of 10% PVA solution with different nanomaterials (a) combining PVA with MNPs  (b) 

PVA with exfoliated graphene (c) CNT-incorporated ultra-thin membrane. (d) PVA coated with PANI after one 

cycle coating and multiple coating. (e) PH sensing with color change performed by PVA coated with PANI. 
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4.3 Characterizations  

4.3.1 Gelation mechanism and FTIR analyses  

Chemical structure of fully and partially hydrolyzed PVA polymer is illustrated in figure 4.2. For 

partially hydrolyzed PVA polymer (PVA is referred to partially hydrolyzed polymer), residual ace-

tate molecule is present in the polymer. In PVA solution, water molecules form hydrogen bonds 

with adjacent PVA networks (figure 4.2). When PVA solutions are dried, weak hydrogen bonds are 

made between hydroxyl groups of PVA, while residual acetate terms hinder additional hydrogen 

bonding. Following by immersing PVA membrane in high concentrated basic NAOH solution, the 

residual acetate will be removed, causing stronger hydrogen bonds for hydrogel membrane (figure 

4.3). Water was used to wash PVA hydrogel which removed sodium and hydroxyl ions as shown in 

EDX and FTIR analyses and to regulate the PH of synthesized materials. 

 

 

 
 

 
Figure 4. 2. Chemical structure of PVA for fully hydrolyzed (A) and partially hydrolyzed ones (B). 

 

 

 

A B 
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Figure 4. 3. Chemical structure of (A) partially hydrolyzed PVA solution in water, (B) Dried PVA membrane is 

solidified with the addition of concentrated NAOH solution with strong hydrogen bonds. 

 

FTIR spectra of various samples are provided in figure 4. 4 to assist further discussion of the 

as-prepared composite films. The first spectrum in Figure 4. 4 is associated with PVA cross-

linked by NAOH treatment. The second FTIR spectrum in Figure 4. 4 reveals the typical 

peaks associated with PVA at [122, 123]  3000-3600 cm
-1

 (broad -OH stretching), 2800-

3000 cm
-1

 (C-H alkyl stretching), 1733 cm
-1

 (C=O stretching of residual acetate CH3CO2-

), 1300-1500 cm
-1

 (C-H bending) and 1084 cm
-1

 (C-O stretching).  

The FTIR spectra of the crosslinked PVA shows all the expected characteristic peaks of 

PVA, except that the peak at 1733 cm
-1

 significantly shrinks (or almost disappears) demon-

strating the successful removing of acetate (see schematic).  

In both pristine PVA and crosslinked PVA, we have the 1084 cm
-1

 (C-O stretching) and 

1142 cm
-1

 (C-O-C stretching). The intensity of the peak at 1142 cm
-1

 in the crosslinked PVA 

is increased showing an increase in the crystallinity of crosslinked PVA [124].  

A 

B 
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Figure 4. 4. ATR-FTIR results for (A) air dried PVA hydrogel made with [M]=6 molar of NAOH and (B) dry 

pristine PVA membrane.  

 

The crosslinked PVA mats was soaked in water for several days to ensure the successful 

crosslinking procedure. To shed more light on the mechanism, the hydrogel was immersed in 

urea solution with [M]=8 and kept overnight causing dissolution of PVA hydrogels. This fact 

reveals the significant role of hydrogen bonding. Furthermore, PVA solution was blended 

with urea with 90/10 weight percent (PVA/urea) to make PVA-urea hydrogel. SEM studies 

revealed that porous size was increased which can be due to hindering hydrogen bonding in 

PVA hydrogel. 

 

A 

B 
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Figure 4. 5.  90/10 pva/urea was mixed and was poured on dish and after dry hydrogel was used for FTIR sem 

and swelling ratio. 5ml urea 8molar was wixed with 5ml pva (+0.4grpva powder) 

 

 

 

Figure 4. 6. ATR-FTIR results of PVA hydrogels made of different NAOH concentrations, including [M]=1, 

[M]=3 and [M]=6. 

FTIR results of PVA hydrogels made with [M]=1,3, and 6 is shown in Figure  4. 6. The residual ace-

tate pick are more diminished with excess amount of NAOH. Considering mechanical properties 

and gelation of PVA, we can see that the one made with [M]=1 gives very thin and weak hydrogel. 

Thus, removing residual acetate cannot be the main reason to cause strong hydrogen bonding and 

M=3 

M=1 

M=6 
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high concentration of NAOH solution plays a key role. Optical photos of PVA made with different 

concentrations of NAOH are shown in figure 4. 7. 

 

Figure 4. 7. Photo of PVA hydrogels made with NAOH with (A) [M]=1, (B) [M]=3 and (C) [M]=6. 

4.3.2 Mechanical properties 

 



Chapter 4  82 

 

 

Figure 4. 8. Tensile results for 10% PVA hydrogels solidified with different hydroxide family and different con-

centration. Effect of dehydration on tensile behavior is studied. (A) Photo of a PVA hydrogel during a tensile test. 

(B) stress-strain curves and elastic moduli of PVA gels made with different solidifying NAOH concentration 

(Samples sizes (length, width and thickness) for samples with [M]=3, 5 and 6  were 15,5, 0.1 and for [M]=1 was12, 

5, 0.05, and the speed test was 10mm/min). (C) stress-strain curves and elastic moduli of PVA gels made with 

KOH, NAOH and LiOH (samples size for KOH and NAOH were 15,5, 0.1; and, for LiOH: was 15, 3, 0.05 (mm) 

while the speed test was 10mm/min). (D)  Tensile results for a PVA hydrogel solidified with NAOH ([M]= 6) and 

tested for 3 times (sample sizes: 120, 10, 0.3(black); 118, 10, 0.3 (red); 111,10,0.3 (blue), 5mm/min speed). (E) Ten-

sile properties of a PVA hydrogel strip which was air dried for 2hrs and 30min with (the speed test of 5mm/min 

and sample sizes 111, 10, 0.3 red (2
nd

); 94,10, 0.3 black (1
st
)).  (F) Cyclic tensile test under room condition (A PVA 

sample made with pouring 20ml of PVA was cut to 17mm, 5 and 0.1, dimensions). (G) Cyclic tensile tests for a 

PVA hydrogel, when an external humidity generation humidifier was used to avoid dehydration during the test 

(the hydrogel was made with 20ml of PVA solution with the size 25mm, 5 and 0.1. The test speed was 20mm/min); 

Cyclic was performed in the strain ranges of (1) 12%-40% (2) 22%-70% and (3) 25%-100%. (4) stress-strain 

curve of the same sample under moisturizing condition. 

 

Figure 4. 8A is showing PVA-NAOH [M=6] sample during tensile test. When hydrogels reached to 

high strain (around 300% strain), a color change from transparent to white was observed for samples 

which shows the PVA chains inside was aligned parallel and more ordered.  

Samples used in figure 4. 8B and C are made by pouring 10% PVA solution in a small petri dish and 

let dry over night at room temperature and then the gelation agents were added. Reported elastic 

modulus (at 50 % strain) was obtained with calculating of average of three sample results for each 

control group. Graphs are also chosen based on the average of mechanical strength for each control. 

 Figure 4. 8B studies the tensile and mechanical performance of hydrogels made with different con-

centrations of NAOH. It is seen that for samples gelated with one molar NAOH, elastic modulus 

was very small, 0.04MPa, and we had a very weak and thin membrane. However, when this concen-

tration was increased to [M]=3,5 and 6 we had strong PVA hydrogel and elastic modulus raised to 

the order of one MPa and ultimate strength significantly increased to the order of 10 MPa. A linear 

elastic behavior was observed for all samples when stretched to at least 100% strain. Membranes 

performed excellent stretchable properties exceeding 350% of their original length. This lengthening 

was limited by the tensile machine performance since most of samples either slipped from the grips 

or cut at the edge due to stress concentration of grips to hold samples. Accordingly, all the data are 
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showing minimum strength and lengthening of our PVA hydrogel. To make sure the fastest gelation 

and strong properties, PVA hydrogels made with [M=6] hydroxide are used for experiments in this 

paper. Figure 4. 8C compares tensile properties of PVA hydrogels gelated with different hydroxide 

agents, including LiOH, NAOH and KOH. Use of LiOH led to a thin and weak hydrogels. However, 

NAOH and KOH both exhibited strong mechanical properties with ultimate strength more than 

10MPa and Young’s modulus more than 1.3 MPa. In this paper, PVA hydrogels gelated with 

NAOH are studied.  

Figure 4. 8D and E investigate the effect of drying on the mechanical properties. 30mL of PVA 10% 

was poured in a large Petri dish, forming to membranes with 0.3mm thickness. Sample PVA hydro-

gel was kept in distilled water and after wiping water from the surface, it was tested for three times 

with 5mm/min speed. Each time, the hydrogel performed stronger behavior, so the dehydration 

plays a key role in the mechanical strength of the material. According to figure 4. 8D, it was seen 

that when the material was more dried, the ultimate strength and Young’s modulus increased.  

Tensile tests were repeated for the PVA hydrogel dried for 2.5 hrs, shown in Figure 4.9 E. One sam-

ple was tested for 2 times with 5mm/min speed. In first test, it was stretched to 30% and slipped 

from grips and in the second test, the hydrogel exactly followed the same trend as before which is 

showing after 2.5 hrs, drying effect is ignorable on mechanical properties during the test.  

In figure 4. 8F, after removing water from surfaces, the gel was used for tensile cyclic test and was 

stretched-released for 10 cycles between 30% to 58% strain. It is seen that during cyclic tensile, the 

hydrogel was dried which affected the mechanical properties, as seen in tenth cycle the maximum 

strength was improved by 14% compared to the first cycle (10 cycles took about 8 min).  

Cyclic tensile test was repeated for the same sample of figure 4. 8G and this time, to evaluate the 

drying effect, the hydrogel was exposed to the water vapor generation humidifier to prevent evapo-

ration of water during the cyclic test. The cyclic tests shown in figures 4. 8G 1, 2 and 3 represent the 
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results of cyclic stretching and relaxing between 12%-40%, 22%-70% and 25%-100% strains, re-

spectively. Comparing with figure 4.8 F that the gel was tested in the room condition, here we have 

mere difference between first and last cycles, highlighting the effect of the hydration on tensile be-

havior. The same sample was further tested to show tensile behavior with the presence of humidity 

shown in figures 4. 8G1. 

PVA gel made with pouring 5mL PVA solution is shown in figure 4. 9. The membrane performed 

excellent resistance against resistance against sharp metal, spatula and gentle push of needles. A 

photo of PVA gel coated with PANI used for carrying 15 Kg weight is shown in figure 4. 9B. 

 movie 4. 3 and movie 4. 4) 

 

Figure 4. 9. (A) Demonstration of resistance to sharp objects and (B) carrying 15 Kg weight with a PVA-PANI 

coated ribbon (f). 
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4.3.3 Degradation, morphological & swelling ratio 

Degradability of our PVA hydrogel was evaluated with letting hydrogel in water for 1 year and no 

degradation was observed. To improve the degree of degradation of our PVA hydrogels, we can fol-

low researches on combining with degradable materials. For example, urea can weaken the intramo-

lecular and hydrogen bonds of PVA, and alter the lattice energy and crystallinity [125]. Our PVA 

gel was dissolved in urea solution (8 molar concentration) when immersed overnight in urea solu-

tion. Very stable chemistry was observed for PVA hydrogel since it preserved its properties even 

when soaked in strong acids.  

 PVA membrane with 0.5 mm thickness was heated; for temperatures below 50 °C, the hydrogel is 

quite stable but around 70 °C the hydrogel started to recycle and disappear. The hydrogel membrane 

heated at 70 °C for 30 minutes and were collected and kept in water with room temperature for 

overnight. This heating treatment substantially decreased the mechanical properties and improved 

the swelling ratio. Swelling ratio was calculated for this study according to following formula: 

Swelling ratio= [Wf−W0/W0]; in which, Wf is the weight of hydrogel in fully swollen state and W0 

denotes the one for dried state. 

For regular PVA hydrogel, swelling ratio is around 0.8. However, when hydrogel was heated and 

collected, swelling ratio was enhanced to 9.5. A regular PVA hydrogel (figure 4. 10 A, B, C) and 

heated one (figure 4. 10 D, E, F) were used for SEM study after freeze and drying. As shown in fig-

ure 4. 10, the porous size is significantly increased for heated samples. Considering thermal degra-

dation, a recyclable and reusable range of device is introduced.  
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Figure 4. 10. Degradation test for the PVA hydrogel with heating. (A,B, C) SEM observations of a regular PVA 

membrane. (D, E, F) SEM images of a PVA membrane heated at 70 °C for 30 minutes. (A, B, D, E) Samples 

where gold coated before SEM. (C, F) Samples were not coated with gold. 
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4.3.4 Contact angle: 

The hydrophilic properties of PVA hydrogel is evaluated by measuring contact angles (CA). Figure 

4. 11A shows a water droplet on PDMS with 92.7 contact angle. Dried PVA membrane before gela-

tion led to 56.88 CA (Figure 4. 11B). PVA membrane was dried and used for the test and CA of 16 

was obtained, indicating rich hydrophilic surfaces (Figure 4. 11C) (five seconds after the droplet 

touched the membranes, contact angles were calculated) 

 

 

Figure 4. 11. Contact angles measured for (A)PDMS; CA=92.718. (B) PVA alone dried sample; CA=56.88. (C) 

PVA-NAOH dried sample (5sec after droplet fell); CA=16.608 

 

4.3.5 Shape memory properties & artificial muscle 

Shape memory property is shown in Figure 4. 12A, 12B and movie 4.5. A PVA strip was stretched 

to 36cm from original 13cm length which shows the strip was extended to 300% of its original 

length after immersing in NAOH solution. Following by adding water, the strip retained its plastic 

deformation and returned to 15cm (recovered 90% of deformation; recovered 260% of strain ratio) 

in a short time. This process is associated with strong contraction force capable of moving 500gr 

weight (energy equivalent to 175 mJ). 
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Also, samples which were air dried in 2 hrs showed that they can recover more than 70% of their 

original length upon adding water (sample with 26, 8, 0.1mm was stretched to 100mm and rested in 

water for some minutes and then brought out and was measured. The maximum length was 32.6mm 

which shows 67.4mm (more than 72% of extension) of plastic deformation was recovered and sam-

ples were reusable with the same performance and appearance. 

Hydrogel made with pouring 20 ml of PVA solution provided 0.1mm thickness membrane. The 

membrane was cut with the width of 10mm, and after immersing in NAOH solution for 5 min, it 

was used for artificial muscle test and measuring the contraction force. The initial length of the strip 

was L0=12cm, after wetting with NAOH it was stretched to L1 =32cm and after loading 500gr it was 

further elongated to L2=43cm.  According to figure 4. 12B, 12C (movie 4.6) contraction force of 

hydrogel due to adding water can lift 0.2kg weight to up to 10cm and 0.5kg up to 3.5 cm. The same 

sample was used for tensile test to measure the contraction force. Similarly, the strip was elongated 

to L1 =32cm and positioned between grip faces (figure 4. 12D). After calibration, the strip was ex-

tended manually to reach 5N preload, to mimic weight hanging. The force was measured while the 

water was continuously added to the both sides of the hydrogel strip. In 50 seconds the contraction 

force was increased to its maximum value at 10 N (figure 4. 12E). 

SEM image of a PVA hydrogel immersed in NAOH solution is shown in figure 4. 13A and 13B. 

Figure 13C and 13D are showing PVA gel stretched to its plastic region. Comparing higher resolu-

tion images (figure 13B and 13D), it becomes apparent that the material fabrics turned into flat 

structure when hydrogel was totally stretched. Also, cracks appeared in the figure 13D are perpen-

dicular to the stretching direction. After adding water to the stretched strip, these cracks can be dis-

appeared corresponding to retrieving the plastic deformation. Accordingly a micro self-healing phe-

nomenon is noticeable.  
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EDX results of PVA membrane kept in NAOH solution is studied in figure 4. 14. Compared to regu-

lar PVA (figure 4. 16C), herein, oxygen percentage is higher. Also, it is confirmed that element Na 

can be removed using water. 

 

Figure 4. 12. Artificial muscle and shape memory. (A) A PVA strip was immersed in NAOH solution and elongat-

ed from 13mm to 36mm. Then it was immersed in water, which retrieved its original length in a few seconds. (B) 

Contraction force due to addition of water can lift 500gr weight up to 3.5cm. (C) Contraction force due to addi-

tion of water can lift 200gr weight up to 10cm. (D) Same sample used in B,C,E; L0 is original length and L1 is 

when sample was elongated to 32 and L2 is related to when it was immersed in water after test. (E) Contraction 

force due to addition of water. 
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Figure 4. 13. (A, B)  SEM images of PVA hydrogel immersed in NAOH solution. (C, D) SEM images of PVA gel 

which was first immersed in NAOH solution and then totally stretched into plastic region (Arrow shows stretch-

ing direction). 
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kV: 10 Mag: 2505 Takeoff: 34.7 Live Time(s): 30 Amp Time(µs): 7.68 Resolution:(eV) 138.1  

 

Selected Area 1 

 

eZAF Smart Quant Results 

Element Weight % Atomic % Net Int. Error % 

C K 32.85 46.08 310.67 7.64 

O K 34.29 36.10 361.17 8.06 

NaK 22.68 16.62 311.72 5.95 

AuM 5.68 0.49 31.29 13.49 

PdL 4.50 0.71 20.23 20.90 

 

Figure 4. 14. EDX results. (A) SEM image of PVA hydrogel immersed in NAOH solution with selected area used 

for EDX analysis. (B, C) Atomic and weight percentage of elements and quantitative results of the selected area. 

A 

B 

C 
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4.4 Layer by layer fabrication and applications 

Competence of layer by layer fabrication of presented methods let designing multifunctional com-

posites with various properties. A composite membrane with PVA containing Ag nanoparticles 

(NPs), PVA alone and PVA containing CNT were made and studied with its cross-section in SEM 

(figure 4. 15), showing clear boundaries with micrometer thickness. First solution: 10% AgNP and 

10% PVA blended; second solution: 10% PVA; third solution: 8.8% CNT and 10% PVA blended. 

0.5gr of each solution were casted on a small petri dish in three steps. First solution was casted and 

let totally dry, then, similarly second and third solutions were poured and air dried. Afterwards, 

NAOH solution was poured to complete the gelation. Conductivity measured with two point probe 

machine as 30-50 Kohm/cm for CNT, 400-600 kohm for Ag NPs and 10Mohm for PVA.  

EDX results for each layer of composite are represented in figure 4. 16. According to the results, 

PVA-CNT layer contains highest amount of carbon element compared to two others. Ag pick is also 

appeared in third layer. Accordingly, the presented method enables synthesizing micro- and nano- 

scale membranes with different materials and properties. 
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Figure 4. 15. (A and B) Cross-sectional SEM images of a composite containing three layers. left layer is PVA-

CNT, the middle layer is PVA alone and right one is PVA-AgNPs. (C and D) Higher resolution of boundaries be-

tween two layers with (left) and without (right) CNT.  (E and F) Higher resolution of PVA layer containing 

AgNPs. 
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kV:  10  Mag:  3507  Takeoff:  34.4  Live Time(s):  30  Amp Time(µs):  7.68  Resolution:(eV) 138.1 

 

Selected Area 1 

 

eZAF Smart Quant Results 

Element Weight % Atomic % Net Int. Error % 

C K 56.03 80.77 222.96 5.93 

O K 14.48 15.67 31.40 13.83 

AuM 16.63 1.46 28.77 12.70 

PdL 12.86 2.09 17.93 15.60 

 

A 

B 
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Selected Area 2 

 

eZAF Smart Quant Results 

Element Weight % Atomic % Net Int. Error % 

C K 52.66 73.43 211.92 5.88 

O K 22.59 23.65 53.28 11.83 

AuM 13.49 1.15 23.66 15.53 

PdL 11.26 1.77 15.95 15.84 

 

 

Selected Area 3 

 

eZAF Smart Quant Results 

C 

D 
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Element Weight % Atomic % Net Int. Error % 

C K 36.41 64.42 196.85 6.31 

O K 19.53 25.94 60.81 11.93 

NaK 2.85 2.64 15.15 15.74 

AuM 12.72 1.37 31.76 12.43 

PdL 9.52 1.90 19.15 16.57 

AgL 18.97 3.74 35.39 13.56 

 

Figure 4. 16. EDX results of a CNT-PVA-AgNPs composite. (A) Cross-sectional SEM image of a composite con-

taining three layers and three areas selected for EDX study. (B, C and D) Percentages of elements and quantita-

tive results of the each selected area. 

 

4.4.1 Tubes and catheters  

Currently, different types of polymer can be used to manufacture catheters, including, silicon, ny-

lon, polyurethane, polyethylene terephthalate (PET), latex, and thermoplastic elastomers [126]. Sili-

cone has been prevalently used for catheters, because it is inert and unreactive to body fluids and a 

range of medical fluids which it might come into contact. However, this polymer suffers from weak 

mechanical properties as serious fractures in catheters have been reported in Foley catheters [127]. 

This fact can cause serious difficulties for patients due to the need of a surgery to remove the tip left 

in the bladder. Bladder problems have been largely treated with different types of catheters. Typical-

ly, catheters are coated by a thin hydrophilic layer which can swell when in contact with water, ena-

bling smooth and slippery film making the catheter safer and more comfortable to use. This has a di-

rect bearing on safety and comfort of patients. Polyimides were used to fabricate vascular catheters 

and placed into small vessels in the neck, head and brain. 

https://en.wikipedia.org/wiki/Nylon
https://en.wikipedia.org/wiki/Nylon
https://en.wikipedia.org/wiki/Polyurethane
https://en.wikipedia.org/wiki/Latex
https://en.wikipedia.org/wiki/Thermoplastic_elastomer
https://en.wikipedia.org/wiki/Hydrophilic
https://en.wikipedia.org/wiki/Polyimide
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Strong elastic properties and durable implants with rough surface are important factors in catheters. 

Given the excellent surface roughness, developed PVA hydrogel can be beneficial as permanent and 

temporary (biodegradable) catheter based implants. Microtubes with tunable mechanical properties 

and thickness can be made via our proposed mechanism. To make small tubes, a metal rod was im-

mersed in 10% PVA solution and rotated in a customized motor with applied drying fan, letting uni-

form layer coating (figure 4. 17A and B). With increasing the speed to higher frequencies, we can 

reach uniform coating. The process of coating was repeated to reach the desired thickness. Various 

PVA-based solutions can be used for coating to achieve different composites. After drying, the rod 

with coated layers was soaked in NAOH solution for 10 min for gelation. They easily pealed of 

from the metal rod and washed with water. 

4.4.2 Balloon catheter (Layer by layer Fabrication) 

The developed tube can be used also as balloon catheter. Because of elastic properties, the tube act 

like balloon and can be blown when it is pressurized with a fluid. According to the following figure 

4. 14C, when the hydrogel was dried, it performed strong resistance to applied pressure when the air 

was passing through. Water was used to wet a specific part of the tube to retrieve its elastic proper-

ties which was blowing like balloon after applying pressure (figure 4. 14D). 
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Figure 4. 17. (A) Synthesis of tube with different diameter. (B) Tubes made of PVA and gelatin (8/2 weight ratio). 

(C) Tubes behave like balloon when high pressure air applies. (D) The tube is strong when dry but the area in 

contact with water is elastic so let the tube mimic a balloon upon letting high pressure air through the tube. 

4.5 3D printing fabrication and applications 

Capability of PVA in mixing with different materials let to reach a viscous printable solution. This 

can help us to synthesize different range of printing inks. 

4.5.1 Injectable electronics  

Combining hydrogel with flexible biodegradable, wireless, and injectable electronics, one can pro-

vide long-term monitoring system of minimally invasive surgeries and brain activity [128]. One 

challenge associated with using hydrogels is lack of controllable dosing for real time interaction. 

This might be addressed by using layer-by-layer hydrogel [129], microfluidic techniques or injecta-

ble electronics [128]. 

 

 

Figure 4. 18. Injectable mesh electronics with open macroporous structures and mechanical properties similar to 

brain tissue, offering new minimally invasive approach for mapping and modulating brain activity [128].  Repro-

duced with kind permission from [136]. 
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Using 10% PVA solution incorporating conductive agents (10% PVA solution with 10mg/ml CNT) 

enabled preparing conductive inks which can be gelated using our mechanism. PVA can help as sur-

factant to effectively distribute CNTs in the solution without coagulation. First 10mg/mL of CNT 

was dispersed in a 2% (weight percent) PVA solution and sonicated and stirred for 1hr. More PVA 

was added to reach 10 wt% PVA and kept in heating and moving bath at 60 °C overnight. The PVA-

CNT ink was used as printing ink to print an electronic mesh on the back of a petri dish as seen in 

movie 4.7 and figure 4. 19A and 19B. When prints were dried, NAOH solution was added to coagu-

late the PVA and CNT networks for solidification. The prepared mesh can be easily peeled off from 

the substrate which formed a very strong and stretchable conductive mesh, offering countless appli-

cations in wearable sensors and printable electronics. Figure 4. 19B is showing several printed mesh 

in water. Capability of printing a very thin mesh and mechanically strong enable developing injecta-

ble electronic meshes; as it is seen in movie 4.8, the strong gel can keep its integrity even after push-

ing out through a hollow narrow of a small pipette tip (figure 4. 19C and 19D).  
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Figure 4. 19.  3D printing process (A) PVA-CNT solution while printing (B) solidified 3D printed meshes (C and 

D) 3D printed mesh is injecting through a small pipette tip with 400 μm diameter. 

 

4.5.2 Stretchable electronic board with PVA membrane 

Other conductive inks including PVA-Ag nanowires and PVA-graphene were also made. The con-

ductive particle containing PVA solution can be also printed on dried PVA gel, providing layer by 

layer printing and enabling printing electronic boards on a PVA membrane. Figure 4.20 reveals the 

printed mesh on a PVA substrate which well printed and assembled with its substrate (movie 4.9 
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shows the performance of printed mesh on PVA substrate). To make the substrate, 5ml of 10 wt % 

PVA was poured in a patria dish and left overnight for drying. Then PVA-CNT was printed on the 

dried PVA substrate and let dry for several minutes following by adding NAOH for solidification 

(figure 4. 20). 

 

Figure 4. 20. PVA-CNT conductive ink printed on a thin PVA membrane. 

 

4.5.3 Microfluidic channels 

A field of fluid mechanics deals with fluids in microscale. Channel sizes from 500 micrometer to 

0.1micrometer can be considered as microfluidic channels. Microfluidic chips are usually made with 

PDMS membrane following different methods and process and usually associated inner-channel sur-

face modification to enhance hydrophilicity for microfluidic applications. Our PVA hydrogel has 

shown the capacity to be used as alternative approach to fabricate microfluidic channels in any 

shapes and sizes and offers new solutions for microfluidic lab-on-a-chip systems.  
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4.5.3.1. Synthesis of microfluidic channel on a membrane 

20ml of 10% PVA solution was poured in a big petri dish and dried overnight. Then, a 5% alginate 

solution was prepared for printing on the PVA membrane as sacrificial material. After printing dif-

ferent patterns, the dried PVA with 3D printed alginate was covered with another 20mL of PVA so-

lution and let dry for another night at room temperature. Then, dried membrane was immersed in 

NAOH solution for 20 min (figure 4. 21A). After gelation, the membrane was washed with water 

and the alginate solution was removed from edges be pressing the membrane. Channels were 

washed and cleaned from alginate by passing water through channels with a tiny needle and syringe. 

As it is seen in figure 4. 21B and movie 4.10, yellow dye was injected into channels which is tracea-

ble under UV light. 

 

Figure 4. 21. Synthesis of microfluidic channel on a membrane (A). Printed alginate on a membrane of PVA gel 

and layer by layer solidification (B). 

 

4.5.3.2. Synthesis of 3D microfluidic channel on a PVA tube 

Following the same process for membrane, one can have our printing in nonplanar surfaces to form 

microfluidic channels. To show this capability, a metal rod was dipped in PVA solution and rotated 

under fan to reach uniform membrane covering the rod. This process was repeated three times. 

Then, alginate was printed on the PVA surface. Then, PVA with printed alginate was again dipped 
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in PVA and dried for three times, following by resting the system in NAOH solution for 20 min. 

The sample was washed with water and removed easily from the rod. The sample placed overnight 

in water to neutralize PH. The printed alginate was then pushed out of the channel, leading to for-

mation of microfluidic channel on the PVA tube (figure 4. 22 and movie 4.10).  

Accordingly, the presented fabrication method based on PVA offers new opportunity to explore new 

microfluidic device which compared to formal PDMS membrane, shows higher mechanical proper-

ties, stretchability, facile preparation, hydrophilic surfaces and biocompatibility. This design can be 

beneficial for the concept of lab on the chip with introducing novel applications.  

 

Figure 4. 22. (A and B ) Optical images of a microfluidic channel made on the PVA tube by using small rod for 

making tubes. Water containing dye is injected to the channel and the tube was placed inside water under UV to 

show the fluid in the microfluidic system. (B) A bigger tube with several printed micro channels in the wall of the 

tube. 

   

4.5.4 Catheter-based monitoring systems 

Importance of recording and monitoring vital parameters such as body temperature, pressure, chem-

ical properties and flow rates, has been largely recognized to evaluate the efficiency, improvement 

and operation mechanism of a treatment. 

In addition to the use of catheter in performing procedures and delivering a therapy, catheters can al-

so be used for temperature and pressure sensing [130]. For example, catheters are used for real-time 
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monitoring of brain injury treatment [13]. They can also be used to place a passive stent-electrode 

recording array (stentrode) for recording brain activity from within a vein in freely moving 

animal [131]. Another example is the integrated implantable bioresorbable electronic stents for 

endovascular monitoring equipped with drug release to enable flow rate and temperature monitoring 

with wireless power/data transmission, and targeted drug delivery with therapeutic NPs. This device 

was investigated in vitro, in vivo and ex vivo as seen in figure 4. 23 [132]. 

 

 

Figure 4. 23.  (A) Schematic illustration of the bioresorbable electronic stent (BES) comprising bioresorbable 

temperature and flow sensors, memory modules, and therapeutic nanoparticles. The therapeutic functions can be 

actuated using NIR exposure. (b) BES was placed on the balloon catheter to be delivered into a canine common 

carotid artery in vivo. (c) X-ray images of the balloon catheter and the BES in the canine model before (left) and 

after (right) the inflation of the balloon catheter. (d) The planted BES in the canine common carotid artery in vi-

vo. (e) Volume-rendered CT image of the BES in vivo. Reproduced with permission from [132]. 

 

Our developed PVA hydrogel can introduce a biomedical sensor for measuring flow rate, pressure 

and biological activities with tunable mechanical properties for different applications and environ-

ment. Equipping presented PVA hydrogel with recent developed lab on the cheap technology to-
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gether with wireless data communication can offer new generation for health monitoring system for 

different conditions and different organs. Importantly, this potentially paves the way for impercepti-

ble real-time health monitoring. Figure 4. 24 are showing a catheter with its conductive printed 

CNT-based mesh for the purpose of recording resistance signals resulted by the internal flow. 

 

Figure 4. 24. (A) The photo a tube with printed CNT mesh for recording signal changes associated with internal 

pressure. (B) The photo of a catheter installed with a sensor made of CNT/PVA connected to tubes which fluids 

can pass through.  

 

 

4.5 Biocompatibility and blood-compatibility 

Following the same process, hydrogels were made with different combinations of PVA and gelatin 

(Gel). Samples were made with following weight percentages 70:30, 80:20, 90:10, and 100/0 

(PVA:Gel) and considered for biocompatible and blood compatible experiments. 

4.5.1 Cytocompatibility tests  

HaCaT cell line and 3T3 cell line were cultured (RIPM, Hyclone, USA) with 10% fetal bovine se-

rum (Gibco, USA) in a 5% CO2 incubator at 37 °C. The HaCaT cells and 3T3 cells were seeded in 

96-well plates at 5x10 
3
 /100 μL per well and in 24-well platers including cell climbing slice at 

1x10
4
 /300 μL per well. The culture medium was replaced with the leach liquor extracting from each 
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group after 24 h, and untreated medium was used as a blank control. The cells in 96-well plates was 

assessed using cell counting kit (CCK-8, Dojindo,Kyushu, Japan) test on days 1, 3 and 5 after seed-

ing. The cells on cell climbing slice was tested by Cell LIVE/DEAD kit (Invitrogen, USA). The rel-

evant reagent added to incubation at 37 ℃ for 20 min, and the resultant images were observed under 

laser confocal (Zeiss LSM780, Germany). Cell viability is calculated with following formula: 

Cell viability (%)=[(As-Ab)] / [(Ac-Ab)] X 100% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) 
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(B) 

(D) 



Chapter 4  108 

 

 

Figure 4. 25.  Cytotoxicity assessment of PVA/Gel hydrogel: A,B) The optical density (OD) value of cytotoxicity 

test results and the cell viability measured using CCK8 assay at days 1, 3 and 5 post seeding. C) Fluorescence mi-

croscopy images of HaCaT cells on the PVA/Gel hydrogels at day 5 post seeding. D) Morphology of HaCaT cul-

ture on PVA/Gel hydrogels at days 1 and 3 post seeding. 

 

The cellular performance of the fabricated samples in terms of cell proliferation-toxicity and cell vi-

ability was studied. CCK-8 kit cell proliferation-toxicity assay and cell viability assay was per-

formed for the PVA/Gel hydrogels. Two types of cells including Human Keratinocytes (HaCaT) and 

3T3 cells. In figure 4.25 A and B, the cck-8 results of the cytotoxicity levels of all the samples in di-

rect contact with the HaCaT and 3T3 cells are given. According to the findings, all the groups were 

found to be cytocompatible after a period of five days and exhibited appreciated cell proliferation-

toxicity levels similar to those of the control group. Also, in terms of the cell viability, no significant 

difference is seen among all the groups, which indicates that PVA/Gel hydrogels have no toxicity to 

HaCaTs and 3T3s after incubating for five days. LIVE/Dead assay staining was performed to Ha-

CaT cells on day five post seeding as shown in figure 4.25 C. Green flourescence indicates living 

cells by cell-permeant calcein AM and red flourescence indicates dead cells by EthD-1. Red 

flourescence labeled cells are almost invisible for all the images, thus, these results suggested the 

PVA/Gel is applicable for in vivo use.  Morphology of HaCaT culture on PVA/Gel hydrogel at days 

1 and 3 post seeding is represented in figure 4.25 D, showing normal morphology compared to the 

control group.  
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4.5.2 Anti-fouling test  

4.5.2.1 Protein adhesion 

Bovine serum albumin (BSA, life, USA) was used as protein model in this experiment. 70/30, 

80/20, 90/10, PVA  membranes (6 mm* 6mm) with different groups and cell climbing slice (as the 

control group) were washed three times with deionized water and incubated with BSA solution (2 

mg/ml) and FITC-BSA (1 mg/ml) solution at 37 ℃ for 6 h. The membranes were rinsed with deion-

ized water for 3 times, and the adhesion protein was quantified by BCA kit, the adhesion FITC-BSA 

was observed by fluorescence microscope (600B, Olympus,Japan). 

 

 

 

Figure 4. 26. (A) The FITC-BSA protein adhesion on the PVA/Gel membranes and cell climbing slice (control). 

(B) The adhesion protein values by BCA kit and analysis of each group. The differences were considered statisti-

cally significant with p<0.05 denoted with an asterisk (*), p<0.01 denoted with an asterisk (**), p<0.001 denoted 

with an asterisk (***). 

(A) (B) 
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We evaluated the BSA protein adsorption properties of the PVA/Gels with various composition rati-

os. Figure 4.26 shows the FITC-BSA absorption to the PVA/Gels and cell climbing slice (control), 

and amount of BSA protein adsorbed onto the PVA/Gel membranes became saturated with increas-

ing Gel concentration. The maximum adsorption value was about 32.5μg/membrane in group 70/30, 

it nearly increased by 2 fold compare to group PVA alone (p<0.001) and 1 fold than control 

(p<0.05) .These results show that the PVA membrane has the most anti-protein adsorption proper-

ties. 

4.5.2.2 Bacterial adhesion 

 Expend E.coli [ (ATCC 25922) ] was cultured at 37 ℃ for 12 h (250 rpm), and then we adjusted the 

final density of bacteria liquid to 1x10
6
 cfu/ml. 70/30, 80/20, 90/10, PVA  membranes (6 mm* 

6mm) and cell climbing slice (as the control group) were washed for 3 times with deionized water 

and put into a 24-well plater covered with bacteria liquid (500 μl) and then incubated at 37 ℃ for 4 

h. The membranes were rinsed with deionized water for three times, and added 1ml deionized water 

to ultrasonic 10 minutes, take 100μl plated and incubated at 37 ℃ for 14 h. 
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Figure 4. 27. Anti-fouling surface testing with E. coli. The detection of survival bacteria in the bacterial suspen-

sions from the PVA/Gel hydrogel. (A) Images of bacterial CFUs. B) Quantitative result for the adhered bacterial 

on membranes (n=3).  

 

Anti-fouling of bacteria is an important property of biomaterials which is necessary prior to in vivo 

tests. According to figure 4.27, the amount of bacteria attached to PVA membranes was significant-

ly greater than group 70/30 (p<0.001), group 80/20 (p<0.001), and group 90/10 (p<0.001). We 

found the cfu/membrane of E.coli adhesion onto the PVA/Gel membranes became saturated with 

decreasing concentration of Gel, and the PVA adhesive value was about 52*10
2
cfu/membrane. 

However, the adhered number of E.coli on all of the PVA based membranes were significantly less 

than the control group (p<0.001).  

 

(A) 

(B) 
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4.5.3 Blood biocompatibility 

Citrated fresh human blood (anticoagulation to blood radio, 1:9）and purified counting platelets 

(1x10
12

 units / ml) were provided by Department of blood transfusion, Southwest Hospital, Chong-

qing, china. 

4.5.3.1 Hemolysis assay 

70/30, 80/20, 90/10 and PVA membranes (1 cm x 2.5 cm) were washed for five times with deion-

ized water and then rinsed with normal saline. The samples were incubated at 37 ℃ for 30 min with 

10 ml normal saline, and then 200 μl diluted whole blood (whole blood : saline = 8 : 1) were added 

and incubated at 37 ℃ for 1 h. The normal saline was used as negative control and the distilled wa-

ter was used as positive control. The tubes were centrifuged for 10 min at 1500 rpm and then the op-

tical density of the supernatant fluid was read by Microplate reader (Thermo, varioskan flash, USA) 

at 545 nm. The HR was calculated according to the following formula: 

HR% = [ODs - ODn] / [ODp - ODn] X 100 

ODs, ODn, ODp were the corresponding OD values of sample, negative control and positive control 

groups. Measurements were repeated three times for each group. 
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Table 4. 6 The hemolysis ratio of  PVA/Gel membranes. 

 

 

 

 

 

 

 

 

When blood is in contact with the surface of foreign body, it may bring out coagulation reaction, 

leading to thrombosis or foreign body reaction. Red blood cell (RBC)-induced hemolysis in vitro is 

considered to be a reliable and important parameter to evaluate the hemocompability. The hemolysis 

rate (HR) of controls and PVA/Gel membranes are summarized in Table 5.1. HR less than 5% is 

considered to be non-hemolysis according to ISO 10993-41999. HRs of all the membranes is far less 

than 5%. These results suggest that all PVA-based membranes do not induce hemolysis when con-

tact with RBC, signaling the good blood compatibility of these materials. 

 

4.5.3.2 Platelet adhesion test 

70/30, 80/20, 90/10, PVA membranes (8mm x 8mm) and cell climbing slice (as control) were 

washed five times with normal saline, and then put into a 24-well plater with normal saline (200 μl) 

and incubated at 37 ℃ for 30 min. The normal saline replaced by purified platelets (1 x 10
8
 /ml, 500 

μl) incubation at 37 ℃ for another 2 h. The membranes were pipetted out the platelets and washed 

by the normal saline for 3 times, then followed by incubation in 2% glutaraldehyde over night to fix 

the adhered platelets at 4 ℃. The membranes were rinsed with PBS solution (0.5 mL) for 3 times, 

followed by a series of ethanol solutions (30%, 50%, 70%, 80%, 90%, and 100%), and then dehy-

Samples Optical density at 545 nm HR(%) 

Normal saline (Negative control) 0.0505 ± 0.0007 － 

Distilled water (Positive control) 0.6010 ± 0.0126 － 

70/30 0.0537 ± 0.0007 0.57 

80/20 0.0549 ± 0.0013 0.8 

90/10 0.0525 ± 0.0013 0.36 

PVA 0.0518 ± 0.0005 0.22 
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drated by a series of tert butyl alcohol (50%, 70%, 90%, 95%, and 100%). Finally, the membranes 

were covered with a thin layer of gold by sputter coating for SEM imaging. 

 

 

 

 

Figure 4. 28. (A) SEM images of 70/30, 80/20, 90/10, PVA membranes, and control (Right SEMs: represent en-

larged view) after contact with platelet for 2 h. (B) The platelet adhesion of each group (n=9). The differences 

were considered statistically significant with p<0.05 denoted with an asterisk (*), p<0.01 denoted with an asterisk 

(**), p<0.001 denoted with an asterisk (***). 

 

As shown in figure 4.28, in PVA membrane and control, platelet adhesion were nearly increased by 

14 fold compared to group 70/30 and group 80/20 (p<0.001), and 7 fold compared to group 90/10 

(p<0.001), and the group 90/10 adhesive platelet value was about 2 fold than group 70/30. Glass 

slice induces platelet close adhesion and activation by a large number of pseudopodia, but the plate-

let adhesion on the PVA/Gel membranes still keep as it is. The above results indicated that mem-

branes containing Gel can resist non-specific adhesion with platelet.  

(A) (B) 
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4.6 Other potential applications 

4.6.1 Cell culture, in vitro and in vivo applications 

The elasticity and contractile properties of our hydrogel can provide a new type of culture substrate, 

letting simulating human muscles with contractile operation like heart muscle. PVA can be blended 

with cell attachable proteins such as gelatin and dopamine to improve cellular compatibility and 

used for cell culture study. After approaching the optimum blends of PVA and gelatin with excellent 

cell viable properties, we can synthesize 3D printable cell culture medium for different applications. 

PVA blended with gelatin is shown in figure 4.29 (10% PVA with 1% of gelatin).  

 

 

Figure 4. 29.  PVA-gelatin film. 5mL of solution was poured on dish, dried overnight, and rested in NAOH to 

form the gel.   

4.6.2 Drug delivery 

As explained, PVA hydrogels can be used to fabricate new catheters. Catheters are one of the means 

of drug delivery which can deliver high volume of target solution to the target site. On the other 
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hand, the capacity of designing microfluidic channels on the tube can let drugs, cells or molecules to 

reach the desired region in a controlled and continuous quantity.   

4.6.3 Drug releasing microcapsules and microgels 

Currently, different ranges of biocompatible natural, synthetic polymers and proteins have been used 

for encapsulations and prolonged release of active agents. One approach to reach size and properties 

controlled system is offered by microfluidic technology by enabling encapsulating target molecule, 

drug or particle in a microgel. Scale up capability can let production of thousands microgels. Physi-

cal gelation of alginate and calcium have made them interesting combination for encapsulation of 

different agents with the aid of microfluidic system through co-flowing two or more solutions 

through a microchannel with different speed to make microgels with different sizes. Alginate-

calcium has been extensively used in tissue engineering, cell-culture and drug delivery [133] (figure 

4. 30) 
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Figure 4. 30.    The liver lobule microstructure and synthesize method to make a cord-like hepatic micro-organoid 

is shown in the schematic illustrations. (A) The liver lobule microstructure: Parenchymal hepatocytes (PHs) are 

separated from the sinusoid and formed cord-like structures with a thickness of 1-hepatocyte layer. The hepatic 

cords are covered by endothelial cell (EC) layers and between PHs and Ecs, there the space of Disse in which stel-

late cells are laying there. (B) Alginate hydrogel microfibers incorporating hepatocytes and 3T3 cells are fabri-

cated with a microfluidic system. Cross-sectional illustrations of the alginate cord encapsulating cells before and 

after gelation is shown in lower images. Reproduced with kind permission from [134]. 

 

Our proposed mechanism can offer a new method for making range of different hydrogels. With 

improving degradability of our PVA to a desired value and changing the concentration of NAOH, 

one can represent a new controlled release mechanism for drug delivery purposes.  

Designing a droplet focused microfluidic channel when the PVA solution is the main flow and 

NAOH as separator can bring out size controlled PVA microgels which can be further washed in 

other part of microfluidic chip custom designed for washing NAOH from the microgels. Designing 

microfluidic system with multiple co-flowing can facilitate producing layer by layer microgels for a 

target application (figure 4. 31). Elastic and rough surface and resistive properties of PVA hydrogel 

can potentially bring new family of microencapsulations. 

 

Figure 4. 31.  Schematic illustration of a droplet focused microfluidic channel for layer by layer microgel fabrica-

tion. Yellow with black dots are PVA hydrogels containing drug and blue is another PVA solution as second layer 

which droplets can be form by using NAOH solution as gelation solution. 
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4.6.4 Microrobots 

It is becoming a reality that one can have nano/microrobots capable of inspection, doing surgery, de-

tection and cargo delivery to target sites. Different mechanisms for guidance, actuation, monitoring 

and encapsulation have been studied to design microrobots [135]. According to the type of material, 

microrobots can be stimulated with light [136], acoustic and magnetic fields [137]. 

According to PVA hydrogels, with incorporating nanoparticles such as MNPs and layer by layer 

fabrication, we can develop a magnetic controllable mechanism and design a multipurpose micro-

robot for monitoring and drug delivery systems. 

4.6.5 Nano-energy and supercapacitors 

Incorporating PVA with conductive materials such as graphene, CNT and PANI can be beneficial 

for nano-energy applications. PVA-CNT and PVA-graphene hydrogels made in this study was elec-

trodeposited and coated with PANI for multiple times which can be used as supercapacitors. 

4.6.6 Bioresobable sensors  

The use of biocompatible microelectronic implants such as sensors, actuators, and transistors com-

bined with wireless control strategies comprise a very promising approach for minimally invasive 

surgeries [138, 139]. Implantable mechanical, physical, and chemical biosensors can change the tra-

jectory of modern regenerative therapy monitoring. The progress in developing biodegradable sen-

sors plays prominent role not only in monitoring and modulating regenerative therapy and evaluat-

ing its efficiency in different steps of therapy, but also in providing less invasive monitoring system 

by avoiding surgical retrieval [5]. Other examples are biodegradable and biocompatible wireless RF 

pressure sensor [140, 141], organic thin film transistors [142, 143], semiconductors for transient 

electronics [144, 145].   
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Considering antibacterial improvement as well as degradability adjustment, PVA hydrogels can be 

used for developing bioresobable sensors with strong, stretchable and rough hydrophilic surface 

properties [146].  

4.7 Discussion 

We have developed a PVA-based hydrogel with special properties. Strong and stretchable mem-

branes can be fabricated with an adjustable thickness as small as several micrometers. Diverse na-

nomaterials such as carbon nanotubes and graphene can be incorporated into the membrane for sen-

sor applications. Additionally, the membrane has the capability to recover large plastic deformation 

of which their contraction force can lift a 500gr weight. The designed materials can be mechanically 

and chemically stable with favorable properties and compatible with the targeted application. Mem-

branes made with PVA were mechanically week. We introduced a very strong hydrogel with low 

swelling ratio around 1.5. The contact angle and hydrophilicity were examined which shows a 

promising alternative for microfluidic channels. Scalable procedure let facile commercialization for 

any applications.  The capacity of this newly developed hydrogel in different applications was intro-

duced that shed light on the next steps to push this project forward. The safety of this material in 

blood service and biocompatible implants are assessed with in vitro experiments. 
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Conclusion  

This thesis was planned to introduce a novel insight into the biomedical sensing technology 

by designing different kinds of stretchable materials and electronics with considering several 

functional properties such as conductivity, 3D printing ability, self-healing and shape 

memory properties. These designs can be used to mimic human organs or for health monitor-

ing systems and biomedical applications. On the other hand, facile preparation methodology 

and cost efficiency are other factors which were taken into consideration.  

Represented in chapter 2 was a novel approach to fabricate an elastic, attachable and cost-

efficient CNT-based strain gauge which can be used as bodily motion sensors. It was re-

vealed that the gum sensor has the ability to monitor the humid changes with high sensitivity 

and fast resistance response capable of monitoring the human breathing. Existing limitations 

on the design and fabrication of this sensor include the possible toxicity of CNTs in 

healthcare application (biosafety of CNT is not comprehensively approved and there is still a 



Chapter 5  121 

 

 

controversy among safety of this material). Also, a need of an accurate tool is felt, letting 

fabricate gum sensors in exact thickness. 

In chapter 3, a mechanically and electrically self-healing hydrogel was developed based on 

physically and chemically cross-linked networks. The practical potential of CSH hydrogels 

was further revealed by their application in human motion detection and their 3D printing 

performance. Regarding the limitation of this hydrogel as biosensor, one can mention the 

fact of drying hydrogel in room atmosphere, which enforces us to use this hydrogel only on 

sealed conditions. This is a challenging fact of hydrogel-based sensors which are normally 

needed to be kept in certain humid condition to remain its properties. 

In chapter 4, development of a multifunctional strong hydrogel with superficial properties was rep-

resented. PVA, a non-toxic and biodegradable polymer was used to introduce a new gelation mech-

anism and new class of reusable, shape memory and strong composites with tunable thickness and 

properties. PVA can be combined with other materials to make new hydrogel and composite. Capa-

bility of benefiting from 3D printing and microfluidic technologies holds great promise for commer-

cialization of this type of novel materials for different industrial sectors. This tough hydrogel can 

carry a weight with at least 1500 times more than its weight. Facile fabrication process and biocom-

patibility of this material can not only represent a great candidate for next resistive generation of 

catheters, but also incorporating catheter based monitoring systems. Considering the shape memory 

properties, a PVA strip can be extended to the plastic region and retrieve its deformation. Moreover, 

we printed injectable and shape memory electronics which are currently edge-cutting materials, con-

sidering their tremendous applications. Promising results are expected from this project and this ma-

terial proposes countless applications in electronic skin, biomedical devises, and biomimetic organs. 

Current challenge regarding this project is how to adopt this hydrogel with 3D bioprinting process 

which involves printing cells and hydrogel at the same time for tissue engineering indications. The 



Chapter 5  122 

 

 

issue raises from the fact that high concentration sodium hydroxide is extremely toxic and is needed 

for gelation. 
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Future outlook 

World’s aging population is growing rapidly [147]. In the US, individuals above the age of 65 are 

expected to be 83.7 million by 2050. Aging brings new challenges to therapies and healthcare, since 

most of organs lose their function owing to degeneration. Beside aging, medical conditions such as 

diabetes causes additional problems. Hence, surgeries with minimal invasiveness should be pursued 

to deliver a therapy in order to minimize the pathological and immunological consequences and to 

provide fastest operational with depleted level of anesthesia.  

In this state of affairs, the progress in bioengineering can facilitate major hurdles in the path 

of therapies. Biocompatible hydrogels can be treated with cells and be used as implant for a 

designed treatment. Currently in vitro and in vivo studies have shown promising regenerative 

potentials of using biomaterial scaffolds for above-mentioned health conditions. Some stud-

ies have reached clinical trials and most of them are still improving their mechanism and ef-

ficiencies. 
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On the other hand, developing novel strategies to design biomedical sensors plays a signifi-

cant role, since without accurate and safe biological response and feedback, therapies cannot 

be properly evaluated. Biomedical sensors 1) can provide an indication to assess the opera-

tion of a new therapy, 2) can be used to adjust dosage of a therapy in a drug delivery system, 

3) control patients vital conditions after a surgery, and 4) biodegradable biosensors can be 

inserted inside body to evaluate the tissue conditions and will be degraded after completion 

of their task, which ultimately this can remove the need of second surgery to remove the sen-

sor.  

Stretchable hydrogels incorporating conductive nanomaterials provides a mean to develop 

biomedical sensors which is working based on resistance change. Incorporating self-healing 

and shape memory properties into stretchable electronics will let to design electronic skin 

and mimicking human and animal organs. When stretchable conductive hydrogels are com-

bined with biocompatibility they can be used for medical indications such as heart and brain 

disease. Accordingly, developing new hydrogel systems can significantly influence the field 

of bioengineering and ultimately save people’s life. 

Pushing the new mechanisms and strategies of biosensors into a small scale capable to be 

used with minimally invasive treatments is another pivotal requirement for bringing these 

progresses into clinics. Microfluidic systems and 3D printing technology has significantly 

helped to bridge this gap and engineer the healthcare to the next level.  
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Appendix 1: 

Some of news items regarding Gum Sensor article: 

 Chosen as ACS Headline Science video., FOR IMMEDIATE RELEASE. ACS 
News Service Weekly  

https://www.acs.org/content/acs/en/pressroom/presspacs/2015/acs-
presspac-december-2-2015/gum-sensor.html 

 TIME:  “Wearables Made From Chewing Gum May Be the Future” 
http://time.com/4133102/chewing-gum-wearables-future/ 

 FORTUNE: “Doublemint Gum Is an Awesome Biosensor” 
http://fortune.com/2015/12/03/doublemint-gum-biosensor/ 

 MIRROR: “Used chewing gum inspires bendy, stretchy fitness sensor of the 
future” 

http://www.mirror.co.uk/news/technology-science/technology/chewing-
gum-inspires-bendy-stretchy-6941396 

 SCIENCEDAILY: “Stretchable, wearable sensor made with chewing gum” 
https://www.sciencedaily.com/releases/2015/12/151203160353.htm 

 Yahoo News: “Scientists Develop Stretchable Wearable Body Sensor Made 
From Chewing Gum” 

https://uk.news.yahoo.com/scientists-develop-stretchable-wearable-body-
145851471.html#fWDiMcx 

 MAILONLINE: “Track your fitness using CHEWING GUM: Sensor can be twist-
ed and stretched and is so sensitive it monitors breathing” 
        http://www.dailymail.co.uk/sciencetech/article-3344409/Future-medical-
sensors-chewing-gum.html 

 MEDGADGET: “Body Strain Sensor Made of Chewing Gum and Carbon Nano-
tubes” 

http://www.medgadget.com/2015/12/body-strain-sensor-made-chewing-
gum-carbon-nanotubes.html

https://youtu.be/2HS3-eWpOJY
https://www.acs.org/content/acs/en/pressroom/presspacs/2015/acs-presspac-december-2-2015/gum-sensor.html
https://www.acs.org/content/acs/en/pressroom/presspacs/2015/acs-presspac-december-2-2015/gum-sensor.html
http://time.com/4133102/chewing-gum-wearables-future/
http://uk.news.yahoo.com/
https://uk.news.yahoo.com/scientists-develop-stretchable-wearable-body-145851471.html#fWDiMcx
https://uk.news.yahoo.com/scientists-develop-stretchable-wearable-body-145851471.html#fWDiMcx
http://www.medgadget.com/2015/12/body-strain-sensor-made-chewing-gum-carbon-nanotubes.html
http://www.medgadget.com/2015/12/body-strain-sensor-made-chewing-gum-carbon-nanotubes.html
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 CTV Winnipeg, TV interview by Jon Hendricks, Published Tuesday, February 
23, 2016 8 

http://winnipeg.ctvnews.ca/manitoba-researcher-using-chewing-gum-as-
glue-for-new-sensor-technology-1.2790280 

 C&EN: Chemical & Engineering News By Mitch André Garcia 
http://cen.acs.org/articles/93/i46/Meth-Detecting-Cars-Chewing-Gum.ht
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Appendix 2: 

 

Back Cover of Advanced Materials, August 18, 2017. Vol. 29, No. 31, www.advmat.de; 

reused with kind permission from John Wiley and Sons. 

http://www.advmat.de/
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 Advanced science news: “A Multi-Functional Self-Healing Hydrogel” by Ba-
bak Mostaghaci  

http://www.advancedsciencenews.com/multi-functional-self-healing-
hydrogel/ 

 3dprint.com: “Skin Inspires Creation of 3D Printable, Conductive Self-
Healing Hydrogel” by Clare Scott 

https://3dprint.com/180104/3d-printable-self-healing-hydrogel/ 

 3d printing industry: “Seems fishy? 3D printing with shrimp holds key to 
self-healing wearables” by Michael Petch 

 

 


