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ABSTRACT 

Conductive Stretchable and 3D Printable Nanocomposite for  

e-Skin Applications 

Yasir Fahad Alsharif 

Electronic skin (e-skin) materials have gained a wide range of attention due to their 

multiple applications in different areas, including soft robotics, skin attachable 

electronics, prosthetics, and health care. These materials are required to emulate 

tactile perceptions and sense the surrounding environments while maintaining 

properties such as flexibility and stretchability. Current e-skin fabrication 

techniques, such as photolithography, screen printing, lamination, and laser 

reducing, have limitations in terms of costs and manufacturing scalability, which 

ultimately preventing e-skin widespread usage. In this work, we introduce 

conductive stretchable 3D printable skin-like nanocomposite material. Our 

nanocomposite is easily 3D printed, cost-effective, and actively senses physical 

stimuli, such as strain and pressure, which gave them the potential to be used in 

prosthetics, skin-attachable electronics, and soft robotics applications. Using the 

conductive properties of carbon nanofibers, alongside a polymeric matrix based 

on Smooth-on platinum cured silicone and crosslinked PDMS, we can obtain a 

flexible and stretchable material that resembles human skin and can conduct 

electricity. A great advantage in our composite is the ability to tune its mechanical 
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properties to fit the desired application area through varying PDMS's chain lengths 

and composition ratios in the nanocomposite. Also, the interconnecting network of 

micrometer-long nanofibers allows the measurement of resistivity changes upon 

physical stimuli, granting the nanocomposite sensing abilities. Moreover, we 

explored and optimized 3D printing of the nanocomposite material, which offering 

simplicity and versatility for fabricating complex 3D structures at lower costs. 
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Chapter 1: Introduction 

1.1. Electronic skin  

Electronic skin (e-skin) materials have gained considerable attention in research 

due to their potential applications in soft robotics, prosthetics, skin-attachable 

electronics, and healthcare [1, 13]. There has been a particular interest in adapting 

their properties to the requirements of each of the aforementioned applications.   

For instance, they should be intrinsically stretchable since they need to adhere to 

different surfaces of different shapes, which can undergo a variety of stresses with 

motion. Also, tactile sensing capabilities are critical to enabling surrounding 

recognition, object detection and manipulation, and health monitoring [1]. For 

example, in robotic applications, the multi-sensing functionalities, including 

pressure, touch, thermal, and hardness sensitivity, are highly desired [14]. Many 

advanced materials have been utilized in the e-skin field to attain excellent sensing 

performance, including single-crystal silicon, organic semiconductors, 

nanoparticles, nanotubes, nanowires, and graphene [15]. However, low-cost 

production of e-skin materials is highly desirable; reducing the cost is still a 

challenge [13].  

1.1.1. Stretchable conductive materials 

Integrating sensors in highly flexible objects is difficult to achieve due to the lack 

of stretchable materials with good electrical conductivity [13]. There are two main 

approaches reported in the literature for making stretchable devices. The first 
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approach is using brittle materials that are designed in such a way to stand the 

mechanical strain, see Figure 1 as an example. The second approach is by 

embedding conducting nanofillers in intrinsically stretchable materials [1, 8, 16]. 

 

 

 

 

Both approaches consist of two elements: active or sensing material and binder or 

substrate material. Table 1 and Table 2 summarize the most commonly used 

embedded active materials and substrate elements. 

Table 1. Common active fillers for e-skin material. (Reuse is in accordance with MDPI License [17]). 

Active material Type 

Carbon nanotube Organic 

Graphene Inorganic 

Hydrogel Organic/Inorganic 

Liquid metal Inorganic 

Thin films Inorganic 

Nanowire Inorganic 

Conducting polymer Organic 

 

Table 2. Common intrinsically stretchable substrate materials and their mechanical properties. (Reuse is in 
accordance with MDPI License [17]). 

Substrate Young's modulus 
(MPa) 

Strain at break 

Silicone elastomer  0.07-3 120-900% 

Parylene (VSI Parylene C) 2800 200% 

Polyethylene terephthalate (PET) 230 120% 

 

Figure 1. Example for stretchable structural design for brittle materials. (Reproduced 
with permission [8] @Copyright 2018 John Wiley and Sons). 



18 
 

Polycaprolactone (PCL) 340 854% 

Polyimide (PI) 280 80% 

Polyethylene naphthalate (PEN) 280 90% 

Polyethersulfone (PES) 2655 100% 

Polytetrafluoroethylene (PTFE) 0.06 400% 

Cyclic olefin polymer (Zeonor 1020R) 2100 90% 

Silk fibroin 16.7 128% 

 

Many research groups reported promising stretchable conductive materials. 

Nonetheless, very few showed a 3D printing methodology for their materials (see 

section 1.2). Zhao and coworkers introduced an ultra-conductive (~105 S/cm) and 

stretchable (up to 170%) material using the former approach. They used a helical 

copper embedded in elastomers rubber [11]. See Figure 2. 

 

 

 

 

 

 

Kim and coworkers demonstrated highly stretchable (up to 1780%) conductive 

materials using Ag flakes and Ecoflex silicone rubber [18]. Fu et al. reported a 

carbon black (CB) silicone-based composite and showed more than 400% 

stretchability at failure strain and a conductivity of 1.24 S/m at 5 wt% of CB [19]. 

Figure 2. Ultra-conductive stretchable material using helical copper embedded in elastomers 
rubber. (Reprint is in accordance with the Creative Commons Attribution 4.0 International 
License [11]). 
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Also, Donghee et al. reviewed several stretchable conductive nanomaterials, and 

they stated that researchers achieved conductivity as high as 2400 S/cm and 

stretchability up to 500% using different conducting nanofillers such as silver (Ag) 

and gold (Au) nanoparticles and carbon nanotubes (CNT) [16]. On the other hand, 

Canhui et al. reviewed hydrogel ionotronic materials and devices in mimicking 

human skin functionalities in touching, humidity, and temperature sensing; they 

stated a stretchable artificial skin of conductivity around 10 S/m [20]. Benjamin et 

al. have summarized stretchable and conductive materials and categorized them 

based on composite type; these materials can be found in Table 3 [21]. 

Table 3. Benjamin et al. summary of stretchable and conductive materials. (Reproduced with permission [21] 
@Copyright 2018 John Wiley and Sons). 

Material Max 
strain (%) 

initial conductivity 
(S/cm) 

Metal composites 
  

Ag flakes/fluorine rubber composite 215 738 

AgNP/PDMS 70 10000 

AgNW/PDMS 50 5285 

AgNP/PUR 400 6168 

Ag-MWNT-fluorinated copolymer/NBR 140 5710 

Ag-doped graphene fibers/PDMS 150 930 

AgNP/SBS fiber mat 140 5400 

AuNP/PU 110 11000 

EGaIn/PDMS 60 34000 

Carbon-based composites 
  

SWNT-fluorinated copolymer composite 134 57 

SWNT-fluorinated copolymer composite 118 102 

SWNTs sprayed on PDMS 150 1100 

SWCNT-aerogel/PDMS film 100 83 

MWNT forest/PU 1400 50–100 

Nitric acid–treated SWNT/silicone rubber 300 63 

Cross-stacked superaligned CNT/PDMS 36 63 

CNT ropes 285 440 
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Ionic composites 
  

NaCl/polyacrylamide hydrogel 550 0.01 

EMIM TCB/PEDOT:PSS 180 1000 

 

1.2. 3D printing of stretchable conductive materials. 

Fabrication techniques of conducting polymers limit many applications and slow 

down innovation with such materials [22]. While there are several fabrication 

techniques to make sensing elements in flexible and stretchable substrates, such 

as ink-jet printing, screen printing, and electron-beam lithography, many of these 

techniques present high cost and scalability issues [13, 22]. 3D printing techniques 

(building objects by adding layer by layer from a computer-aided design (CAD) file) 

have gained attention in research because they do not require multistep processes 

and can be fully autonomous. 3D printing offers accessibility, versatility, and 

simplicity for fabricating complex 3D structures at lower costs, and thus it can be 

utilized to make soft sensors on-site in a highly programmable manner [10].  

3D printing techniques of polymer materials can be categorized into two main 

groups: photocurable-based formulations/resins such as stereolithography (SLA) 

and melting/softening polymers such as fused deposition modeling (FDM) [23, 24]. 

These techniques yield robust and rigid self-standing objects that can be used for 

prototyping. 

However, 3D printing of conductive and stretchable material is barely reported in 

the literature. Heo and coworkers reported the first 3D printable conductive 

hydrogel using an SLA 3D printer. They mixed poly(3,4-ethylene 
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dioxythiophene):polystyrene sulfonate (PEDOT:PSS) with polyethylene glycol 

diacrylate (PEGDA) as the photocurable base to make the printing resin, achieving 

around 100% stretchability and 968.0 ± 245.1 Ω/sq sheet resistivity [25]. Kim and 

coworkers fabricated 3D printed conductive polymer composites using digital light 

processing (DLP) 3D printer. Their resin consists of epoxy aliphatic acrylate as a 

monomer and multi-walled carbon nanotubes (MWCNT) as conductive nanofillers. 

Their material showed a conductivity around 10-3 S/cm and stretchability around 

150% at 0.4 wt% MWCNT [24]. Wei et al. indicated 450% of stretchability and 

around 0.3 S/m conductivity of a 3D printed Ecoflex-carbon nanoparticles 

composite [13]. On the other hand, Yuk and coworkers reported a high conductivity 

3D printable polymer ink based on PEDOT:PSS that can exist in two states: dry 

and hydrogel. Conductivity was reported to be 155 S/cm at the dry state and 28 

S/cm at the hydrogel state.  However, the material has low stretchability; it can only 

withstand 13% and 20% maximum strain at the dry and hydrogel states, 

respectively [22].  

1.3. Human skin characteristics 

In order to mimic human skin, several sensation capabilities can be achieved by 

combining pressure, strain, temperature, humidity, and chemical sensors [15]. 

Human skin is multifunctional, as it protects our internal tissues in addition to 

providing us with temperature, pressure, and vibration sensation. It consists of 

nonhomogeneous multilayers while being viscoelastic and nonlinear, making it 

complicated to characterized [14, 26, 27]. There is a considerable difference in 
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reported values of human skin's young's modulus. For example, Kalra et al. 

discussed several techniques to identify young's modulus and reported values 

ranging from 5 to 850 kPa [28]. Also, Pailler-Mattei et al. reported young's modulus 

in range 4.5 – 8 kPa using indentation test [29]. Simultaneously, Saavedra et al. 

estimated the value to range from 18 to 112 kPa [30]. Other researchers stated 

that skin thickness varies between 0.6 to 0.8 mm in adult humans and has a 

young's modulus around 400 kPa [14, 31]. These differences are attributed to 

many factors including age of the subject and the test utilized for the study. In the 

same manner, human skin has an estimated density of about 3.25 g/cm3, which is 

a lightweight value that e-skin needs to target for many applications [14]. 

Human sensory receptors are classified based on the stimulus that they respond 

to: mechanoreceptors, thermoreceptors, and nociceptors (respond to pain or 

damage). Studies have shown that the spatial resolution of human skin varies 

across the human body [14]. Spatial resolution is the skin's ability to detect two 

touchpoints with the smallest separation. The force sensitivity of human skin varies 

based on body site and human gender as well. For men, the average threshold of 

force in the palm is about 0.158 g and in the fingertips is about 0.055 g. In contrast, 

for women, the average threshold is about 0.032 g and 0.019 g on the palm and 

fingertips, respectively. The studies on the human perception limit of vibrations 

suggest that humans can detect vibrations up to 700 Hz, which is equivalent to 

about 1.4 ms [14]. 
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1.4. Devices and applications  

E-skin materials have gained a wide range of attention due to their multiple 

applications in soft robotics, skin attachable electronics, prosthetics, health care, 

and human-computer interface applications [1, 15, 32]. Conductive and stretchable 

materials are crucial for making wearable sensors [33]. For example, Wei et al. 

demonstrated a gesture recognition system by combining 15 strain sensors, and 

a hardness sensing system using a combination of pressure and strain sensors, 

and an arterial pulse sensor [13]. As proof of our material concept, we will 

demonstrate and fabricate strain and pressure resistive sensors using our 

conductive silicone composite material. 

1.4.1. Resistive sensors 

Resistive sensors are widely used in tactile sensing thanks to their simple structure 

and high performance [34]. Dahiya et al. categorized tactile sensors into 

transduction, structure, and intrinsic materials. Resistive sensors based on 

transduction; they transduce physical events to electrical signals through their 

ability to change their resistance [35]. These kinds of sensors are made of either 

Figure 3. Examples of e-skin applications. (Reproduced with permission [1] @Copyright 2019 John 

Wiley and Sons, [9] @Copyright 2018 Springer Nature). 

Soft robotic 
glove 
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grid of elements or two sheets separated by air. Typically this class of material has 

to achieve sheet resistance lower than 1000 ohm/sq [4, 35].  

1.5. Objectives and contributions 

This work aims to synthesize a high-quality, low-cost, stretchable, and conductive 

nanocomposite material and develop a methodology to make this material 3D 

printable. We utilize carbon nanofibers (CNF) as conducting fillers and a silicone-

based polymer binder. We can tune the electrical and mechanical properties of our 

e-skin material to fit the desired application through varying CNF concentration and 

PDMS's chain lengths and composition ratios in the nanocomposite. The 

interconnecting network of micrometer-long nanofibers allows the measurement of 

changes in resistivity with applied forces, stretching, pressure, torsion, shear and 

vibration.  
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Chapter 2: Material Synthesis and Characterization 

Our target is to develop a material that is able to mimic the mechanical properties 

of human skin while gaining sensing abilities through the use of resistive change 

upon different physical stimuli. We started with a commercial human-skin-like 

silicone-based material, i.e., Dragon Skin. It resembles human skin, and it has 

already been used for prosthetics and as props for costume making. 

On the other side, we used the conductive properties of Carbon Nanofibers (CNF) 

to form a percolated network within the silicone matrix to make it conductive even 

during stretching. One of the main objectives of this thesis was to optimize the CNF 

grafting method and find its optimal ratios in the silicone composite to allow 

sensitivity, stretchability, and manufacturability through 3D printing. In parallel, we 

investigated blending hydroxy-terminated crosslinked PDMS of different chain 

lengths with the mixture and adjusted the amounts in the composite to alter and 

tune the final composite mechanical properties. 

2.1. Silicone-based materials preparation 

2.1.1. Dragon Skin 

Dragon Skin is a high-performance platinum-cured silicone elastomer offered by 

Smooth-On company. It has superior physical properties and stretchability, which 

enable it to be used in many applications such as creating skin effects and medical 

prosthetics. Dragon Skin comes in two parts (Part A and Part B) that cure at room 

temperature once they mix in a 1 to 1 ratio. Also, it is skin-safe certified. With all 
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advantages mentioned above, we chose Dragon Skin elastomer as the start of our 

formulation.  

 

 

 

 

 

2.1.2. Polydimethylsiloxane (PDMS) 

Polydimethylsiloxane (PDMS) is a compound that belongs to the silicones group. 

PDMS is commercially available as polymer chains fluid; it can be purchased in 

different chain length options where the higher the chain length, the higher 

molecular weight (MW), which means different viscosities from low to highly 

viscous liquids. Once these chains are chemically crosslinked, they form basic 

silicone materials. Depending on the polymer chain lengths, the crosslinked 

silicone vary in mechanical properties, such as stretchability and elasticity. The 

crosslinked PDMS can be mixed with pre-existing silicone rubbers to alter or tune 

its mechanical properties. This advantage is central to tailor our materials to mimic 

the mechanical properties of human skin. 

For this project, we used three different viscosities PDMS, i.e., 750, 3000, and 

20000 cSt, Hydroxy-terminated PDMS in the form of polymer chains liquid (Sigma-

Figure 4. Dragon Skin silicone elastomer. 
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Aldrich). Then it was crosslinked with trimethyl borate (TMB) as described in the 

following section. 

 

  

 

 

2.1.2.1. PDMS crosslinking with TMB 

There are three functional groups (OCH3) in TMB in each molecule and two (OH) 

in each PDMS chain, leading to reacting 2 moles of TMB for every 3 moles of 

PDMS for 100% crosslinked PDMS. A slight excess of TMB is necessary to ensure 

a complete reaction. See Table 4 for reaction calculation: 

Table 4. Reaction calculations to obtain a 100% crosslinked PDMS. 

Viscosity 
(cSt) 

Molecular 
weight (g/mole) 

PDMS 
(g) 

TMB 
(mole) 

TMB 
(μl) 

750 18000 5 1.852 x10-4 22 

3000 43000 5 7.752 x10-5 10 

20000 86000 5 3.876 x10-5 5 

 

2.2. Conductive silicone composite processing 

Carbon nanofibers are known for their outstanding mechanical properties, where 

they possess a high tensile strength (2.5 – 3.5 GPa) and young's modulus (100 – 

1000 GPa). While they also have a low density and high flexibility, and most 

a b 

Figure 5. Chemical structure of a) TMB, b) hydroxy-terminated PDMS 
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importantly, they have a lower cost in comparison to other carbon-based materials 

such as graphene and carbon nanotubes [36]. This section discusses the 

preparation process to make CNF silicone-based nanocomposite. 

2.2.1. PDMS blending with Dragon Skin 

To properly blend the materials together before curing, we utilized 2 ml of 

chloroform alongside 5 g of PDMS. Then the TMB was added to the solution, which 

was kept under constant stirring for 20 min. The solution was then placed in an 

oven at 120 C overnight. The resulting basic silicone was dissolved in 5 ml 

chloroform again, followed by mixing with Part A of Dragon Skin which was stirred 

for 10 min. Then Part B was added to the mixture under stirring for 3 min. After 

that, the solvent was allowed to evaporate. Finally, we left the material to cure in a 

sealed container overnight at room temperature. 
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2.2.2. CNF nanocomposite preparation 

First, 250 mg of CNF was added to 20 ml of chloroform and stirred at 50 oC for 30 

min using a magnetic bar stirrer. The mixture was sonicated for 15 min to suspend 

the CNF in the solvent. After that, silicone Part A was added and well stirred for 

another 30 min. Next, the mixture was sonicated for 1 hr, allowing CNF to disperse 

properly. The resultant solution was subjected to continuous stirring at 80 oC to 

allow solvent evaporation over 1 hour. Finally, silicone Part B was blended quickly 

for 5 min, and the material was cast and allowed to cure slowly overnight at 50 oC.  

 

 

 

 

2.2.3. Doctor blade casting 

 

 

 

 

Doctor blade (or tape casting) is a common technique to produce good precision 

thin films. A slurry solution is placed on a substrate, and then the solution is spread 

Figure 8. Doctor blade casting illustration. (Reproduced 

with permission [3] @Copyright 2004 Springer Nature). 

Add CNF to 
solvent 

Stirring then 
sonication

Add Part A, 
stirring  then 

sonication 

Solvent 
evaporation

Add Part B, 
stirring

Figure 7. Material processing scheme 
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on the substrate by the constant speed moving doctor blade, forming a thin layer 

sheet. The technique can produce a wide range of thicknesses from 20 to 

hundreds of microns. The thickness is controlled by adjusting the gap between the 

blade and the substrate, the speed of the blade, and the temperature of the bed 

[3].  

In our case, the film's blade-casting was done at room temperature in an open-air 

environment by a ZAA 2300 Zehntner automatic film applicator at blading speed 

of 90 mm/s to obtain films around 0.8 mm in thickness. 

 

 

 

 

 

 

2.3. Testing and characterization 

2.3.1. Resistivity 

Resistivity is a significant characteristic of a material due to its contribution to other 

important parameters such as resistance, capacitance, and voltage [37]. In this 

work, Resistivity is indicative of the CNF percolation network within the polymeric 

Figure 9. Our conductive stretchable film 
cast nanocomposite. 
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matrix, and it is of uttermost importance for the fabrication of sensing devices that 

rely on changes of the resistive/conductive paths in this network to different stimuli. 

A standard method to get an absolute resistivity measurement is the four-point 

probe technique, proposed by Wenner in 1961 [37]. The technique overcomes the 

contact resistance issue in addition to the ability to measure resistivity in wide 

shapes samples [2]. The method uses four probes on a flat surface in a straight 

line; the first and last probes pass current through the sample, whereas the other 

two probes measure the voltage drop across them [2].  

 

 

 

 

 

The resistivity for a semi-infinite sample can be measured from the following 

expression [37]: 

𝑉 =  
𝐼𝜌

2𝜋
(

1

𝑠1
−

1

𝑠2 + 𝑠3
−

1

𝑠1 + 𝑠2
+

1

𝑠3
)  

Where ρ is the resistivity, V is the voltage across probe 2 and 3, and I is the current, 

and s1, s2, s3 are the distances between the probes 1 and 2, 2 and 3, 3 and 4, 

respectively.  

Figure 10. Illustration of four-point probe technique. 
(Reproduced with permission [2] @Copyright 1954 IEEE). 
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In the case of equal probes spacing, s, the equation shortens to: 

 𝜌 =  2𝜋𝑠
𝑉

𝐼
 

Again, this expression for semi-infinite sample geometry; however, we have to 

apply correction factors that account for sample thickness, sample diameter, or 

probe placement. For our case, an insulting bottom boundary for thin sheet 

samples have a correction of 
𝑡/𝑠

2ln (2)
 , [37]. So the resistivity equation becomes: 

𝜌 =  
𝜋𝑡

ln (2)

𝑉

𝐼
 ; t is the sample's thickness. 

Usually, thin films are characterized by their sheet resistivity, Rsh, in ohm per 

square. Sheet resistivity is a measure of material resistivity averaged over sample 

thickness [37]. And it is defined as: 

𝑅𝑠ℎ =  
𝜌

𝑡
=  

1

𝜎𝑡
 ; σ is the material conductance. 

In this project, we took several sheet resistivity values for a given sample and 

analyzed their variance to indicate how good the CNF is dispersed. 

All resistivity measurements were taken using CMT SERIES Semi-Automated 

Sheet Resistance and Resistivity Measurement System, by Advanced Instrument 

Technology. 
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2.3.2. Tensile test 

The uniaxial tensile test is the most common technique to reveal the mechanical 

properties of materials. It can be used to characterize metals, polymeric materials, 

and human tissues as well. The test consists of applying a constant rate load on 

the material's primary axis while measuring the material deformation or elongation 

[6]. To standardize the test for different samples' geometry, the load is normalized 

by cross-sectional area to give the stress (typically in MPa), and the elongation is 

normalized by the initial sample length to give the strain (a dimensionless 

parameter usually reported in %). Once stress is plotted versus strain, the stress-

strain diagram is obtained, summarizing the most important mechanical quantities 

such as young's modulus, yield and ultimate strengths, %elongation, and 

toughness [5, 6]. 

Figure 11. CMT SERIES system. 
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Stress and strain are calculated as follows: 

𝜎 =  
𝐹

𝐴𝑜
 ; where F is the applied force and Ao is the initial cross-sectional area. 

𝜀 =  
∆𝐿

𝐿𝑜
 ; where ΔL is the change in length and Lo is the initial sample length. 

The relative parameters that can be obtained from the stress-strain curve [5]: 

 Young's modulus (or modulus of elasticity) is the elastic region's slope. 

 Yield strength is the stress at the yield point in between the elastic and 

plastic deformation regions. 

 Ultimate strength is the stress at the maximum value in the curve. 

 %Elongation (stretchability) is the maximum %strain before fracture. 

Figure 13. Typical stress-strain curve. (Reproduced with 

permission [5] @Copyright 2004 John Wiley and 
Sons). 

Figure 12. Uniaxial tensile test illustration. 
(Reproduced with permission [6] @Copyright 

2016 Elsevier). 
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 Toughness is the area under the curve up to the fracture point, related to 

the material's ability to absorb energy. 

The tensile tests to characterize our composite material were performed at room 

temperature using TXA Texture Analyzer by YEONJIN Corporation Ltd.   

 

 

 

 

 

 

 

2.3.3. Scanning electron microscopy 

Scanning Electron Microscope (SEM) is the most widely used imaging technique 

to study and characterize nanoscale features in solid samples [38]. SEM scans 

and constructs images using an electron beam allowing for nanoscale 

magnifications and high resolutions. A typical SEM system consists of an electron 

gun, lens system, a scanning unit, and a detectors system. A highly focused 

electron beam is produced, most dominantly using tungsten filament, and directed 

toward the sample to sweep the region of interest on the specimen surface line by 

Figure 14. Tensile test. a) our nanocomposite sample. b) sample loaded. c) sample 

stretched before the break. 

c b a 
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line. Once the beam hits the sample, several signals are generated from the 

interactions with the sample atoms, which are collected by proper detectors to 

generate and construct a high-resolution image. During this process, the incident 

electrons will scatter randomly, producing both elastic and inelastic interactions. 

Among these interaction signals, backscattered electrons (BSE) and secondary 

electrons (SE) are the most utilized [38]. 

Scanning electron microscope images were taken using ZEISS AURIGA. In 

preparation for samples, a thin gold layer of 20 nm was sputtered to enhance 

images' contrast and to avoid charging effects. Images were taken at different 

magnifications while the acceleration voltage was set at 5 kV. 

Figure 15. SEM image shows CNF grafted in the silicone matrix 
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2.4. Results and discussion   

This section discusses the nanocomposite optimization of the synthesis process 

in detail. We have conducted three experiments: finding out the best CNF grafting 

techniques and parameters to yield homogenous and well-dispersed CNF 

nanocomposite, dispersion and silicone compatibility solvents experiment, and 

determining the best CNF concertation that gives adequate conductivity values, 

permits high stretchability, and young's modulus within that of human skin. 

2.4.1. Mixing technique experiment 

Homogenous dispersion of CNF in a polymeric matrix is necessary to cultivate the 

full advantages of the CNF. However, as the length of CNF increases, it becomes 

more challenging to disperse them as entanglement and clusters become more 

likely to occur [36]. Prolongo et al. reported two different nanocomposite 

preparation methods: concentration method and diluted method. The former by 

directly mixing CNF in silicone, the latter by using a solvent to enhance CNF 

dispersion and decrease silicone viscosity [36].  

This experiment investigates the effects of different synthesis parameters on CNF 

dispersion in the silicone matrix, starting by exploring solvent quantity, then 

examining the effects of stirring time and ultrasonic dispersion. The cured silicone's 

CNF dispersion was analyzed using both Scanning Electron Microscopy and 

assessing the resistivity variation through the material. 
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In all methods, CNF mass ratio was fixed to 3 wt%, as it was a value that 

demonstrated good resistivity values and permitted exploring the effect of other 

factors in overall preparation methodology to the final variance in resistivity. 

Two factors of CNF dispersion were examined: solvent quantity, use of 

ultrasonication. Three solvent quantity levels: no, 10 ml, and 20 ml, and three 

levels of sonication: no, single, and double sonication. In addition to stirring time 

and temperature optimization. 

As an initial trial, we directly blended CNF with Part A Dragon Skin, then mix with 

Part B. However, this method was not successful as the CNF was agglomerating 

within the silicone matrix. We characterized a film sample by measuring the sheet 

resistivity at different locations on the top and the bottom surface. The data (Figure 

16) presented a massive variance in sheet resistivity, indicating that CNF networks 

were not homogenously dispersed. Also, SEM images (Figure 17) clearly showed 

CNF clusters all over the sample.  

 

 

 

 

 

 

Figure 16. Box plot showing the massive difference in sheet 
resistivity across different locations on the same sample. 
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Therefore, to overcome the aforementioned issue, we prepared the 

nanocomposite using an organic solvent to enhance the dispersion of CNF while 

decreasing the silicone's viscosity. For this step, CNF was added to 10 ml of 

chloroform as the solvent. While Figure 18 shows a reasonable enhancement in 

sheet resistivity variance, the result was still unsatisfactory, and there was vast 

room for improvement.  

Figure 17. SEM images show the agglomeration of CNF in the silicone 
matrix. a) Image scale at 10 μm. b) Image scale at 30 μm. 

b 

a 
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As an alternate method, we first introduced the CNF with the solvent and then 

sonicated the mixture. However, it resulted in no considerable enhancement, see 

Figure 19. 

 

 

 

 

 

 

 

 

 

 

 

 

Hence, we added another sonication step after mixing the suspended CNF with 

Part A and before blending with Part B. This step contributed a huge improvement 

for CNF dispersion which reflected on sheet resistivity measurements; see Figure 

Figure 18. Sheet resistivity variance enhanced with diluted method. 

Figure 19. CNF was sonicated in the solvent before adding the silicone. 
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20 (not optimized) and notice that the scale is not logarithmic anymore. Finally, we 

optimized mixing parameters such as solvent amount, sonication time, and stirring 

time through a trial and error approach. The SEM images in Figure 21 illustrate 

that the optimization step yields excellent results in agreement with resistivity 

measurements, Figure 20 (optimized). The preparation details after optimization 

were already stated in the CNF nanocomposite preparation section. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Sheet resistivity variance before and after optimization 



42 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. SEM images show much better dispersion of CNF in the nanocomposite. a) 
Wide view. b) Magnified view. 

b 

a 
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2.4.2. Dispersion solvents and compatibility 

Chloroform and tetrahydrofuran (THF) are frequently reported in the literature to 

be used as carbon nanotubes and carbon nanofibers dispersion agents [36, 39, 

40]. Nevertheless, we tested different solvents to further enhance the CNF 

dispersion. Candidate solvents (Table 5) were selected based on Hansen solubility 

parameters similar to that of Chloroform and THF, which were taken from HSPiP 

Datasets [41]. 

While relatively close in Hansen solubility space, experiments showed that 

mesitylene and carbon disulfide are not compatible with Dragon Skin since they 

completely inhibited silicone curing. In addition, THF and chlorobenzene delayed 

silicone curing; requiring two days of annealing at 50 oC. It is worth mentioning that 

these two solvents do not disperse CNF very well, as Figure 22 indicates. 

Chloroform and toluene performed the best in terms of resistivity variation across 

the synthesized samples.  

Table 5. Hansen parameters and boiling points of used solvents. 

Solvent δD δP δH Boiling point (oC) 

Chloroform 17.8 3.1 5.7 61 

Tetrahydrofuran 16.8 5.7 8 66 

Toluene 18 1.4 2 111 

Chlorobenzene 19 4.3 2 132 

Mesitylene 18 0.6 0.6 165 

Carbon disulfide 20.2 0 0.6 46 
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Figure 22. Solvents effects on CNF dispersion within the silicone matrix 
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c 

b 

a 

Figure 23. Morphology using different solvents. a) Toluene. b) 
Chlorobenzene. c) Chloroform. 
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2.4.3. CNF concentration 

This experiment aims to identify the best CNF concentration in the nanocomposite 

considering two factors: a young's modulus that is similar to human skin value and 

resistivity values in a practical range for making tactile sensors. Also, we are going 

to identify the electrical percolation threshold. At the electrical percolation 

threshold, the electrical conductivity exhibits a jump increase at a critical filler 

concentration value, indicating the formation of conducting network in the silicone 

matrix [42]. 

We examined several CNF mass ratio concentrations starting from 0.5 to 6.5 

(wt%). Preparation parameters are kept constant except CNF quantity. At low 

concentration loading (0.5 and 1 wt%), the electrical measurements gave an out-

of-range reading, indicating percolation network was not established yet. With 

increasing CNF concentration, more fibers come closer to each other to form 

conduction paths and establish networks throughout the silicone matrix. According 

to Table 6, measurements indicate that the percolation threshold value is between 

2 and 2.1 wt%. After percolation value, conductivity increases linearly with the 

increase of CNF concentration until 6.5 wt%, see Figure 24. 
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Table 6. CNF concentration sweep from 0.5 to 6.5 wt% and its effect on composite conductivity. 

CNF mass ratio 
(wt%) 

CNF 
(mg) 

Silicone 
(mg) 

Conductivity 
(S/m) 

0.5 40 8000 0 

1.0 80 8000 0 

2.0 160 8000 0.01 

2.1 172 8000 0.52 

2.2 184 8000 0.58 

2.6 216 8000 0.77 

2.9 240 8000 1.42 

3.3 272 8000 1.76 

3.6 296 8000 1.83 

3.8 320 8000 1.92 

4.8 400 8000 2.04 

5.7 480 8000 4.17 

6.5 560 8000 5.17 

 

 

 

 

 

 

 

 

 

However, according to Figure 25, CNF concentration should cross 3 wt% for 

making reliable tactile sensors. On the other hand, we want to maintain young's 

modulus values below 400 kPa (Figure 26), which means CNF concentration 

below 5 wt%. At the same time, CNF presence in the matrix decreases 

Figure 24. CNF concentration effects on the nanocomposite conductivity. 
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stretchability as CNF concentration increases, see Figure 27. Given all these 

factors, a 3.8% mass ratio was found to be the best concentration value for our 

nanocomposite. At this value, our nanocomposite achieved more than 300% 

stretchability, a young's modulus around 310 kPa, and conductivity of 1.92 ± 0.37 

S/m.  

 

  

Figure 25. Required resistivity for resistive sensors. 

Figure 26. CNF concentration effects on young's modulus and 

comparison with human skin. 
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Figure 27. CNF concentration effects on the tensile test and stretchability. 

Figure 28. SEM images for 6 wt% CNF nanocomposite. 
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Chapter 3: 3D printing of CNF-silicone nanocomposite 

This chapter discusses and demonstrates developing a high-performance 3D 

printing methodology for our nanocomposite, which enabled the fabrication of 

sensing structures of different geometries that may be used in various applications 

such as prosthetics and soft robotics. Nonetheless, various optimization steps in 

the extrusion and curing of soft materials need to be addressed. We will present 

optimizing our 3D printer parameters to have a successful print using our CNF 

nanocomposite. 

3.1. 3D printing of stretchable materials: 

Most commonly used 3D printing techniques such as stereolithography (SLA) and 

fused deposition modeling (FDM) have a limitation in terms of materials. For 

instance, some soft 3D printed examples are limited by the photopolymer resin 

used that fails at 40% strain, compared to PDMS, which can undergo more than 

600% [10]. Researchers tried to enable printing 

viscoelastic and stretchable silicone materials 

such as PDMS. Several attempts have been 

made: Hardin et al. demonstrated 3D printing 

of two-part materials using the Direct Ink 

Writing (DIW) technique combined with micro-

scale mixing of silicones [43]. Yirmibesoglu and 

coworkers reported 3D printing of two parts 

Figure 29. Two-parts silicone 3D printing 
with heat gun system illustration. 
(Reproduced with permission [10]  

@Copyright 2018 IEEE). 
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silicone using an extrusion mechanism with a heat gun system to accelerate curing 

rate [10]. Plott et al. stated 3D printing of moisture-cured silicone elastomers 

instead of two-parts silicones [44]. On the other hand, the PICSIMA company 

developed a sub-surface catalyzation system to 3D print silicone materials. Also, 

Yuk et al. reported high-resolution 3D printing of PEDOT:PSS aqueous solution 

(5-7 wt%), achieving only 20% maximum strain, while higher concentrations 

caused clogging of the nozzle, and lower concentrations caused lateral spreading 

of the ink. The printing was carried out using a custom-designed 3D printer that 

uses a cartesian system [22]. However, each of these techniques has its 

limitations, for example, geometry restriction, very low pot-life of the premixed 

silicones, or internal structure failure [10].  

 

 

 

 

 

 

 

 

 
Figure 30. Review of 3D printing of polymers classified based on materials and 3D printing technology. 

(Reproduced with permission [7] @Copyright 2018 Springer Nature).  
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3.2. Custom-made 3D printer setup 

We have designed, assembled, and programmed our custom 3D printer, which 

can extrude and cure the CNF-grafted silicone material layer by layer. Recently 

ViscoTec company has introduced a new two components head extruder for 2-

part silicones material. However, ViscoTec did not provide a demonstration of the 

3D printing of such material. This section will discuss our custom-made 3D printer 

setup and the integration of the ViscoTec 2-components extruder to the printer.  

3.2.1. Printer hardware 

3.2.1.1. Extruder  

Vipro-HEAD is a two-component print head that is suitable for 

silicone-based media. It offers precise volumetric viscosity-

independent dosing of two silicone components 

simultaneously. Each media component is mixed separately 

inside the head before being injected into a static mixer. Vipro-

HEAD is compatible and easy to be integrated with our 3D 

printer system. Also, it gives 0.03 to 3.3 ml/min flow rate per 

mixing part and a 1:1 to 5:1 mixing ratio with more than 99% 

accuracy. All these specifications make the vipro-HEAD the 

best for our material.  Figure 31. Vipro-Head 
2-components extruder. 
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To integrate the head to the 3D printer, we made a custom mount to the printer, 

and we connected the head to the Arduino controller with supplying 24V to power 

the mixing motors, see Figure 32. 

 

 

 

 

 

3.2.1.2. Static mixer  

A static mixer is essential to ensure excellent blending of CNF-grafted Part A with 

Part B silicones. Static mixer applications are wide and go from simple blending to 

complex reaction systems where many parameters, such as reaction yield and 

selectivity, are highly dependant on mixing performance [45]. However, we are 

concerned only about sufficient blending for the full curing at this stage of our 

project. Static mixers consist of periodic elements 

structured within a long tube, which squeeze the 

fluid through these elements.  We have used a 

helical static mixer design, see Figure 33. The 

mixer had shown sufficient mixing to ensure 

complete curing of the material.  
Figure 33. Helical static mixer. 

a b 

Figure 32. a) Extruder mount to the printer. b) Extruder wire connections to the microcontroller board. 
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3.2.1.3. Printing bed 

For the printing bed, we utilized a 30 x 30 cm Hictop heated bed. The heating 

feature is critical because we can control a printed layer's curing time by tuning 

bed temperature. 

3.2.1.4. Axes and support body 

The supporting body was built using 80/20 T-slot aluminum building profiles. While 

all other mechanical components, such as linear motion ball bearing and leas 

screw bars, were purchased from Hictop. 

3.2.1.5. Microcontroller 

We have selected Arduino Mega 2560 microcontroller board with Ramps 1.4 

controller shield to program and run our printer. The shield is designed to fit all 3D 

printer components, which makes it ideal for building a custom-made 3D printer. 

 

 

 

 

 

 

 

b a 

Figure 34. a) Arduino Mega 2560 microcontroller board. b) Ramps 1.4 shield. 
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3.2.1.6. Stepper motors  

We used the standard Nema 17 two-phase stepper motors to control the motion 

of all three axes. We placed two stepper motors on both sides of the printer for z-

axis movement to maximize the ability to lift a higher weight. At the same time, 

only one stepper motor was used for each of the other two axes.  

3.2.1.7. Endstop sensors 

Mechanical endstop sensors are essential to detect whenever stages reach either 

their minimum or maximum distance. For our printer, we used the MakerBot 

endstop sensors. 

3.2.2. Printer software 

3.2.2.1. Repetier-host  

Repetier-host is an all-in-one software for 3D printers that gives the user full control 

over all printer parameters also over the printing process. The software is 

compatible with Vipro-HEAD and with most FDM 3D printers in general. The 

software is used to place and orient the object, specify all printing parameters, then 

slice the object through a built-in slicing software. 

3.2.2.2. Prusa slicer 

3D printing slicer is a program that generates command lines to converts a digital 

3D model into a sequence of printing instructions using a programing language, 

most commonly G-code language. Repetier-host supports several slicers. We 
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chose Prusa slicer because of its custom G-code feature that allows us to specify 

the mixing ratio of our two parts silicones.  

 

 

 

 

 

 

 

Figure 35. Prusa slicer front page. 

Z probing 
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Printing 
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Figure 36. Custom-made 3D printer set up. 
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3.3. Printing's parameters screening using a 2-factorial design approach 

This experiment used a 2-factorial experiment design approach to determine the 

significant parameters on the 3D printing quality, followed by a trial and error 

approach to find the best quality results parameters, resulting in excellent 3D 

printed parts with our system. 

3.3.1. Statistical Method: 2k-factorial design 

A factorial design is an experimental design that applies Analysis of Variance 

(ANOVA) to investigate the main and the interaction effects between two or more 

independent factors on one or more response variable(s) [46]. 

The 2k factorial designs refer to experimental factorial designs that consider k 

factors with only 2 levels or values for each factor. The purpose of these designs 

is to explore a large number of factors which is why they are referred to as 

screening designs [46]. 

3.3.2. Experimental setup 

This study focuses on demonstrating the statistical influence of some factors in a 

printed object's quality using the 2k factorial design approach.  

The main controllable 3D printer's parameters (factors) to be optimized are: 

• Flow rate 

• Bed Temperature  

• Layer height 

• Printing speed  
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• Nozzle diameter 

• Silicones mixing ratio  

• Static mixer's elements 

In our study, we have selected four factors to screen their effect on the printing 

quality, with each factor has two levels (values): 

Factor 1: Mixer length (2 levels: long= 8 elements and short= 4 elements) 

Factor 2: Flow rate (2 levels: high=5 and low=2) 

Factor 3: Bed temperature (2 levels: 70C and 40C) 

Factor 4: Layer height (2 levels: 0.4 mm and 0.2 mm) 

Response variable: Quality index 

We will investigate whether these factors, with their levels, have an effect on the 

Quality Index, which is a measure that considers the dimensions accuracy and 

surface roughness of a printed part. Quality Index has a value between 0 and 2, 

where 2 indicates the best quality.  

The number of experiments for four factors with two levels is 16 experiments, with 

two replicates counting for a total of 32 experiments. 
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The work plan for analysis and modeling is summarized in the following steps: 

- Exploratory data analysis 

- Creating the theoretical model 

- Residuals and assumptions analysis 

- Interpreting Main and Interaction effects 

 

Figure 37. The experiment design matrix. (+) and (-) signs indicate the high and low values of each factor, 
respectively. The randomized order in which the experiments were performed is given in the last column. 
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3.3.3. Exploratory data analysis 

For this step, we want to investigate the data set thoroughly to have a better insight 

into the structure and relationships among the variables with a complete summary. 

First of all, let us observe the behavior of the data by plotting the response variable 

to see if any trends appear: 

According to the graphs, the histogram is not behaving like a normal distribution, 

and the qqnorm shows that are not fitting the line well. Also, there is a gap of 

missing data since. However, it is possible to observe that the variance is high, 

and the overall mean of the response variable is around 1.2. 

Figure 38. Date exploratory graphs generated by R software for data analysis 



61 
 

Next, let us take a look at boxplots of the response for each factor:  

Again, from the boxplots, there is a gap of missing data, and it might be attributed 

to a big difference between the chosen levels of flow rate factor. We can observe 

that the flow rate is the factor with the more significant effect. However, the 

influence is not very clear for the other factors. 

 

Figure 39. Boxplots of the response variable for each factor. 
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3.3.4. Creating the theoretical model 

We can fit a linear model for a full factorial experiment containing the four main 

effects terms, two-factor interaction terms, three factors interaction terms, and a 

four factors interaction term. However, we start by assuming that four factors 

interaction does not exist because it is infrequent for such high order interactions 

to be significant; also, it is complicated to interpret from an engineering viewpoint. 

We started by creating a linear theoretical model with 16 unknown constants and 

evaluate which ones are the insignificant effects using ANOVA test with a 5% 

confidence interval. Then the insignificant terms were eliminated, and the model 

regenerated again. This process is known as a backward elimination or step-down 

selection procedure. In the first step, the mixer length was insignificant. However, 

further eliminations were done until the following best-reduced model was 

obtained: 

 

 

 

Figure 40. The theoretical linear model generated by R software. The last column gives the p-value, which 
indicates how much is the term significant, the lower the p-value the more significant. 
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3.3.5. Residuals and assumptions analysis 

Most of the variability is supposed to be accounted for by the model. However, A 

series of residual plots are constructed as part of the validation stage of the model. 

These plots will help verify that the underlying assumptions are met and that we 

have unbiased estimates. 

We will check that the residuals have no trend, have equal variances, and are 

normally distributed. We also want to detect outliers or influential points that might 

affect the fitting of the regression line. 

From Figure 41, we can conclude that the residuals have a homogeneous 

distribution, and the boxplot indicates that there are no outliers. However, the 

residuals' normal distribution is not very satisfying, but the histogram confirms the 

tendency of a normal behavior with this model. Shapiro's test was carried out to 

confirm the normal distribution of the residuals, and it gave a p-value of 0.13, which 

indicates the validity of the assumption of normality. So, we conclude that the 

assumptions are valid. 
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3.3.6. Main and Interaction effects 

This section shows the main and interaction effects plots to understand the 

significance of important factors visually and how factors are affecting each other. 

 

 

Figure 41. Residuals plots, generated by R software. 
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From the magnitude of the main effects, the Flow Rate is by far the most significant 

factor. Also, Bed Temperature has an effect on the Quality Index. Although the 

Layer Height is not significant on its own, it is playing a significant role in the 

interaction effects. 

Next, we are going to plot the significant second-order interactions:  

 

 

 

 

 

 

Figure 42. The factors' main effects on the printing quality. 

Figure 43. Second-order interaction effect plot. 
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From Figure 43, the following is observed: at a high flow rate, the average quality 

index would range between 1.6 and 1.8 depending on the value of bed 

temperature. Also, at a high flow rate, the average quality index would range 

between 1.6 and 1.8 depending on the value of layer height. 

Next, we are going to show a cube plot to try to visualize the third-order 

interactions:  

 

 

 

 

 

 

 

 

To summarize, from the third-order interaction plot, a high flow rate is vital for 

achieving a high-quality index. However, for obtaining the maximum Quality Index, 

the combination of high flow rate, 0.4 mm layer height, and 40C bed temperature 

should be used. 

 

Figure 44. Cube plot for third-order interaction. 
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3.3.7 Conclusion 

In this study, we have tested the effects of four factors on the 3D printing quality of 

silicone material. These factors are bed temperature, layer height, mixer length, 

and flow rate. The study showed that only flow rate and bed temperature have a 

prominent effect on printing quality. However, bed temperature, layer height, and 

flow rate interaction effects are significant and should be considered. 

3.4. 3D printing and parameters optimization  

3.4.1. Preparation of 3D printable CNF-grafted Part A silicone resin 

A lab-grade chloroform solvent was added to CNF, and the mixture stirred for 30 

min at 50C. Then the mixture was widely sonicated for 15 min to disperse the CNF 

in the solvent uniformly. Part A silicone was then added and allowed to mix slowly 

for 30 min at room temperature. The resin was then placed in a sonication bath for 

another 60 min to ensure complete dispersion. Finally, the solvent was evaporated 

overnight at 80 C under constant stirring. 

3.4.2. Optimization experiments 

At this stage, we can perform informative trial and error experiments to optimize 

all printing parameters. From the screening experiment results, we know that the 

flow rate is the most significant factor, so we should start by adjusting the flow rate. 

After that, we should tune the other less significant factors until we reach a 

satisfying quality. 
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We started by optimizing 3D printing of plain silicone elastomer, followed by 

optimizing conductive CNF-grafted silicone. In the latter case, we had to add 

another parameter, mixing ratio, to compensate for the CNF amount added to Part 

A. See Table 7 and Table 8 for each case's optimized parameters. 

Table 7. High-quality printing parameters for plain silicone. 

Flow rate 
multiplier 

Bed Temp. 
(C) 

Layer 
height 

(mm) 

Printing 
speed 
(mm/s) 

Nozzle Dia. 

(mm) 

Mixer 

elements 

6.5 80 0.4 15 0.5 12 

 

Table 8. High-quality printing parameters for the conductive nanocomposite. 

Flow rate 
multiplier 

Bed 
Temp. 

(C) 

Layer 
height 

(mm) 

Printing 
speed 
(mm/s) 

Nozzle 
Dia. 

(mm) 

Mixing 

Ratio 

A:B 

Mixer 

elements 

6 100 0.4 10 0.5 55:45 12 

 

 

  

Figure 45. 3D printed samples using our custom-made 3D printer. a-d) CNF-silicone 
composite. e) Plain Dragon Skin silicone. 

a 

b d 

c 

e 
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Chapter 4: Device and Applications 

4.1. Introduction 

E-skin materials have a broad range of applications. Scientists have been trying to 

mimic human-skin functionalities, both sensing capabilities and mechanical 

properties for prosthetics and soft robotics applications [47]. Also, e-skin materials 

sensing abilities and stretchability made them perfect for wearable and skin 

attachable electronics, health care, and human-computer interface applications [1, 

15, 32]. For example, responding to static and dynamic stimuli is important in 

robotics, and having sensors that combine resistive and piezoelectric abilities is a 

potential solution [14]. There are endless geometry designs for making sensors to 

achieve different sensing abilities and sensitivity values. For example, Wei et al. 

demonstrated a gesture recognition system using 15 strain sensors [13]. Peng et 

al. showed pressure sensors with different sensitivities values for different designs 

using the same material [48].  

As a proof of concept, this chapter demonstrates our material abilities to sense 

touch, pressure, and strain stimuli using resistive sensors principles.  
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4.2. Characterization 

All characterization and testings of sensors were made 

using Instron low force electromechanical universal 

testing machine, model 5944. The machine is able to 

perform tensile, compression, bend, peel, and other 

mechanical tests. We used a load cell of 2 kN capacity, 

which is suitable for flexible composite material. 

Electrical measurements were taken using U1281A 

digital multimeter by KEYSIGHT. 

4.3. Results and discussion 

4.3.1. Touch sensing 

Although touch sensors are simple devices, they are becoming more important 

because of the new technological trends such as the Internet of Things (IoT). 

Traditional touch sensors made from metal and semiconductors are rigid and 

bulky. However, considerable research progress for flexible sensors is undertaken 

[49]. Herein, we demonstrate a flexible resistive touch sensor made of our material. 

Resistive sensors exhibit a resistance change upon light applied pressure. The 

sensor has a simple structure; it consists of two electrodes connected to both sides 

of our e-skin material. See Figure 48(c). 

Figure 46. Instron model 5944 
while performing cyclic strain test. 
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The data shows a clear distinction for a regular finger touch event, where each 

peak on the graph represents a separate touch event. 
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Figure 47. Electric resistance signal upon finger touch, each peak represents a separate touch event. 

Figure 48. Fabricated sensors using our nanocomposite. 
a) Pressure sensor. b) Strain sensor. c) Touch sensor. 

c b a 
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4.3.2. Pressure sensing 

Conducting polymer composites have the ability to sense pressure through the 

piezo-resistive effect; resistivity in our composite is determined by how good the 

conducting CNF networks are in contact with each other, where there exist some 

cut-off conducting channels. Upon applied force, these channels get closer to each 

other, making the composite more conductive [34]. This effect allowed us to 

correlate the amount of pressure exerted on a sample to its change in resistance. 

Pressure tactile sensors' performance is usually evaluated by their detection 

range, sensitivity, cycle stability, response time, and power consumption [34]. The 

pressure sensor's sensitivity can be obtained by evaluating the force versus 

resistance change curve. Most e-skin tactile sensors reported a sensitivity of 10-4 

to 0.5 kPa-1 [15]. For instance, it is desirable to have 0.01 to 10 N of force sensibility 

in involvement exploratory tasks [14]. 

Herein, we demonstrate our nanocomposite as a pressure/force sensor. It consists 

of three layers: two flexible electrodes separated by a layer of our nanocomposite. 

 

 

 

 
Figure 49, Pressure sensor structure. a) illustration (Reproduced with permission   
[4] @Copyright 2005 IEEE). b) Fabricated sensor. 

Electrode 

Acive layer 

a b 
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It can be seen from Figure 50 that there is a clear correlation between applied 

pressure and resistance, which proves the ability to fabricate sensors with such 

materials. Further design optimization is needed to improve the accuracy. 

4.3.3. Strain sensing  

Adding conductive nanofillers to a viscoelastic polymer matrix changes the 

composite's electromechanical behavior, such as changing its resistivity with strain 

[50]. Figure 51 illustrates this phenomenon; in the normal state (Figure 51(a)), 

CNFs are more compact, and there are many cross-connections points allowing 

the electric current to pass. However, in the stretched state, the resistance 

decreases dramatically due to the decrease in cross-connection points and current 

paths (Figure 51(b)) [12]. However, noise error may also increase with strain 

because of the increase of nanoparticle numbers in the critical contact state [13]. 

 

Figure 50. Pressure sensing measurements. 
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Strain sensors' quality is mainly evaluated by their sensitivity, stretchability, and 

linearity. Sensitivity can be obtained from the relative resistivity change versus 

strain. At the same time, linearity describes how constant the sensitivity is [33]. 

To investigate the effect of mechanical stretching on the resistance of our 

nanocomposite, we made a simple strain sensor, see Figure 48(b). Five loading 

and unloading cycles of strain between 0% and 100% were applied to the sensor 

while monitoring the change in resistivity.  

 

  

a b 

Figure 51. Resistivity change with strain mechanism. a) Normal state. b) stretched state. 

(Reproduced with permission [12] @Copyright 2020 American Chemical Society). 

Figure 52. Nanocomposite resistivity changes as the sample undergoes cyclic strain. a) Relative resistance 
change versus strain. b) Dynamic change in strain and relative resistance change. 

b a 
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Figure 52 shows a clear resistance increase response with strain. The peaks of 

both strain and relative resistance change (Figure 52(b)) coincide with a minimum 

sign of hysteresis. The figure displays a remarkable low change in relative 

resistivity of around 1.5 at 100% strain. Both graphs show different behavior in the 

relative resistivity change for the first cycle; this is due to unrecoverable conductive 

path cracks that happen in the first cycle where the fibers experience a sharp stress 

increase [33].   
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Chapter 5: Conclusion and Future Work 

5.1. Conclusion 

e-skin materials have been utilized in many applications, including soft robotics, 

skin attachable electronics, prosthetics, and health care. This class of materials 

has interesting mechanical and electrical properties, such as stretchability and 

conductivity, that let them shine in these application areas. Grafting stretchable 

materials such as PDMS with different conductive fillers to make stretchable 

conductive composites is well explored in literature.  

This thesis focused on reducing the production cost of an e-skin nanocomposite 

by utilizing CNF as the conductive filler and enabling 3D printing of the composite; 

both CNF and 3D printing add cost advantages to the preparation and fabrication 

of our e-skin composite. Also, 3D printing offered accessibility, versatility, and 

simplicity for fabricating complex 3D structures.  

The thesis discussed CNF with silicone-based composite preparation and 

processing.  Several mixing techniques were explored to ensure the best CNF 

dispersion with silicone matrix, and we concluded diluted method using chloroform 

was the best way to go. At the same time, ultra sonications steps were vital for 

CNF dispersion.  

CNF concentration's effects on electrical and mechanical properties were studied, 

where we found that the electrical percolation threshold occurs around 2.1 wt% of 

CNF. We chose a CNF concentration of 3.8 wt% as the best compromise between 
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electrical conductivity for sensing applications and mechanical properties to mimic 

human skin properties.  

Many methods, including photolithography, screen printing, lamination, and laser 

reducing, have been used to fabricate such materials. However, there was a huge 

shortage in utilizing 3D printing technologies to fabricate e-skin materials. In this 

work, we investigated the 3D printing of the nanocomposite. The 3D printing 

parameters were screened using the 2k-factorial design approach and found out 

that material flow rate is the most significant parameter on the quality of a printed 

part. Also, the 3D printing parameters were optimized using a trial and error 

approach. 

The interconnecting network of nanofibers allows the measurement of resistivity 

changes with different mechanical stimuli, which granted sensing abilities to the 

nanocomposite. To demonstrate that, We made three simple-structure tactile 

sensors: touch, pressure, and strain, using our nanocomposite. And the sensors 

exhibited an excellent response to the stimulus. 

5.2. Future work 

Relevant research is needed to explore more conductive filler options and to 

continue blending the composite with different chain lengths PDMS at different 

ratios to explore the limits of tuning and tailoring mechanical properties. Also, we 

have achieved young's modulus similar to human skin, but more mechanical 
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characterization is needed, such as compression, bending, and torsion tests to 

reach complete human skin mimicking. 

Also, we have demonstrated simple-structure sensors as a proof of concept. 

However, more designs and research can be done on designing and 

characterization of different sensors 

Stability is another critical area to address. Many applications require good stability 

materials in temperature, humidity, chemical resistance, dust, and others. Finally, 

biocompatibility evaluation should be carried out for applications such as 

prosthetics and health care. 
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