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Abstract 

Electrically conductive nanocellulose films were prepared by immersion in dispersions of 

double walled carbon nanotubes or graphitized nanopowder. These solutions were 

prepared by using the surfactant cetyltrimethylammonium bromide (CTAB) under 

heating and stirring which were followed by short time sonications. 

Electrospun cellulose and bacterial cellulose were used as a backbone of these films. 

Controllable modification of cellulose with conductive agents was performed by 

treatment with their dispersions for 24 – 72 hours. 

In this project it has been showed that the conductivities of resulted films were changed 

depends on changing in type of modifying agent, type of cellulose which was used as a 

backbone, and immersion time.  

The best electrical conductivity of the resulting films are 0.395 S cm-1 for bacterial 

cellulose modified by double-walled carbon nanotube, 0.0086 S cm-1 for electrospun 

cellulose modified by double-walled carbon nanotube and 0.334 for bacterial cellulose 

modified by graphitized nanopowder. These results are higher or comparable to 

previously reported results. 

Some methods have been employed to study the electrical conductivity behavior of 

samples. The electrical conductance of the films displays a high sensitivity to strain when 

tensile stress is applied. 
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1. Introduction 
Sensors which are based on functionalized nanostructured material are a new class of 

electronic devices which have gained a significant interest due to their low power 

consumption, high sensitivity and selectivity, and prompt response[1-3]. During the 

last decade great advances have been made in the development of different classes of 

environmental sensors such as pressure and humidity sensors, but new requirements 

lead to looking for new generations of sensors with new properties. Conventional 

strain and pressure sensors are characterized by rigidity and fragility which 

significantly restrict their application area. Also biocompatibility problems limit their 

applications. Flexible large-area sensors can be produced by inserting nanoparticles 

with appropriate thermal and electrical properties into a suitable polymer matrix[4]. 

Currently there is much interest to use carbon nanotubes (CNTs) and carbon nanotube 

based materials as a building block for new generations of sensors [5, 6]. The CNT is 

a very strong material; it is super-elastic and can be highly bent without breakage [7]. 

Its Young’s modulus is the highest among all materials [8, 9].  

 

 

 

Figure 1. Young’s modulus of carbon nanotube between few other material-taken with 

permission from reference [10] 

 

Outstanding electrical and mechanical properties of CNTs such as high conductivity, 

low-weight, high aspect ratio, high electrical conductivity and very high sensitivity of 

this conductivity to even small environmental changes make it one of the best 

candidates to use as a building block of sensors. Some problems such as the complex 

and expensive fabrication process of pure carbon nanotubes, leads to the use of  CNTs 

as a modifying agent for other materials.  
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Due to the strong van der Waals forces between CNTs, they are producing bundles 

which make them difficult to dissolve in water or other organic solvents [11, 12]. To 

process CNTs, a well dispersed and stable CNT solution should be approached. 

Different methods were studied which can be divided into covalent and non-covalent 

stabilization methods. Between these two methods, non-covalent methods have some 

specific advantages such as preservation of the structure and properties of the CNTs 

[13].  

Different materials can be used as a backbone of sensors. Cellulose is one of the most 

widely used natural materials [14, 15].  Due to its biocompatibility, easy modification, 

and low price, nanocellulose is a good choice to combine with CNTs to make a 

backbone for sensors[16].   

 

2. Purpose, Objectives and Scope  
The following chapter states the overall purpose and the specific objectives of this 

research period which was done as a master thesis, as well as its scope. 

 

2.1. Purpose  

The overall purpose of the thesis project is to obtain cellulose based materials with 

controllable electrical conductivity to use in sensor applications.  

 

2.2. Objective  

The goal of this thesis can be expressed in three different, but coherent objectives:  

1)  Developing of methods  

Developing of different methods which were used in different parts of the material 

preparation was one of the thesis goals. Dispersion process, treatment process and 

drying process are the most important methods the development of which was a 

goal of this thesis.  

 

2) Studying the effects of developed methods on structural and electrical 

properties of final material  

Using different types of cellulose, trying to change the cellulose structure in order 

to have better dispersion, changing the modifying agent material to obtain better 
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electrical properties, changing different experimental variables such as dispersion 

solution concentration and volume, and treatment time of cellulose in dispersed 

solution are some examples which were studied in this thesis. Studying and 

registering their effect was another goal of this thesis. 

 

3) Sensing application  

Finally, finding appropriate sensing applications which are matched with the 

obtained material properties and trying to prove it by using different experiments 

is the last but not least important goal of this thesis.  

 

2.3. Scope  

As mentioned above, the thesis has been defined to obtain cellulose based material 

for sensing applications. Biocompatibility and the cost of cellulose are two 

reasons to choose this material for this application. This means that we can use 

any types of cellulose, as long as they are cheap and biocompatible.  

Suggesting sensing applications for the obtained material is an important goal for 

this thesis, but that does not mean that the application of this material is limited to 

the sensing area. For example capacitors and medical application are two tempting 

areas which can be suggested for future work.   

  

 

3. Potential sensor applications  
Sensors are devices that detect or measure physical and chemical quantities such as 

temperature, pressure, sound, bending, and concentration of different chemical 

compounds. Changes in these variables are detected and converted into an electrical 

signal.  

CNT based materials are among the best candidates to use as sensors; the electrical 

properties of carbon nanotubes strongly depend on its atomic structure [17], and it has 

been shown that mechanical deformation of functionalized groups on the CNT surface 

like bending, twisting can induce changes in the electrical properties of the nanotubes 

[18].  
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3.1. Strain sensors 

A strain sensor is the type of sensor in which strain deformation is converted into 

an electrical signal. The piezoresistivity of CNTs (change in the electrical 

properties of the material by strain) makes it a promising material to use as an 

active element in strain sensors. This sensor can be used in different areas such as 

structural monitoring systems [7].  

In the bending process, if different sides of sample behave in a different way and 

respond differently to external stress, this sample can be used as a bending sensor.   

Directional bending sensitivity of the CNT and CNT based materials has been 

studied in different conditions. Wichmann et al. have developed directional 

sensitive bending sensors based on multi-wall carbon nanotubes embedded in an 

epoxy matrix [19]. It has been reported that this material shows nearly linear 

relation between resistance change and mechanical strain.   

 

3.2. Humidity sensors   

Due to the large surface to volume ratio, size [20], hollow geometry and large 

absorbance of foreign molecules on the surface, CNTs are attractive for 

demanding applications in the field of gas sensing [21, 22]. It has been reported 

that water vapor has a significant effect on the conductivity of different CNTs [21, 

23] which shows that CNTs can be used for humidity sensors. Zahab et al. [21] 

reported that this conductivity variation is because the p-type carbon nanotubes 

would turn into n-type when the water molecules are added to the CNTs matrix.    

Cellulose has been reported as a backbone for humidity sensors in different 

studies [24-26]. Its flexibility, low temperature coefficient and a good chemical 

resistance make it good choice to use in the humidity sensor structure [25].  

It seems that cellulose papers which were modified by CNT can be a good 

candidate for this type of sensors which can be used widely in process controlling 

devices, environment monitoring, storage and other electrical devices. 
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4. Material and method 
 

Bacterial cellulose (BC) and electrospun cellulose (EC) were used for obtaining 

conductive films. Owing to its high porosity, high crystallinity, water absorbance, 

mechanical properties, formability, and biocompatibility, bacterial cellulose has 

recently attracted a great deal of attention from both academic and industrial point of 

view [16, 27]. Electrospinning is a fast and simple process for forming submicron 

scale structures through the action of electrostatic forces in which polymers with well 

controlled properties such as diameter, orientation can be produced[28].  

The EC was obtained by electrospining of a cellulose acetate solution (17% wt) in 

acetone and dimethylacetamide (2:1 volume ratio). The cellulose regeneration process 

was carried out by deacetylation with NaOH in ethanol (0.05 mol/l) for 24 hours. 

Bacterial cellulose was produced from Gluconacetobacter xylinum bacteria in the 

static growing condition. In this case, a thick, leather-like whitish pellicle at the air–

liquid interface of the culture was produced which were promising for our 

experiments. Celluloses which were obtained from different batches had some small 

differences in structural properties.  

EC pellicles were not as thick and physically stable as BC samples, but its being easy 

to produce and also some structural advantages such as an open matrix make it 

promising to use as a backbone of electrical conductive cellulose.  

In the experimental part of thesis, the electrical conductivity measurements were 

performed by using a four-point probe system (CMT-SR2000N, AIT, Korea). In order 

to calculate the resistivity, the thickness of samples should be determined with good 

accuracy which implied some difficulties. The problem and solutions that were 

employed will come in the next chapters.  
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Figure 2. Experimental setup of tensile testing experiment. The angle between the applied 
force and the direction for measuring the electrical resistance is 0° in this setup. 

  

Scanning electron microscopy (SEM) performed with Leo Ultra 55 FEG SEM was 

used to study the morphology of modified cellulose.  

DWCNT modified with carboxyl groups (+90% purity, Nanocyl S A, Belgium) were 

used as a conductive agent for the impregnation of cellulose. Graphitized carbon 

nanopowder was purchased from Sigma-Aldrich (<500 nm particle size (DLS), 

>99.95% trace metal basis).    

A microtester (Instron 5548) has been used for applying stress and a digital 

multimeter (Agilent 34401A) was used to register the variation in resistance. In order 

to measure the variation of resistance in the same direction as the applied force 

(orientation angle 0°), aluminum foil has been used which was insulated from the 

microtester clips (figure 2).  

In this chapter, theoretical arguments which support practical processes and results of 

this work will be explained. Then processes which were developed will be explicated.  



10 
 

 

4.1. Four point probe; introduction and equations 

In order to increase the accuracy of measurement, it has been decided to use four 

point probes method. This method makes more accurate measurement than 

conventional two point probe Ohm-meters by eliminating the resistance of wires and 

electrical connections. The four point probe, as depicted schematically in figure 3, 

contains four thin wires which are made to contact the sample under test. Current “I” 

is made to flow between the outer wires, and voltage “V” is measured between the 

two inner wires, ideally without drawing any current. 

 

Figure 3. Schematic of the four point probe.  

Sheet resistance is directly measured by a four-point probe measurement. The regular 

way to show how sheet resistance is calculated is by using the rectangular model. 

Knowing the resistance and geometry of the sample, the resistivity can be obtained 

using equation 1.  
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Figure 4. Schematic sheet which has been used to explain the calculation of sheet resistance 

and resistivity. 

 

Equation 1)          

Where ρ is the resistivity of sample, L is the length and A is the cross-sectional area 

which can be split into the width W and the sample thickness t. 

By the grouping the resistivity and thickness the equation will be:  

 Equation 2)     

Where RS is sheet resistance of the sample. RS can be defined as the resistance of a 

square sample, hence Ohms per square or Ω/sq conventionally assumed as unit for it.  

Ideally “R”   is independent of geometrical dimension and is therefore a function of 

the material which is measured. If the sample is of semi-infinite volume and if the 

spaces between the probes are S1= S2= S3=S, then the resistivity “ρ” which was used 

in equation 1, is given by equation 3:  

Equation 3)         

The index 0 for the resistivity in equation 3 indicates that this resistivity is just for the 

condition in which the sample is of semi-infinite volume. Practical samples are of 

finite size which means that ρ≠ρ0. In 1954 Valdes [29] introduced a correction factor 

which is developed in next efforts [30]. It has been shown that if the “D”, the distance 

from probe to the nearest boundary is more than 5S, then the correction factor is not 
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required. If the distance between probe and nearest boundary, in some cases 

thickness, is less or equal with 5S, then true resistivity can be calculated from 

equation 4.  

Equation 4)        

The spacing between the probes of four point probe which was used in this project 

was 1 mm, and the thicknesses of different samples were between 15 µm to 55 µm 

which means that we cannot ignore correction factor.  

Let’s look at the plot 1 in the appendix. When the t/s is ≤ 0.5, the line is straight. 

Since the plot is log-log the equation will be changed to the form of equation 5. 

Equation 5)        

Where the “m” is the slope of the plot which in this case is 1. The “K” is the value of 

“α” at t/s=1, which is determined to be 0.72. The equation can be simplified to 

equation 6. 

Equation 6)       .  

The result of combination equation 4 and equation 6 is new equation:  

Equation 7)       .      

So  

Equation 8)       .      

Equation 7 and 8 apply for t/s≤0.5.  

Up to now, in discussion we have assumed that the sample’s size which is tested is 

big enough in comparison to the probe spacing to ignore the edge effects. The sizes of 

samples which were tested in our project were square with the 3 cm sides, and probe 

spacing of devices is 1 mm which means that it is better to include the edge effects in 

the correction factor (geometry effect). In 1957, Smits prepared a table which includes 
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different values of correction factors for samples with different d/s in which d is 

dimension of sample and s is probe spacing. Due to the previous work, it has been 

decided to use this table values instead of 4,53 values which is mentioned in equation 

4. Based on this table, a value of 4.47 has been chosen for our samples (table 5, 

appendix).  

4.2. Bacterial and electrospun cellulose; production processes 

and properties 

Cellulose ((C6H10O5)n) is the most abundant organic compound in the world, and is 

present as a structural constituent in different plants. Figure 5 shows the molecular 

composition of cellulose in which units of monomers (D-glucose) linked from 

β(1→4) together form a linear chain of cellulose.  

 

Figure 5. Schematic of molecular structure of cellulose [61]. 

 

Besides cellulose produced by plants, cellulose can be produced by bacteria and algae 

the structures of which is a little different from the plant cellulose: molecules in the 

cellulose polymer can connect together with two hydrogen bonds, and the location of 

this linkage can be different which leads to two different crystal structures.  

Bacterial cellulose which is used for this thesis is produced by Gluconacetobacter 

xylinum bacteria and is characterized by high crystallinity, high water content and 

highly pure nano-fiber network structure. The reason for these outstanding properties 

should be searched in the micro and nano-scale structure of bacterial cellulose.  

Bacterial cellulose has a highly porous structure which lets it absorb high amounts of 

liquid. Its high mechanical strength is due to the inter-fibril hydrogen bonds, which 

give stability to the structure [31, 32].  
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Bacterial cellulose is more ordered than standard cellulose, and as a result the level of 

hydrogen bonds is higher which leads to both superior reinforcement and thermal 

expansion properties when used with matrix materials [33]. When bacterial cellulose 

pellicles are dried, the nano-fibers are placed parallel to each other and more 

hydrogen bond will be formed which leads to increased strength and stability of dried 

pellicles [34, 35]. 

Cellulose made by plants, bacteria and algae form a natural family of cellulose, but 

there are other celluloses which are produced artificially. Electrospun cellulose is one 

of them.  

Electrospinning is a simple, fast and straightforward process in which fibers with 

diameters of tens of nanometers are formed by applying an electrostatic voltage 

between a syringe which contains polymer solution and a collector on which a 

polymer mat will be formed. In this process, when the voltage exceeds a critical 

value, the electrostatic force overcomes the solution’s surface tension which is 

responsible for keeping a liquid droplet together, and liquid will fly from the injector 

to the collector. If the environmental factors such as temperature and humidity are 

well controlled, solvents will be evaporated during this flight and fibers will form on 

the collectors (figure 6).  

The type of cellulose solution, electrospinning flow rate, voltage, needle tip-target 

distance and as mentioned above, environmental factors, are just some parameters 

which can significantly affect the resulting polymers [36].  
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Figure 6. Schematic of electrospinning [37].  

 

The properties of the obtained electrospun cellulose strongly depend on the solvent in 

which the cellulose is dissolved. Generally, mechanical properties of electrospun 

cellulose are different from bacterial cellulose.  

Fink et al.[38] reported some mechanical properties of electrospun cellulose which 

are compared with the bacterial cellulose in table 1. The celluloses that have been 

compared in this table are not the same as we have used in this project, but the data 

can give an idea of how they are different.  

Electrospun cellulose is still a young area although significant effort has been devoted 

to characterize films and membranes made from this type of cellulose. Still, the 

surface chemistry of the individual fibers of electrospun cellulose polymers is not 

clearly known.  

 

 

 Young’s 

modulus 

Elasticity 

modulus  

Tensile 

strength 

Thermal 

properties 
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(GPa) (GPa) (GPa) (K-1) 

Bacterial 

cellulose 

138 
(Nioshino et 

al.[39]) 

78±17 
(Guhados et 

al.[40]) 

2 
(Page and El-

Hosseimy 
[41]) 

0.1 × 10-6

(Nioshino et 
al.[39]) 

Electrospun 

cellulose 

Not available 11 

(Fink and 

Ganster [38]) 

0.33 

(Fink and 

Ganster [38]) 

Not available 

 

Table 1. Comparison of bacterial cellulose and electrospun cellulose in mechanical properties. 

The table content was taken from a review article [42]. 

 

 

4.3. Cellulose NaOH-treatment process 

NaOH treatment is a process in which the residue of bacteria and unwanted non-

cellulose organic materials are removed from the bacterial cellulose structure. This 

process is done after finishing cell culturing [43]. It has been reported that this process 

can change the cellulose structure and as a result the mechanical properties of the 

resulting cellulose will be different [44]. In 2009 Brigid et al. reported that bacterial 

cellulose which has been treated in NaOH has a lower density than native cellulose. It 

was mentioned in the report that this difference can be attributed to the removal of 

alkali-soluble bacterial material from the cellulose structure [45] .  

We expected to obtain cellulose with higher porosity after NaOH treatment which 

might absorb CNTs better than native cellulose in all surfaces.      

Cellulose swelling was performed by soaking cellulose pellicles in 0,5 mol/l  NaOH 

solution for 1 hour at 70 °C. Before modifying with DWCNT or GNP, cellulose 

pellicles were washed until a pH of 7 was obtained. The washing process was 

conducted by rinsing and soaking in de-ionized water and checking the pH until it 

reached 7. 

This process was done at room temperature and the cellulose pellicles were subjected 

to subsequent carbon nanoparticles exposure after the swelling process was finished.        
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4.4. DWCNT and GNP dispersion process 

In the following sub-chapters different processes which have been developed in the 

dispersion step will be briefly described.  

 

4.4.1. Type of dispersion 

 The dispersion is a critical step in the processing of CNTs and GNP. The as-

produced CNTs are held together strongly due to van der Waals interaction 

between the tubes [46] which is problematic in the modification process. Many 

methods have been developed to disperse CNTs for polymer modification 

processes; they can be classified into three general branches: direct mixing of 

polymer and CNT, chemical surface modification and third component assisted 

dispersion of CNT [47].  

In direct mixing, the dispersion is accomplished by applying ultrasounds in the 

presence of polymers and CNT [48].  This type of dispersion is simple but often 

the dispersity is not satisfactory. In order to reach a sufficient dispersity of CNTs, 

a long and intensive ultrasonic process should be applied which can damage the 

CNTs and fragment them to small tubes which is not desirable in our project.  

The second process, chemical surface modification, includes creating some 

surface functionalized groups such as carboxylic groups (-COOH), ketenes (-

C=O), and alcohols (-C-OH) via treating the CNTs with some strong acids such as 

nitric acid [49] or with some oxidizing agents such as KMnO4/H2SO4 [50]; the 

effect is that the solubility of the CNT increases significantly in water and other 

organic solvents as well as enhancing the compatibility of the CNT and polymer. 

However, long treatment of CNTs in a strong and concentrated acid (or other 

oxidizing agents) leads to shortening of the tubes, and disturbs the conjugated 

electronic structure which can change the CNTs electrical and mechanical 

properties. 
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Figure 7. Preparation of the DWCNTs (or GNPs)/incorporated nanocellulose film: (A) 

NaOH-treatment process; (B) dispersion and modifying process. Resulting conductive 

films received from BC (top figure), and GNP (bottom figure).      

 

In order to have better compatibility between filler and polymer, pre-treated 

DWCNTs have been used. The surface modification of purchased CNT is not in 

the level where the tubes break or are damaged.  

The last type of modification uses a third component as a dispersing agent. In this 

process, the third chemical compound, which can be a surfactant [51], a 

polyelectrolyte [52] or an organic complex compounds such as a protein or DNA 

[53], is added to the mix of polymer and CNT. These compounds adsorb on the 

CNT walls during sonication and the dispersion is stabilized by repulsive 

electrostatic interaction between the CNTs and the surfactant. The result of this 

type of dispersion is effective and the resulting CNTs do not show significantly 

different electrical and mechanical properties.  

 

 

Figure 8. The chemical structure of cetyl trimethyl ammonium bromide (CTAB). This 

surfactant is cationic and can absorb on the negatively charged carbon nanotube surface 

properly. 
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The backbone of the dispersion process which was selected for our project is the 

third type. The third compound that has been used in our project was CTAB (cetyl 

trimethyl ammonium bromide) (figure 8). it is known that, the carboxyl 

functionalized CNT’s surface are highly negatively charged when they are 

dispersed in water or similar solutions [54, 55]. 

CTAB is a cationic surfactant with the quaternary ammonium nitrogen core which 

can readily adsorb on the negatively CNT surface. 

   

4.4.2. Sonication process 

Sonication is the critical step in the dispersion process. Ultrasound like any other 

type of sound can be transmitted through any physical medium. During this 

passing, the molecular spacing of the medium is compressed and stretched and as 

a result the average distance between different molecules and atoms changes as 

they oscillate around their mean position.  

When the negative pressure of ultrasonic sounds is strong enough, it can 

overcome the forces which link the constituent molecules of the liquid and then 

the liquid “breaks down” and voids are created [57]. These voids are so-called 

cavitation bubbles [57].  This process can happen also for atoms in the molecules; 

as a result of the ultrasound’s negative pressure, the distance between atoms in the 

molecules exceeds the minimum and maximum distance required and as a result 

the chemical bonds between atoms break.  
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Figure 9. Creation of stable cavitations bubbles and transient cavitations. (a) Displacement, 

(x) displacement graph (b) transient cavitation, (c) stable cavitation, (d) pressure and (p) 

pressure graph. Adapted with permission from reference [56]. 

 

Cavitation bubbles can affect the medium in two ways: stable cavitations which 

are formed at low ultrasonic intensities and transient cavitations which are formed 

using sound intensities in excess of 10 Wcm-1 [57, 58] (figure 9). The second way, 

transient bubbles collapsing, play the main role in how ultrasound impacts on 

chemical compounds. 

Carbon nanotubes can be damaged during the ultrasonic process. Ultrasonic time 

and energy are two important factors which determine the level of defects and 

damage of the CNTs. It has been reported that when the duration of sonication 

was increased during the dispersion process then CNTs showed more defects and 

serious damage [59]. Also more damage was observed on CNT and GNP surfaces 

when more energetic ultrasound was used [59].  

Furthermore, in a sonication process, the structural deformation of CNTs is 

solvent dependent. Between different solvents, ethanol and water are two solvents 

which lead to less damage [59]. This may relate to the difference in efficiency of 

energy transfer in the cavitations in different solvents [58]. 

Temperature and pressure have been kept constant for all samples, and we 

expected to get the same level of dispersions for all prepared CNT and GNP 
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solutions. However, the conductivity results for BC modified in different 

dispersed solutions with the same concentration, immersion time and volume were 

significantly different (table 3). 

In order to find the parameter which has led to this problem all steps of the 

dispersion process were scrutinized. Due to the importance of the ultrasonic step, 

this step was also taken into consideration. It was not possible to change the 

power in the ultrasonic bath which was used in our project, thus time and sample 

location are two factor which were suspected to change the results. In order to 

determine the main factor, different samples with the same properties were 

prepared and sonicated at the same time, but in different locations. The result 

showed that the ultrasonic intensity distribution inside the ultrasonic bath is not 

homogeneous which resulted in different levels of dispersion when the solutions 

were put in different locations.  

However, a simple, cheap and fast method has been developed to find the best 

place with highest intensity inside the bath [60]. This “foil test” uses an aluminum 

sheet to find the most intensive location. The sheet is placed inside the bath; due 

to the ultrasonic waves the aluminum sheet will be perforated. The difference in 

perforation levels represents the differences in intensity (figure 10). 

In order to investigate the sonication location effect on the obtained 

conductivities, two samples with the same experimental conditions were prepared 

and placed at different locations inside the ultrasonic bath; one of them in the 

middle and another one in the side of bath. As mentioned above, the foil test result 

reveals that the center of the bath is the most intensive place.  
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Figure 10. Foil test is a simple and fast method to find the most intensive location inside the 

ultrasonic bath. The aluminum sheet put in the bath (top image), due to the ultrasonic waves 

the aluminum foil is perforated (bottom image) 

The electrical conductivity measurement results show that the BC is affected 

accordingly; samples modified in the solution which has been located in the 

middle of bath had twice the conductivity of the other one (table 3). 
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specification of 

sample 

BC Modified in 30 ml of  

2 mg/ml of DWCNT solution 

BC Modified in 30 ml of  

2 mg/ml of DWCNT solution 

Location Near to the center Near to the side 

Conductivity 0.15±0.002 S·cm 0.08±0.002  S·cm 

 

Table 3, the conductivity results of BC pellicles which have been modified in the solutions. 
The location was the parameter which has been changed in this test.   

 

But there are many factors and uncertainties which play major roles in this 

process, hence it has been preferred to assume the location effect is just one factor 

among different ones.   

In our project, water was used as a solvent during the sonication process. The 

sonication time was 20 minutes for each step; enough for opening the CNT or 

GNP structure and not long enough to break or seriously damage the CNT 

structure. 

  

4.4.3. Experimental setup of dispersion process  

DWCNT and GNP water dispersion solutions were prepared in the presence of 

cetyltrimethylammonium bromide (CTAB). DWCNT or GNP were mixed with 

half of final volume and were heated and stirred (90 °C, 1 hour). The solutions 

were sonicated (20 minutes) and CTAB was added to solution (1:1 CTAB to 

NanoParticle weight ratio).  

Water-DWCNT-CTAB (or GNP-CTAB) mixtures were heated (90 °C, 1 hour). 

This process was followed by sonication of solution for 20 minutes. Prepared 

dispersions were centrifuged for 20 minutes (3500 rpm, 21 °C) in order to remove 

undispersed carbon nanotubes.  

In order to study concentration and volume effects on the dispersion process and 

on the conductivity of the obtained cellulose film, three different dispersed 

solutions with different volume and concentration were prepared which were 15 

ml of 1 mg/ml dispersed solution, 15 ml of 2 mg/ml dispersed solution and 30 ml 

of 2 mg/ml dispersed solution. De-ionized water has been used in all steps and 

processes.  
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4.5. Modifying and drying process 

At the beginning of the project, it was decided to treat BC in 15 ml of 1 mg/ml of 

CNT or GNP solutions for 24 h. But the solution became transparent after 4-5 h which 

represents all of dispersed nanoparticles having been adsorbed on the BC surface. In 

the next step higher concentrations of dispersed solution have been used which 

resulted in pellicles with higher conductivities. In this case, the solutions did not 

become transparent even after 24 h. Therefore it was decided to treat the BCs for a 

longer time.  By increasing the treatment time and dispersed solution concentration, 

the conductivities of the pellicles varied in a regular manner which will be discussed 

later in the discussion part of the thesis.  

The drying process is another step which can be problematic. In order to measure the 

pellicles’ conductivities by a four point probe, flat pellicles were needed which should 

have a similar thickness in all regions. The drying of pellicles in a freeze drying 

process or leaving them in the fume hood led to severe shrinkage of the cellulose. In 

order to solve this problem, a special Teflon fixture was designed in which the 

pellicles can be dried without shrinking problems.   

Cellulose pellicles (3×3 cm2) were immersed in DWCNT dispersions under agitation 

for 24 to 72 h. BC pellicles subsequently were dried in a fume hood in a Teflon 

fixture. The thickness of the dried conductive films was 25 – 35 µm. The drying 

process was monitored by daily weighing of the pellicles.  

 

 

 

5. Results and discussion  

Due to the differences in the thickness of the fibers and the structure of their matrix, the 

same modification processes lead to different types of carbon nanoparticle incorporation 

in BC and EC.  
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The structure of BC is rather closed and it has smaller pores than electrospun cellulose, 

hence the modifying agents cannot penetrate into the cellulose structure. As a result, thin 

asymmetric layers of modifying agents were formed on both sides of the cellulose 

material (figure 11 and 12). 

The thick fibers of electrospun cellulose form an open matrix with larger pore size. As a 

consequence the DWCNT can modify also the fibers which are not on the surface of EC 

films. This is clearly observed in the SEM picture and in the optical microscope image 

(figure 11 and 12). 

It should be mentioned that all comparative data used in tables and graphs were obtained 

from the same BC resource and were from the same experiment series. These data are 

not necessarily best results.  

The resistance of each pellicle was obtained as an average of 81 different discrete 

resistance measurements.  

5.1. Variation of conductivity versus concentration and 

volume of DWCNT and GNP solutions 

Different samples with different concentration and volume of DWCNT were prepared 

and their conductivities were tested. But before going deeper in this case, there are 

some uncertainties which we need to consider:  

As was mentioned in the previous chapter, the sheet resistance is the parameter which 

is measured directly with a four point probe. In order to calculate the resistivity (and 

conductivity), the thickness of the samples should be known which is not possible for 

BC pellicles; the conductive layers on both sides are just a small part of the total 

thickness which was not possible to measure them. 
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Figure 11. SEM images of electrospun cellulose modified with DWCNT (top image) and 
native bacterial cellulose without any modification. The electrospun cellulose displays a much 

more open fiber structure. 

 

It was not possible to determine the thickness by microscope images with good 

accuracy, therefore it has been decided to use the total thickness (as measured by a 

micrometer) in the calculations.  



27

 

Figure 12. Optical microscope images of DWCNT modified electrospun cellulose (top image) 
and bacterial cellulose (bottom image). The labels D6 and D7 are names which are chosen by 

microscope automatically for length lines.    

 

The second problem is even this unreliable measured thickness is not uniform in all 

locations of the sample and can vary up to 15% in different locations which means 

that the resulting conductivities have 15% errors (equation 1 and 2), therefore it has 

been decided to use thickness average for calculation which makes some errors in the 

final values. The errors have been shown as error bars in the plots.  

Generally, the electrical conductivity of the modified celluloses and the distribution of 

DWCNTs in their volume appear to be affected by changing the volume and 

concentration of the solution (figure 13). 
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Figure 13. The conductivity of bacterial cellulose modified with DWCNT as a function of immersion 
time. Different samples which have been modified in different concentrations and volumes of 

DWCNT solutions have been tested. 

 

Nanocellulose samples which were modified in 30 ml of 2 mg/ml DWCNTs solution 

have shown the best conductivities. Also, the distribution of DWCNT was better and 

more uniform CNT layer has been form on the surface. The same behavior was 

observed for GNP modified cellulose pellicles. 

 

5.2. Conductivity versus treatment time for cellulose in 

DWCNT dispersed solution 

After preparing the dispersed CNT solutions, cellulose pellicles were treated in them 

for 24, 48 and 96 hours. The results show that the treatment time has a significant 
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effect on the modification process giving different conductivities for the treated BC 

pellicles.  

 

 

 

Figure 14. DWCNT dispersed solution after cellulose treatment. The CNT solution which has 
lowest amount of CNT (15 ml of 1 mg/ml) became transparent (right hand sample), but the 

solution with higher amount of CNT (30 ml of 1 mg/ml) was dark (left hand sample). 

 

As figure 13 illustrates, the conductivities of the samples which were treated in 30 ml 

of 1 mg/ml and 2 mg/ml of DWCNT dispersed solutions increased with increasing 

treatment time. On the other hand, the BC pellicles which were immersed in 15 ml of 

1 mg/ml did not show significant changes in conductivity when the immersion time 

was changed. The reason can be the amount of DWCNTs in the solution. As was 

mentioned before, after a couple of hours, all the CNTs in the solution were adsorbed 

on the BC surface. Figure 14 shows that the DWCNT solution with 15 ml of 1 mg/ml 

became transparent after 24 h, but the DWCNT solution with higher amount of CNTs 

(30 ml of 1 mg/ml) was still dark after the same immersion time.   

5.3. Effect of alkali treatment on the modification level 

A swelling process was conducted for bacterial cellulose to open its matrix during 

immersion. SEM images of BC treated by NaOH and native BC have been shown in 

figure 7. It seems that the porosity of BC pellicles has been increased after treatment. 

The reason might be dissolution of non-cellulosic organic compounds from the 

cellulose structure by the NaOH treatment (figure 15).  
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Figure 15.  SEM image of native BC (top image) and after treatment with NaOH (bottom 
image).  

The conductivities of NaOH treated and native BC which were modified in the same 

dispersion have been measured. The results show that the NaOH treatment had no 

measurable effect on the conductivities of the different pellicles (figure 16).  

It seems that the increase in porosity was not at a level which could influence the 

outcome of the nanoparticle modification and resulting conductivities.  

 

5.4. Effect of type of modifying agent on the final 

conductivities of BC pellicles 
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DWCNT and GNP were used to modify the bacterial cellulose surface. Generally, the 

BC pellicles which were modified with GNP are of a deeper black appearance and 

visually have a more homogenous surface color than CNT modified ones.  

 

Figure 16. The conductivity of bacterial cellulose modified with GNP (native and treated with 
NaOH) as a function of immersion time. The resistivity results are almost the same.  

What we observed visually should be translated to measurable quantities and robust 

evidence, hence 3D images of the resistivity of the sample surface and standard 

deviations have been employed to express differences in the surface homogeneity of 

samples.  

Two samples with the same experimental modification scheme were chosen and their 

3D image of resistivity versus positions was compared (figure 17). The only 

difference between them was the type of modifying agent which was DWCNT for one 

of them and GNP for the other one. The images illustrate that BC pellicles which are 

modified with GNP have a more homogeneous distribution than other pellicles.  

Furthermore, the standard deviation (SD) for these two samples has been calculated. 

Generally, the SD of the CNT modified samples was higher than GNP samples. For 
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example, the SD of samples mentioned above was 23.2 S·cm-1 for DWCNT modified 

BC, whereas for the sample modified with GNP it was 6.6 S·cm-1. 

The comparison of conductivities of pellicles shows that at the same condition and 

with the same bacterial cellulose resource, the conductivity of the BC modified with 

DWCNT is higher. The best results found were approximately 3.95×10-1 S·cm-1 for 

bacterial cellulose/DWCNT, 0.334×10-1 S·cm-1 for bacterial cellulose/GNP film. It 

should be noted that the data used in comparative tables taken from the tests which 

were done under the same conditions are different from the best values which are 

mentioned here.  

 

5.5. Different level of modifications in different BC sides  

The results for different bacterial celluloses have shown that the adsorption levels for 

CNTs and GNPs are different for different sides of the BC samples which lead to 

substantially different conductivities of these sides. After examining different 

parameters, the original difference in structural properties of the different sides has 

been found to be the most likely candidate to explain this result.    

The bacterial cellulose which was used in this project has been grown by 

Gluconacetobacter xylinum bacteria in a static condition. The thick and whiteish BC 

pellicle is formed at the air-liquid interface of the culture [61, 62]. 

During cellulose growth, carbon dioxide which is produced by G. xylinum cells helps 

the bacteria to float and to reach the surface. But eventually some bacteria are trapped 

in the cellulose 
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Figure 17. 3D image of modifying agent’s resistivity distribution on the BC pellicles surface, 
BC modified with DWCNT (top image), BC modified with GNP (down image). Note: the 
images scale is not the same. The values in the right column is resistivity and their unit is 

ohm.cm.   

 

. Also, the bacterial cellulose has a layered structure in the static culture; new layers 

are formed at the upper side of the film [63] which can be interpreted as a 

consequence of only the bacteria located at the air-liquid interface of the culture being 

able to produce cellulose [61, 62]. Resulting BC pellicles have two different layers 

with different morphology which can be observed by the naked eye; the upper side is 

smooth and clear and the bottom side is fuzzy with a faintly yellow tone which can be 

due to dormant bacteria.   
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5.6. Effect of type of cellulose on the final conductivities of 

pellicles 

Structural differences between modified bacterial cellulose and modified electrospun 

cellulose have been taken into consideration in previous parts.  

These differences lead to having better surface modification in the BC fibers which 

are located at the surface of pellicles than fibers which are enclosed inside the 

bacterial cellulose. For electrospun cellulose, due to the open structure, modifying 

agents can penetrate inside the cellulose and as a result all fibers in all levels were 

modified.  

Table 4 shows resulted conductivities for two BC and EC pellicles modified in the 

same experimental setup. These pellicle were modified in 30 ml of 2 mg/ml DWCNT 

dispersed solution, and were immersed 72 h. the results shows that conductivity of BC 

pellicle was two times higher than modified EC pellicles. 

 

Sample Electrospun cellulose modified 

by DWCNT 

Bacterial cellulose modified 

by DWCNT 

conductivity 8.6×10-3 S·cm -1 7.8×10-2 S·cm -1 

 

Table 4, difference between EC and BC modified in the same conditions.  

 

The conductivity result of two sides is different in bacterial cellulose. But in 

electrospun cellulose both sides have the same conductivities. 

The best results were found approximately 3,95×10-1 S·cm-1 for bacterial 

cellulose/DWCNT and 8.6×10-3 S·cm-1 for electrospun cellulose/DWCNT film.  

 

5.7. Effect of strain on the conductivity of the bacterial 

cellulose  

CNTs have been reported as a reinforcement agent for many polymers, therefore we 

expected to observe this effect on nanocellulose in a similar way. Moreover one of the 

main functions of CNTs or GNP in the cellulose structure is converting material 
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structural changes to electrical responses. These two reasons convinced us to test the 

sensitivity of pellicles conductivities to external forces. 

 

Figure 18, in the left picture electrical connections which are responsible to measure the 
conductivity is installed in the same direction with the microtester connection which apply the 

external force. In the right figure the angle between electrical connections and microtester 
connections is 90°.  

 
Two different experimental set-ups have been used to study the variation of sample 

resistances as a function of tensile force. In one of them the angle between applied 

force made a 90° angle with the electrical connections which have measured the 

resistance changes and in the next step both external force and applied voltage were 

put in the same direction (figure 18).  

Cellulose fibers in both electrospun cellulose and bacterial cellulose pellicles which 

have been used in this project are non-aligned. The pattern of carbon nanotubes which 

are impregnated in the cellulose is non-aligned too. This isotropy implies that the 

same mechanical or electrical changes should happen if we change the direction of 

applied forces. In both cases; native cellulose and modified cellulose this 

interpretation can be true. 
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Figure 19. Creep test for BC modified with DWCNT. BC modified in 1 mg/ml of DWCNT 
solution (plot A) and BC modified in 2 mg/ml DWCNT solution.  

Figure 19 shows the typical strain versus time plot which called creep test under 4 N 

force at room temperature. Creep is the prolonged deformation response to the 

constant external force. A transient response to constant deformation is called 

relaxation [64].  Both these parts can help to determine whether our material is 

linearly or non-linearly viscoelastic. All samples which have been modified with 

CNTs or GNP have shown the same behavior.  
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Figure 20. Fractional increase in resistance (ΔR/Ro) as a function of the fractional extension 
(Δl/lo) of a strain gauge for two different samples of bacterial cellulose. Bacterial cellulose 

which is modified in 30ml of DWCNT dispersion with 1 mg/ml concentration (filled markers) 
and bacterial cellulose which is modified in 30 ml of DWCNT dispersion solution with 2 

mg/ml solution (open markers).  

 

At the first moment of applying force, a big tensile extension was registered which 

might be the result of releasing the shrinkages which are formed during the drying 

process. This result was confirmed by DMA also. Comparing the two plots illustrates 

that the sample which was modified with a lower amount of CNT was more deformed 

under the same load.  

Figure 20 illustrates the relatively large fractional increase in resistance with the 

fractional extension obtained by the application of tensile force for two samples of 

DWCNT modified nanocellulose. The nanocellulose pellicle which is modified with a 

higher concentration of DWCNT showed more sensitivity to an increase in the strain. 
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6. Conclusion 

DWCNTs and GNP-incorporated bacterial and DWCNTs-incorporated electrospun 

celluloses were prepared by immersing cellulose films in DWCNT and graphitized 

carbon nanopowder water dispersed solutions. 

We have worked to improve the dispersion process. The morphology of the resulting 

electrical conductive cellulose material has been studied by optical microscope and SEM 

and the electrical properties were monitored by four-point probe measurements and 

resistance measurements under strain in a microstester.  

It was found that the electrical conductivity of the obtained BC/DWCNT depends on 

fractional extension obtained from an applied force. Creep tests were done on the 

samples and it was found that the mechanical behavior depends on the modifying 

condition. 

 

7. Outlook   
 

We spend so much time in the chemistry laboratory part to improve the dispersion and 

modification processes. It is a time to improve the experimental setup to study the 

properties of our samples.  
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8. Appendix  

 

 

 

Plot1, taken from University of Illinois Urbana-Champaign website [65] 
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Table 5, Correction factor. [66]. 

  



41 
 

9. References 
 

1. Aneli, J.N., G.E. Zaikov, and L.M. Khananashvili, Effects of mechanical deformations on the 
structurization and electric conductivity of electric conducting polymer composites. Journal of 
Applied Polymer Science, 1999. 74(3): p. 601-621. 

2. Zhang, X.-W., et al., Time dependence of piezoresistance for the conductor-filled polymer 
composites. Journal of Polymer Science Part B: Polymer Physics, 2000. 38(21): p. 2739-2749. 

3. Zhang, W.-D.Z.a.W.-H., Carbon Nanotubes as Active Components for Gas Sensors. Journal 
of Sensors, 2009. 2009: p. 16  

4. M. Knite, V.T., A. Fuith, J. Zavickis, V. Teteris, Polyisoprene—multi-wall carbon nanotube 
composites for sensing strain. Material science engineering, 2007. C27: p. 3. 

5. Peng S, O.K.J., Wei C, Cho K, Kong J and Chen R Carbon nanotube chemical and 
mechanical sensors, in 3rd International Workshop on Structural Health Monitoring2003: 
Stanford. 

6. Ghosh, S., A.K. Sood, and N. Kumar, Carbon Nanotube Flow Sensors. Science, 2003. 
299(5609): p. 1042-1044. 

7. Inpil, K. and et al., A carbon nanotube strain sensor for structural health monitoring. Smart 
Materials and Structures, 2006. 15(3): p. 737. 

8. Kazuki Enomoto, S.K., Toshiyuki Yasuhara, Naoto Ohtake, Toru Kuzumaki, and Yoshitaka 
Mitsuda, Measurement of Young’s modulus of carbon nanotubes by nanoprobe manipulation 
in a transmission electron microscope. Applied Physics Letters, 2006. 88(15): p. 3. 

9. Erik T. Thostenson, Z.R., Tsu-Wei Chou, Advances in the science and technology of carbon 
nanotubes and their composites: a review.  
Composites Science and Technolog, 2001. 61: p. 13. 

10. Ghavanini, F.A., Toward carbon based NEMS, in department of microtechnology and 
nanoscience2009, Chalmers University of Technology. 

11. Cheng, Q., et al., Ultrasound-Assisted SWNTs Dispersion: Effects of Sonication Parameters 
and Solvent Properties. The Journal of Physical Chemistry C, 2010. 114(19): p. 8821-8827. 

12. Hwang, J.-Y., et al., Polymer Structure and Solvent Effects on the Selective Dispersion of 
Single-Walled Carbon Nanotubes. Journal of the American Chemical Society, 2008. 130(11): 
p. 3543-3553. 

13. Yoon, S.H., et al., Electrically Conductive Bacterial Cellulose by Incorporation of Carbon 
Nanotubes. Biomacromolecules, 2006. 7(4): p. 1280-1284. 

14. Phillip J. Wakelyn, N.R.B., Alfred D. French, Devron P. Thibodeaux, Barbara A. Triplett, 
Cotton fiber chemistry and technology. International Fiber Science and Technology 
Series2006: CRC Press. 

15. Finch, C.A., Cellulose chemistry and its applications edited by T. P. Nevell and S. H. 
Zeronian, Ellis Horwood, Chichester, 1985. pp. 552, price £55.00. ISBN 0-85312-463-9. 
British Polymer Journal, 1985. 17(3): p. 321-321. 

16. Czaja, W., et al., Microbial cellulose—the natural power to heal wounds. Biomaterials, 2006. 
27(2): p. 145-151. 

17. Sabu Thomas, R.S., Rubber Nanocomposites: Preparation, Properties and Applications2009: 
Wiley. 

18. Shu, P. and C. Kyeongjae, Chemical control of nanotube electronics. Nanotechnology, 2000. 
11(2): p. 57. 

19. Malte, H.G.W. and et al., Direction sensitive bending sensors based on multi-wall carbon 
nanotube/epoxy nanocomposites. Nanotechnology, 2008. 19(47): p. 475503. 

20. Cinke, M., et al., Pore structure of raw and purified HiPco single-walled carbon nanotubes. 
Chemical Physics Letters, 2002. 365(1-2): p. 69-74. 

21. Zahab, A., et al., Water-vapor effect on the electrical conductivity of a single-walled carbon 
nanotube mat. Physical Review B, 2000. 62(15): p. 10000. 



42 
 

22. Cantalini, C., et al., NO2 gas sensitivity of carbon nanotubes obtained by plasma enhanced 
chemical vapor deposition. Sensors and Actuators B: Chemical, 2003. 93(1-3): p. 333-337. 

23. Varghese, O.K., et al., Gas sensing characteristics of multi-wall carbon nanotubes. Sensors 
and Actuators B: Chemical, 2001. 81(1): p. 32-41. 

24. Mahadeva, S.K., S. Yun, and J. Kim, Flexible humidity and temperature sensor based on 
cellulose–polypyrrole nanocomposite. Sensors and Actuators A: Physical, 2011. 165(2): p. 
194-199. 

25. Ducéré, V., A. Bernès, and C. Lacabanne, A capacitive humidity sensor using cross-linked 
cellulose acetate butyrate. Sensors and Actuators B: Chemical, 2005. 106(1): p. 331-334. 

26. Kh, S.K. and et al., Surface-type humidity sensor based on cellulose-PEPC for telemetry 
systems. Journal of Semiconductors, 2011. 32(1): p. 015005. 

27. Jung, R., et al., Electrically conductive transparent papers using multiwalled carbon 
nanotubes. Journal of Polymer Science Part B: Polymer Physics, 2008. 46(12): p. 1235-1242. 

28. Jung YH, K.H., Lee DR, Park SY, Khil MS, characterization of PVOH Nonwoven Mats 
Prepared from Surfactant-Polymer System via Electrospinning. 2005. 13: p. 5. 

29. Valdes, L.B., Resistivity Measurements on Germanium for Transistors. institute radio 
engineers, 2007. 42(2): p. 7. 

30. Smits, F.M., measurements of sheet resistivity with the four-point probe. 1957. 37. 
31. Bodin, A., Biomedical Applications of Bacterial Cellulose Fermentation, Morphology and 

Surface Properties, in Department of Chemical and Biological Engineering, Polymer 
Technology & Department of Chemical and Biological Engineering, Molecular 
Biotechnology2007, Chalmers University of Technology. p. 199. 

32. DROTZ, K., Production Optimization and Biomechanics of Biosynthetic Blood Vessels made 
of Bacterial Cellulose, 2008, Chalmers University of Technology. 

33. Douglas J. Gardner, G.S.O., Ryan Mills and My Ahmed Said Azizi Sami, Adhesion and 
Surface Issues in Cellulose and Nanocellulose. Journal of Adhesion Science and Technology, 
2008. 22(5): p. 18. 

34. Jonas, R. and L.F. Farah, Production and application of microbial cellulose. Polymer 
Degradation and Stability, 1998. 59(1-3): p. 101-106. 

35. Yamanaka, S., et al., The structure and mechanical properties of sheets prepared from 
bacterial cellulose. Journal of Materials Science, 1989. 24(9): p. 3141-3145. 

36. Youn-Mook Lim, H.-J.G., Joon Pyo Jeun, and Young-Chang Nho, Preparation of Cellulose-
based Nanofibers Using Electrospinning2010: InTech. 

37. Tyrrell, J. Nanojets impinge to form uniform channel 2008; Available from: 
http://nanotechweb.org/cws/article/tech/34067. 

38. Ganster, J. and H.-P. Fink, Novel cellulose fibre reinforced thermoplastic materials. 
Cellulose, 2006. 13(3): p. 271-280. 

39. Nishino T., M.I.a.H.K., “Allcellulose composit. 2004. 37: p. 4. 
40. Guhados, G., W. Wan, and J.L. Hutter, Measurement of the Elastic Modulus of Single 

Bacterial Cellulose Fibers Using Atomic Force Microscopy. Langmuir, 2005. 21(14): p. 
6642-6646. 

41. El-Hosseiny, F. and D.H. Page, The mechanical properties of single wood pulp fibres. Part 
VI. Fibril angle and the shape of the stress–strain curve. Journal of Pulp and Paper Science, 
1983. 9(4): p. 99-100. 

42. Douglas J Gardner, G.S.O., Ryan Mills, My Ahmed Said Azizi Samir, Adhesion and Surface 
Issues in Cellulose and Nanocellulose. Journal of Adhesion Science and Technology, 2008. 
22(5): p. 22. 

43. Hwang, J.W., et al., Effects of pH and dissolved oxygen on cellulose production by 
Acetobacter xylinum BRC5 in agitated culture. Journal of Bioscience and Bioengineering, 
1999. 88(2): p. 183-188. 

44. Watanabe, K., et al., A new bacterial cellulose substrate for mammalian cell culture. 
Cytotechnology, 1993. 13(2): p. 107-114. 

45. McKenna, B., et al., Mechanical and structural properties of native and alkali-treated 
bacterial cellulose produced by &lt;i&gt;Gluconacetobacter xylinus strain ATCC 53524. 
Cellulose, 2009. 16(6): p. 1047-1055. 



43 
 

46. Thess, A., et al., Crystalline Ropes of Metallic Carbon Nanotubes. Science, 1996. 273(5274): 
p. 483-487. 

47. Hui Chen, H.M., Paul Stokes, Jianhua Zou, Xiong Liu, Jinhai Wang, Qun Huo, Saiful I 
Khondaker and Lei Zhai, Dispersion of carbon nanotubes and polymer nanocomposite 
fabrication using trifluoroacetic acid as a co-solvent. Nanotechnology, 2007. 18. 

48. by J Sandler, M.S.P.S., T Prasse, W Bauhofer, K Schulte, A H Windle, Development of a 
dispersion process for carbon nanotubes in an epoxy matrix and the resulting electrical 
properties. polymer, 1999. 40(21). 

49. Liu, J., et al., Fullerene Pipes. Science, 1998. 280(5367): p. 1253-1256. 
50. Hiura, H., T.W. Ebbesen, and K. Tanigaki, Opening and purification of carbon nanotubes in 

high yields. Advanced Materials, 1995. 7(3): p. 275-276. 
51. Barraza, H.J., et al., SWNT-Filled Thermoplastic and Elastomeric Composites Prepared by 

Miniemulsion Polymerization. Nano Letters, 2002. 2(8): p. 797-802. 
52. Bandyopadhyaya, R., et al., Stabilization of Individual Carbon Nanotubes in Aqueous 

Solutions. Nano Letters, 2001. 2(1): p. 25-28. 
53. by Dhriti Nepal, K.E.G., Proteins and carbon nanotubes: close encounter in water. Small 

Weinheim an der Bergstrasse Germany, 2007. 3(7): p. 6. 
54. Chen, J., et al., Solution Properties of Single-Walled Carbon Nanotubes. Science, 1998. 

282(5386): p. 95-98. 
55. Li, D., et al., Processable aqueous dispersions of graphene nanosheets. Nat Nano, 2008. 3(2): 

p. 101-105. 
56. Santos, H.M., C. Lodeiro, and J.-L. Capelo-Martínez, The Power of Ultrasound, in 

Ultrasound in Chemistry2009, Wiley-VCH Verlag GmbH & Co. KGaA. p. 1-16. 
57. Feldman, D., Sonochemistry, theory, applications and uses of ultrasound in chemistry, by 

Timothy J. Mason and J. Phillip Lorimer, Wiley-Interscience, New York, 1989, 252 pp. Price: 
$87.95. Journal of Polymer Science Part C: Polymer Letters, 1989. 27(13): p. 537-537. 

58. Peters, T.J.M.D., Practical sonochemistry : uses and applications of ultrasound. Horwood 
publishing series in chemical science2002: Chichester. 175. 

59. Lu, K.L., et al., Mechanical damage of carbon nanotubes by ultrasound. Carbon, 1996. 34(6): 
p. 814-816. 

60. Mason, T.J., Sonochemistry1999: Oxford University Press. 96. 
61. Alexander Steinbüchel, S.K.R., Polysaccharides and polyamides in the food industry. Vol. 1. 

2005: Wiley-VCH. 519. 
62. Yan, Z., et al., Biosynthesis of bacterial cellulose/multi-walled carbon nanotubes in agitated 

culture. Carbohydrate Polymers, 2008. 74(3): p. 659-665. 
63. Borzani, W. and S.J. De Souza, Mechanism of the film thickness increasing during the 

bacterial production of cellulose on non-agitaded liquid media. Biotechnology Letters, 1995. 
17(11): p. 1271-1272. 

64. Heung Soo, K. and et al., Mechanical properties of cellulose electro-active paper under 
different environmental conditions. Smart Materials and Structures, 2008. 17(1): p. 015029. 

65. GT2 · Four Point Probe Correction Factor. Available from: 
http://fabweb.ece.uiuc.edu/gt/gt/gt2.aspx. 

66. Smits, F.M., Measurements of Sheet Resistivity with the Four-Point Prob. BSTJ, 1958. 37. 
 

 
 



44 
 

 

Papers 
 
1. F. Toomadj, S. F., A. Sanz-Velasco, O. Naboka, P. Lundgren, K. Rodriguez, G. Toriz, P. Gatenholm, 

and P. Enoksson (2011). Sensing application of nanocellulose modified with double-walled carbon 
nanotube and Griphite nanopowder. in MME2011. Toensberg, Norway  
 

2. F. Toomadj, S. F., A. Sanz-Velasco, O. Naboka, P. Lundgren, K. Rodriguez, G. Toriz, P. Gatenholm, 
and P. Enoksson (2011). Strain Sensitivity of Carbon Nanotube Modified cellulose. Eurosensors 
XXV, Athens, Greece. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



45 
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Abstract — Electrically conductive nanocellulose 
films were prepared by immersion in well 
dispersed solutions of double walled carbon 
nanotubes or graphitized nanopowder. These 
solutions were prepared by using the surfactant 
cetyltrimethylammonium bromide (CTAB) under 
heating and stirring conditions which were 
followed by a short time sonication process. 
Electrospun cellulose and bacterial cellulose were 
used as a backbone of these films. Controllable 
modification of cellulose with conductive agents 
was performed by treatment with their 
dispersions for 24 – 72 hours. 
Electrical conductivities of the resulting films are 
from 0,009 S cm-1 to 0,395 S cm-1 which is higher 
or comparable to previously reported results. 
Some methods have been employed to study the 
electrical conductivity behavior of samples. The 
electrical conductance of the films displays a high 
sensitivity to strain when tensile stress is applied. 
 
Keywords : sensor, conductive cellulose, double 
walled carbon nanotube 
 
I – Introduction 
 
Strain sensors based on nanostructured materials 
represent a new class of microelectronic devices 
which have gained a great interest due to their low 
power consumption, high sensitivity, selectivity and 
prompt response [1]. Conventional strain and 
pressure sensors are characterized by rigidity and 
fragility which significantly restrict their application 
area. Flexible large-area sensors can be produced by 
inserting nanoparticles with appropriate thermal and 
electrical properties into a suitable polymer matrix 
[2].The outstanding properties of carbon nanotubes e. 
g. with regards to electrical conductivity and 
piezoresistivity make them one of the best candidates 
to use as building blocks of sensors [3]. Due to the 
strong van der Waals forces between carbon 
nanotubes, they are forming bundles which are 
difficult to dissolve in water or other organic solvents 
[4,5]. To process CNTs, well dispersed and stable 
CNT solutions are required. 

Cellulose is one of the most widely used natural 
materials (6). Owing to its biocompatibility, easy 
modification and low price, nanocellulose is a very 
appealing substrate for the development of carbon 
nanotube based sensors. Due to its high porosity, high 
crystallinity, water absorbance, mechanical 
properties, formability, and biocompatibility, 
bacterial cellulose has recently attracted a great deal 
of attention for academic and industrial point of view 
[7]. Electrospinning is the fast and simple process for 
forming submicron scale structures through the action 
of electrostatic forces in which polymers could be 
arranged in nonwoven fibrous materials with well 
controlled morphology such as fiber diameter, and 
surface area [8]. 
The goal of the present work is to prepare 
nanocellulose materials with controlled electrical 
conductivity by incorporation of double walled 
carbon nanotubes (DWCNT) or graphite 
nanoparticles (GNP) into the nanostructured cellulose 
and to investigate their strain sensing properties. Also 
the improvement of the dispersion process of CNT 
and GNP is a goal of this project too. 
 
II - Experimental Details 
 
Bacterial cellulose (BC) and electrospun cellulose 
(EC) were used to obtain conductive films. The EC 
was obtained by electrospining of a cellulose acetate 
solution (17% wt) in acetone and dimethylacetamide 
(2:1 volume ratio). The cellulose regeneration 
process was 
carried out by deacetylation with NaOH in ethanol 
(0.05 mol/l) for 24 hours. Bacterial cellulose was 
produced from Gluconacetobacter xylinum. DWCNT 
modified with carboxyl groups (+90% purity, 
Nanocyl S A, Belgium) and graphitized carbon 
nanopowder purchased from Sigma-Aldrich (<500 
nm particle size (DLS), >99.95% trace metal basis). 
were used as a conductive agent for impregnation of 
cellulose.Cellulose swelling was performed by 
treatment of cellulose pellicles in 0,5 mol/l NaOH 
solution for 1 hour at 70 °C in stirring condition. 
Before modifying with DWCNT or GNP, cellulose 
pellicles were washed until a pH of 7 was obtained. 
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The washing process was done with rinsing and 
soaking in de-ionized water and checking the pH 
until reaching a pH of 7. This process was done at 
room temperature.DWCNT and CNP water 
dispersions were prepared in the presence of 
cetyltrimethylammonium bromide (CTAB). DWCNT 
or CNG was mixed with half of final volume and was 
heated (90 °C, 1 hour). After, the solution was 
sonicated (20 minutes) and CTAB was added to the 
solution (1:1 CTAB to nano-particle weight ratio). 
Water-DWCNT-CTAB (or GNP-CTAB) mixtures 
were heated (90 °C, 1 hour) and sonicated for 20 
minutes. Prepared dispersions were centrifuged for 
20 minutes (3500 rpm, RT) in order to remove 
undispersed carbon. Three different dispersed 
solutions with different volumes and concentrations 
of DWCNT or GNP in water were prepared which 
were 15ml of 1mg/ml, 15ml of 2mg/ml and 30ml of 
2mg/ml. Cellulose pellicles (3×3 cm) were immersed 
in DWCNT or GNP dispersions for 24 - 72 h. After 
treatment with conductive agent dispersion, the 
nanocellulose pellicles were washed carefully by de-
ionized water to remove all free surfactants and they 
were subsequently dried in a fumehood in a Teflon 
fixture. The thicknesses of the dried conductive films 
were 25 – 65 μm. The dryingprocess was continued 
until a constant weight of the samples was reached. 
 

 
Figure 1. Experimental setup for tensile testing. The angle 
between the applied force and the direction for measuring 
the electrical resistance is 0° in this setup. 
 
The surface morphology of all of the samples was 
observed by using scanning electron microscopy 
(SEM) performed with Leo Ultra 55 FEG SEM. The 
electrical conductivity measurements were performed 
by using a four-point probe system (CMT-SR2000N, 
AIT, Korea). To characterize the electromechanical 
properties of the modified cellulose an Instron 
Material Testing Instrument (Series 5500) was used. 
Constant tensile stress was applied to measure the 
resistivity of the modified cellulose. The sizes of the 
samples were 30 mm in length and 10 mm in width. 

In order to measure the variation of resistance in the 
same direction as the applied force (orientation angle 
0°), aluminum foil has been used which was insulated 
from the microtester clips (figure 1). 
 
III - Results and Discussion 
 
Due to the differences in the thickness of the fibers 
and the structure of their matrix, the same 
modification processes lead to different types of 
carbon nanoparticle incorporation in bacterial 
cellulose and in electrospun cellulose. 
 

 

 

 
 
Figure 2. SEM images of electrospun cellulose (image A) 
and bacterial cellulose (image B) which have been 
modified with DWCNT. The difference in magnification of 
these two images is less that 6%. The electrospun cellulose 
displays a much more open fiber structure.. Optical 
microscope images of DWCNT modified electrospun 
cellulose (image C) and bacterial cellulose (image D). 
Because of the rather closed porous structure and 
small pores in bacterial cellulose, the modifying 
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agents cannot penetrate the cellulose. As a result, thin 
asymmetric layers of modifying agent were formed 
on both sides of the cellulose material (figure 2 D). 
The thicker fibers of electrospun cellulose form an 
open matrix with larger pore size. As a consequence 
the DWCNT can modify also the internal surface of 
the electrospun cellulose. This is clearly observed in 
the SEM picture and in the optical microscope image 
(figure 2A, 2C). 

 

 
Figure 3. Conductivity of bacterial cellulose modified with 
DWCNT as a function of immersion time (top plot) and 
conductivity of bacterial cellulose modified with GNP 
(native and treated with NaOH) as a function of immersion 
time (bottom plot). 
 
A. Conductivity as a function of immersion time and 
dispersed solution concentration 
We measured the electrical conductivity of the 
modified nanocellulose when varying the immersion 
time, the concentration, and the volume of DWCNT 
dispersions. Fig. 2 shows typical SEM pictures of the 
morphology of the DWCNT modified EC- and 
BCnanocellulose respectively. Different 
conductivities were obtained from different cellulose 
pellicles which were modified under different 
conditions. The best results were found 
approximately 3,95×10-1 S cm-1 for bacterial 
cellulose/DWCNT, 0,334×10-1 S cm-1 for bacterial 
cellulose/ CNG film and 8,2×10-3 for electrospun 
cellulose/DWCNT film. 

Generally, the electrical conductivity of the modified 
cellulose and the distribution of DWCNT in its 
volume appear to be affected by changing the volume 
and concentration of dispersions and by increasing 
the immersion time. In the case of nanocellulose 
pellicles which were modified in the lowest 
concentration of DWCNT or GNP, increasing the 
immersion time did not show any significant effect 
on the conductivity of the resulting material. 
However, by increasing the concentration of the 
solutions, the immersion time starts to play a 
significant role (figure 3). The resulted conductivities 
which have been used in these two plots are from the 
same source of cellulose and were done on exactly 
the same experimental condition. 
A swelling process was conducted for bacterial 
cellulose to open their matrix during immersion. 
Conductivity results shows that there is no significant 
difference between cellulose which has been treated 
by NaOH and cellulose which was not subjected to 
the swelling process (image 3, bottom plot). 
The conductivities of the nanocellulose materials 
prepared in our work from electrospun and bacterial 
celluloses are higher than or comparable to 
previously reported results [9]. 
 
B. Variation of resistance as a function of strain 
Figure 4 shows the relatively large fractional increase 
in resistance with the fractional extension obtained by 
the application of tensile force for two samples of 
DWCNT modified nanocellulose. The nanocellulose 
pellicle which is modified with a higher 
concentration of DWCNT showed more sensitivity to 
an increase in the strain. 
 

 
 
Figure 4, Fractional increase in resistance (ΔR/Ro) as a 
function of the fractional extension (Δl/lo) of a strain gauge 
for two different samples of bacterial cellulose. Bacterial 
cellulose which is modified in 30ml of DWCNT dispersion 
with 1 mg/ml concentration (filled markers) and bacterial 
cellulose which is modified in 30 ml of DWCNT dispersion 
solution with 2 mg/ml solution (open markers). 
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IV – conclusion 
 
DWCNTs and CNGs-incorporated bacterial and 
DWCNTs-incorporated electrospun celluloses were 
prepared by immersing cellulose films in DWCNT 
and graphitized carbon nanopowder waterdispersed 
solutions. We have worked to improve the dispersion 
process. The morphology of the resulting electrical 
conductive cellulose material has been studied by 
optical microscope and SEM and the electrical 
properties were monitored by four-point probe 
measurements and resistance measurements under 
strain in a microstester. The electrical conductivity of 
the cellulose was found to be approximately 3,95×10-
1 S cm-1 for bacterial cellulose/DWCNT, 0,334×10-1 
S cm-1 for bacterial cellulose/CNG film and 8,2×10-
3 for electrospun cellulose/DWCNT film. 
It was found that electrical conductivity of resulted 
BC/DWCNT depends on fractional extension 
obtained from applied force which make it good 
candidate for sensing application. 
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Abstract 

Nanostructured cellulose was modified by different concentration and volume of dispersed multi-walled carbon nanotube 
(MWCNT) and double-walled carbon nanotube (DWCNT) solutions and its electrical properties were studied. The resulting 
flexible cellulose films have an electrical conductivity sensitive to changes in CNT concentration and immersion time in solution. 
The conductivity increases with increasing immersion time and volume and concentration of dispersed solutions; the conductivity 
for bacterial cellulose (BC) pellicles modified with DWCNT was increased from 0.034 S·cm-1 to 0.15 S·cm-1 and for BC pellicles 
modified with MWCNT it was increased from 0.12 S·cm-1 to 1.6 S·cm-1 when the immersion time was increased from 24 h to 
72 h. These results are significantly higher than in previously reported work [1].  

The effect of strain on the resistance during application of tensile force is shown for a simple strain gauge employing cellulose 
with incorporated DWCNTs. The electrical resistance of the films displays a high sensitivity to strain. It seems that this 
sensitivity depends on the modifying conditions, where BC pellicles which are modified in a dispersed solution with a higher 
concentration of CNTs show larger changes in resistance with the changes in fractional extension.  

 

© 2011 Published by Elsevier Ltd. 

 

Keywords: sensor, conductive cellulose, carbon nanotube 

 

1. Introduction 

During the last decade, there has been a large interest in the development of different kinds of sensors based on 
nanostructured materials with high flexibility, high biocompatibility, low cost, and low weight; it has been reported 
that such materials can be obtained by inserting nanostructures with promising electrical and mechanical properties 
into an insulated appropriate insulating matrix polymer [2-4]. 
 
Among these nanostructures, different types of carbon nanotubes (CNTs) have attracted a special interest of 
researchers due to their remarkable mechanical and electrical properties. In addition, their electrical properties 
depend strongly on environmental changes so that for example a small mechanical deformation can significantly 
change the conductance of CNT-based resistors [5]. Farajian et al. [6] have tried to theoretically explain and 
calculate the change in CNT conductance under bending. They reported that the current decreases with increasing 
bending angle. All these properties make CNTs a promising material to use in smart sensors.  
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Owing to its biocompatibility, being easy to modify and having a low cost, cellulose is a promising material to use 
as a substrate for conductive nanoparticles in different applications [7,8]. Among different kinds of cellulose, 
bacterial cellulose (BC) can be an industrially viable material in the design of new electrical devices due to its 
mechanical and structural properties such as purity, high crystallinity, high mechanical stability, and low density [9].  

Herein we report on a flexible electrical conductive nanocomposites based on BC cellulose and CNTs. Double-
walled carbon nanotubes (DWCNT) and multi-walled carbon nanotubes (MWCNT) have been used to modify BC 
pellicles. Different dispersed CNT solutions with different volume and concentration have been used to modify the 
cellulose in order to find optimum conditions for making appropriate BC films. The conductivities of the resulting 
films have been compared and their behaviour has been studied as a function of induced strain.  

2. Experimental 

The BC used in this work was produced by Gluconacetobacter xylinum bacteria in a static medium. DWCNT (+90% 
purity, Nanocyl S A, Belgium) and MWCNT (+95% purity, Nanocyl S A, Belgium) modified with carboxyl groups 
have been used as a conductive agent for impregnation of BC. 

              

             

Figure 1. Cross sectional optical microscope image of bacterial cellulose pellicle modified with DWCNT which 
shows that there are two asymmetric conductive layers on the different sides of the pellicle (A). SEM images of BC 

(B). Samples which are modified with DWCNT (C) and MWCN (D).  

The dispersion of CNTs was carried out using cetyltrimethylammonium bromide (CTAB) as a surfactant. The 
dispersion process consisted of a combination of heating, stirring and sonication followed by centrifuging to 
separate dispersed CNTs from undispersed particles. Three different dispersed solutions with different CNT 
concentrations and volumes were prepared: 15 ml of 1 mg/ml, 15 ml of 2 mg/ml and 30 ml of 2 mg/ml. 3×3 cm2 BC 
pellicles were immersed in the CNT solutions for 24 h to 72 h under shaking. After finishing the treatment step, all 
samples were washed with de-ionized water in order to remove free surfactant and CNT residue. The pellicles were 
dried in a fume hood. 

The total thicknesses of the dried BC films were 25-65 µm as measured by a standard micrometer with ±1µm 
accuracy. A scanning electron microscope (SEM) has been used to observe the surface morphology of the samples 
(Zeiss Leo Ultra 55 FEG SEM and Zeiss Supra 60 VP SEM). The electrical conductivity measurements were 
performed by using a four-point probe system (CMT-SR2000N, AIT, Korea). In order to study the 
electromechanical properties of BC modified with DWCNT, constant tensile stress was applied using the Material 
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Testing Instrument (Series 5500) and the change in resistance was registered by a standard multimeter (Agilent 
34401A). 

3. Results and discussion  

Due to the rather closed porous structure and small pores in the BC matrix, CNTs cannot penetrate into the cellulose. 
As a result, two asymmetric conductive layers were form on the different sides of the BC pellicles (figure 1A). 
Samples which were modified with MWCNT were uniformly black whereas the BC pellicles which are modified 
with DWCNT contain parts which are unmodified and transparent. The diameter of the BC fibers is 40-80 nm (Fig 1 
B). According to SEM the CNT diameter is 6-8 nm for DWCNT and 14-16 nm for MWCNT (figure 1B-D). 
MWCNT are more homogeneously distributed on the BC surface comparing to DWCNT (figure 1D and 1C) which 
points to formation of better dispersion by MWCNT 

 

 

Figure2. Electrical conductivities of bacterial cellulose samples modified by DWCNT (A) and MWCNT (B) as a 
function of immersion time.  Dependence of the fractional resitance on the fractional extension for BC sample 
modified with DWCNT during 72 h (C) and 24h (D). 

3.1. Electrical conductivity measurement 

The electrical conductivity of the cellulose modified with DWCNT and MWCNT appears to be affected by 
changing the volume and the concentration of the dispersions and by increasing the immersion time. In the case of 
the sample modified with lowest concentration and volume an increase the immersion time did not give any 
significant effect on the electrical conductivity of the modified BC pellicles. In this case, it seems that saturation 
capacity of cellulose for 1mg/ml DWCNT dispersions is not enough to form the conductive layer. However, by 
increasing the CNT concentration and volume, conductivity raise significantly with the immersion time (figure 2A) 
pointing to the substantial increase of the saturation capacity; the highest conductivities have been obtained for the 
pellicles modified in the 30 ml of 2 mg/ml solutions. 

The conductivity of the BC pellicles has been increased by one order of magnitude when the modifying agent was 
changed from DWCNT to MWCNT (figure 2B). Results received could be explained with formation of more 
homogeneus dispersions by MWCNT which is probably caused by higher CTAB/CNT surface ratio for MWCNT 
(specific surface area 115 m2/g [10]) comparing to DWCNT (specific surface area>500 m2/g ). 
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3.2. Electromechanical measurement  

For strain sensor applications, we need to have a material which is able to transfer strain into an electrical signal 
with high sensitivity. Figure 2C shows the relatively large fractional increase in resistance with the fractional 
extension obtained by the application of tensile force for two samples of DWCNT modified nanocellulose. These 
two plots are related to the samples which are modified in different concentration of DWCNT dispersed solution. 
The nanocellulose pellicle which is modified with a higher concentration of DWCNT shows higher sensitivity to an 
increase in the strain. 

In addition to the concentration of dispersed CNTs, the immersion time of the sample is another factor which 
appears to affect the sensitivity of the BC pellicles. Comparing figures 2C and 2D shows that by increasing the 
immersion time from 24 h to 72 h, the sensitivity of the resistance to the fractional extension is increased. 

4. Conclusion  

Flexible DWCNT and MWCNT-incorporated films have been prepared by treatment of bacterial cellulose in 
dispersed CNT solutions in the presence of CTAB. The effects of the dispersion procedures were observed by 
measuring the electrical conductivity of the resulting BC films. We show that the conductivity of the pellicles is 
related to the modification conditions such as the volume and concentration of the CNT solution, immersion time 
and also to the type of modifying agent, where the MWCNT modified BC shows significantly higher electrical 
conductivity than the DWCNT modified pellicle under the same processing conditions. 

Electromechanical measurements show that there is a strong sensitivity of the sample resistance to strain, implying a 
piezoresistive response of the material. This sensitivity seems to be related to the modifying conditions; samples 
which have been modified in higher concentration CNT solutions show a higher strain sensitivity. 
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