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A B S T R A C T   

In this work we present a simple, inexpensive, and easily scalable industrial paper process to prepare sheets of 
conductive cellulose fibers coated with polyanilines. First, bare fibers were coated by in situ oxidative poly-
merization of polyaniline then, the resulting composite fibers were used to fabricate electroactive sheets. The 
resistivity of the sheets is 14 ± 1 Ω sq− 1, a value around 1000 times lower than those reported in literature. The 
superior electronic proprieties of the sheets were demonstrated by assembling a capacitive touch sensor device 
with optimized geometry. The touch sensor shows an increase of 3–4 % of the starting electric capacity after 
compression and a fast response time of 52 ms. To our knowledge this is the first time that a device is prepared in 
this way and therefore, the herein presented results can bring an significant improvement in the development of 
low-cost, green and high-tech electronic devices.   

1. Introduction 

In the current world, several daily life actions are eased by the 
presence of electrical devices but only 20 % of these appliances is 
correctly recycled. Many landfills continue to be stuffed with unwanted 
electronics and workers are exposed to hazardous and carcinogenic 
substances during informally recycling processes in developing coun-
tries. As new products are consumed by hungry customers wanting the 
latest and greatest technology, the sheer volume of these daily produced 
discarded materials makes this task apparently insurmountable (EU 
Report, 2020). 

Research efforts are focused on the development of an alternative to 
traditional electronics that should be low-cost, degradable, compost-
able, and made from environmentally nontoxic substances. As a candi-
date, cellulose is one of the most investigated raw materials, mainly 
because of high abundance on Earth, biocompatibility, porosity, high 
flexibility and light-weight (Khan, Abas, Kim, & Kim, 2016; Luo & 
Huang, 2014). In addition, its low price (about 0.1 cent dm− 2) (Tobjörk 
& Österbacka, 2011) and its recyclability make cellulose an economi-
cally very viable option (John, Mahadeva, & Kim, 2010; Kanaparthi & 
Badhulika, 2017; Tian, Qu, & Zeng, 2017). Despite its high surface re-
sistivity at relative humidity of 20–40 % (typically 1011-1015 Ω sq-1) 

(Tobjörk & Österbacka, 2011), it can be used as support to produce 
conductive paper that can be exploited in a wide range of applications, 
including supercapacitors, microfluidic systems, diagnostic devices, 
actuators and sensors (Kanaparthi & Badhulika, 2017; Luo & Huang, 
2014; Sanandiya, Vijay, Dimopoulou, Dritsas, & Fernandez, 2018; Wang 
et al., 2018). 

Two different approaches to prepare conductive paper are described 
in literature. In the first one, organic or inorganic conductive, semi- 
conductive and dielectric printable materials is deposited on paper 
employing screen, inkjet printing or flexographic techniques (Tobjörk & 
Österbacka, 2011). The second approach consists in embedding 
conductive materials such as functionalized multi-walled carbon nano-
tubes, inorganic nanoparticles and conducting polymers (CPs) in cellu-
lose fibers making them conductive (Das, Mai, & Duan, 2019; Gu & 
Huang, 2013; John et al., 2010; Khan et al., 2016; Pang et al., 2016; 
Rafatmah & Hemmateenejad, 2020; Silva et al., 2019; Sharma, Pareek, 
Rohan, & Kumar, 2019; Tobjörk & Österbacka, 2011; Yan et al., 2016; 
Zhang, Yang et al., 2019; Zhang, Wu et al., 2019; Zang et al., 2018). 
Conducting cellulosic fibers produced by coating with CPs (i.e. poly-
aniline (PANI), polypirrole (PPY), poly(3,4-ethylenedioxythiophene) 
(PEDOT) etc.) are being explored for various applications including 
supercapacitors, batteries, transistors, conductive wires, actuators and 
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touch sensors (Aguado, Murtinho, & Valente, 2019; Ma, Wang, & Yu, 
2020; Tobjörk & Österbacka, 2011). 

In this scenario PANI is particularly interesting because of its low 
cost, easy preparation, good environmental stability and tunable elec-
trical properties by varying its oxidation state (Shoaie et al., 2019; Singh 
& Shukla, 2020; Tobjörk & Österbacka, 2011; Tanguy, Thompson, & 
Yan, 2018; Wang, Liu, Han, & Li, 2019). In situ polymerization is the 
most popular way of depositing PANI on cellulosic fibers. Different 
methods can be employed depending on the types of fiber, oxidants, 
medium, dopants, monomers, concentration used, processing steps and 
parameters (John et al., 2010; Ke et al., 2019; Ma et al., 2020; Singh & 
Shukla, 2020). 

Herein we first report the preparation of cellulose/PANI fibers (Cell/ 
PANI-F) in which PANI, in the form of protonated conductive emer-
aldine salt, was obtained by a simple in situ oxidative polymerization of 
aniline on bare cellulose fibers in acidic media (Ke et al., 2019; Ma et al., 
2020; Masood et al., 2019). Successively, the fibers were assembled to 
give electroactive sheets (Cell/PANI-S) with different thickness and re-
sistivity: 1.25 mm with a resistivity of 14 ± 1 Ω sq− 1 (0.5 S cm− 1) or 0.4 
mm with a resistivity of 237 ± 9 Ω sq− 1 (0.1 S cm− 1). Finally, differently 
from those reported in the literature which are normally of resistive type 
(Shao et al., 2014; Tao et al., 2017), capacitive touch sensors (Cell/-
PANI-TS) with an optimized geometry were assembled. Both electro-
active sheets and touch sensors were prepared using an industrially and 
easily scalable paper process provided by the industrial group Cromatos 
s.r.l. (https://www.cromatos.com). 

The capacitive touch sensors were finally interfaced with Arduino 
UNO developed board to investigate their dynamic response. All mea-
surements have been conducted at room temperature and in natural 
environment humidity after that the Cell/PANI-S or the Cell/PANI-TS 
were kept in air at room temperature for 24 h. 

2. Results and discussion 

2.1. Preparation and characterization of Cell/PANI-F and Cell/PANI-S 

The modification of bare cellulosic fibers with PANI was obtained via 
a simple in situ oxidative polymerization of aniline in acid media, as 
described in the experimental section (Fig. 1). 

Scanning electron microscopy (SEM) images of bare cellulose fibers 
and Cell/PANI-F are reported in Fig. 2. 

From the SEM images it can be seen that pure Cell-F (Fig. 2A-A’’) 

displayed a very clean and smooth morphology, whereas the Cell/PANI- 
F displayed a relatively rough surface (Fig. 2B-B’’) due to the presence of 
PANI. The PANI layer showed a relative compact morphology and is 
homogeneously wrapped around the cellulose fibers with a thickness 
around 4.4 μm, as observable in Fig. 2C. SEM image and EDS element 
mappings of Cell/PANI-F sample are presented in Fig. 3. Within the 
elemental maps, the C signal originates from the cellulose fiber and 
PANI; O signal comes from cellulose fiber and the N signal, homoge-
neously distributed on the cellulose fibers, uniquely indicate the PANI 
regions. 

The PANI average amount on cellulose fibers was measured using the 
Kjeldahl method after digestion of the Cell/PANI-F sample and resulted 
22.3 wt%. 

The conductive sheets Cell/PANI-S were prepared from the Cell/ 
PANI-F, using a protocol commonly employed for coloring paper with 
acid dyes (Supplementary Information, SI and Scheme S1) (Cartari, 
2003). In order to maintain the polyaniline in the oxidized state 
(emeraldine salt), the modified fibers were immersed in a 25 % 
Al2(SO4)3 aqueous solution kept at ca. pH 3.0. Successively, after being 
partially dried in a square sieve and kept in a press at 50 bar for 10 s, 
sheets of 200 g for square meter (200 gsm) and a thickness of 0.40 mm 
were obtained. Alternatively, thicker sheets (1.25 mm; 630 gsm) were 
prepared in a similar fashion. 

The ATR-FTIR spectrum of Cell/PANI-S (Fig. 4) shows all the char-
acteristic peaks attributed to PANI: the stretching vibrations of benzoid 
N–B–N and quinoid N––Q––N structures show up at 1443 and 1564 
cm− 1, separately. The absorption band at 1290 is ascribed to proton-
ation of PANI. Bare cellulose shows the characteristic absorption peaks 
at ca. 3300 cm− 1 attributed to the stretching of hydroxyl groups ν(− OH) 
and 2900 cm− 1 attributed to the stretching of C–H groups; moreover, in 
the region of 1300 cm− 1 the − OH bending and the C–O antisymmetric 
bridge stretching are present and the strong bands around 1000 cm− 1 

due to the C–O–C pyranose ring skeletal vibration are observed (Cases, 
Huerta, Garcés, Morallón, & Vázquez, 2001; Chougale, Thombare, 
Fulari, & Kadam, 2013; Dhibar & Das, 2014; Liu et al., 2005). 

2.2. Cell/PANI-S electrical features 

The Cell/PANI-S conductivity was evaluated by 4-line-probe mea-
surements with a home-made sample holder (Fig. S1) to avoid the 
contribution due to contact resistances. In order to evaluate the repro-
ducibility of the system, the effect of different morphologies and the 

Fig. 1. A) Schematic representation of the oxidative polymerization of aniline with ammonium persulfate [(NH4)2S2O8, APS] in acid media; B) Image of Bare Cell-F 
(white) and Cell/PANI-F (black) after filtration and drying. 
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Fig. 2. SEM images of bare Cell-F (A, A’, A’’) and Cell/PANI-F (B, B’, B’’) at 1000 X, 6000 X and 5000 X magnification, respectively; C) Cross-section of Cell/PANI-F 
at 10000 X magnification. 

Fig. 3. SEM image (A) and EDS elemental map of CELL/PANI-F for Carbon (B), Oxygen (C) and Nitrogen (D).  
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influence of the environmental conditions during the real use, the 
electrical characterization was performed, for each thickness, at 
different times, on three different paper sheets at room temperature and 
balanced with the surrounding atmosphere. As expected, it was found 
that the conductivity of Cell/PANI-S depends on the sheet thickness 
being 0.105 ± 0.004 S cm− 1 for a thickness of 0.40 mm and 0.56 ± 0.06 
S cm− 1 for a thickness of 1.25 mm; in the latter the value is only one 
order of magnitude lower than the highest values reported for pristine 
PANI. It is important to underline that our preparation method allows to 
obtain single cellulose fiber well covered with PANI which lead to higher 
conductivity values (or similar, depending from the thickness) than 
those achievable by all the conductive papers presented in literature, as 
evident from the data reported in Table 1. Moreover, the small standard 
deviation suggested the small influence of the external environmental 
variation (i.e. humidity and temperature). 

In order to clearly demonstrate the excellent conductivity of Cell/ 
PANI-S, two 1.25 mm thick paper sheets were successfully used as 
wires to transport the current necessary to power a LED with an applied 
voltage of 2.0 V (Fig. 5). 

2.3. Cell/PANI-TS assembling and performance 

Cell/PANI-TS was prepared by an industrial assembling method 
coupling a Cell/PANI-S (0.4 mm, 200 gsm) suitably cut with scissors in 
the required shape and a cellulose sheet (0.4 mm, 200 gsm), as described 
in the experimental section. By maintaining the composite under a 50 
bar pressure for 10 s, a device with a thickness of 0.80 mm has been 
obtained as reported in Fig. 6 and Scheme S2. Dimensions and shape of 
the built circuit can be easily varied as reported in Fig. S2. 

The tensile strength of the Cell/PANI-TS has been measured and the 
resulting data compared with those obtained for Cell/PANI-S and bare 
Cell-S. The average value, obtained with three different samples, are: 
11.5 ± 0.4 MPa, 1.2 ± 0.4 MPa and 5.0 ± 0.3 MPa, respectively. 

To understand the functionality of the capacitive touch sensor, an 

experimental test has been set up using a home-made equipment which 
allows to exercise and control the pressure given on the touch sensor 
with a step by step motor. The pressure was applied by keeping the 
position unchanged, and the whole area of the touch sensor was stim-
ulated. Then the force-weight at each single advance step of the motor 

Fig. 4. ATR-FTIR spectra of bare Cellulose (black), PANI (red) and Cell/PANI-S (blue); inset: enlargement in the range 1900− 700 cm− 1. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article). 

Table 1 
Comparison of the conductivity of different samples based on PANI.  

Material Synthesis Conductivity 
(S cm− 1) 

Ref. 

Cell/PANI-S In situ synthesis on the 
cellulose pulp 
(1.25 mm thickness) 

5.6 ± 0.6 10− 1 This work 

Cell/PANI-S In situ synthesis on the 
cellulose pulp 
(0.4 mm thickness) 

1.05 ± 0.04 
10− 1 

This work 

Rice pulp/PANI In situ synthesis on the 
cellulose pulp 

2.5 10− 5 (Youssef, 
El-Samahy, & 
Abdel Rehim, 
2012) 

Pineapple 
fibers/PANI 

In situ synthesis on the 
cellulose pulp 

3.0 10− 4 (Razak & Sharif, 
2014) 

Cellulose pulp/ 
PANI 

In situ synthesis on the 
cellulose pulp. 
Chemiometric 
optimization 

1.5 10− 2 (Sharifi, 
Zabihzadeh, & 
Ghorbani, 2018) 

CA 
electrospun/ 
PANI 

In situ polymerization 
onto electrospun 
cellulose membrane 

1.0 10− 1 (Baptista et al., 
2018) 

Cellulose/PANI Dispersed Cellulose +
PANI 

4.7 10− 8 (John et al., 2010) 

Ink-jet printed 
PANI 

Ink composed by PANI 
nanoparticles 

4.0 10− 4 (Ngamna et al., 
2007) 

Thin PANI film 
on filter 
paper 

In situ polymerizzation 
on masked paper sheet 

1.0 10− 3 (Gao, Ota, Kiriya, 
Takei, & Javey, 
2019) 

PANI bulk  1-5 (Teo et al., 2019)  
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was measured and the capacity was recorded at the same time with 
Arduino UNO board (see Figs. S3–S7 and Scheme S3 for details). 

Three Cell/PANI-TS samples with different geometries were tested 
(Fig. 7). For each, the capacitive component was measured without any 
touch interaction and during the dynamically induced increasing pres-
sure up to a maximum value of 22 kPa (saturation level). The Cell/PANI- 
TS was excited by a square wave through the Weight Force Generator 
(WFG) while the out-put signal was observed with the oscilloscope and 
acquired with Arduino UNO development board, as described in SI. All 
three touch sensors have a starting capacity of about 93− 94 pF and 
different saturation capacity depending on the geometry employed, 
however an increase of 3–4 % of the initial value after pressure exertion 
is always obtained. Fig. 7 shows the results of the tests reporting ΔC/C0 
% vs pressure, where ΔC is (CP-C0), CP and C0 correspond to the capacity 
with and without pressure (Cataldi et al., 2018; Tao et al., 2017; Yu, 
Tang, Cai, Ren, & Tang, 2019; Zang et al., 2018). 

From the data comparison, it can be observed that the geometry 
heavily affects the response as shown in Fig. 7. A-type sensor shows two 

different linear trends with a sensitivity, defined by (CP-C0)/C0/P where 
P is the used pressure (Tao et al., 2017; Yu et al., 2019; Zang et al., 
2018), of 0.66 kPa− 1 in a small pressure range (0–2 kPa) and 0.012 
kPa− 1 in a large pressure range (2–20 kPa) (Fig. S8). On the contrary, the 
C-type sensor curve follows a logarithmic trend with equation y = 0.598 
ln(x) + 1.724; R2 = 0.954 (Fig. S9) and shows sensitivities of 2.34 (0.45 
σ%), 1.37 (0.44 σ%) and 0.19 (0.44 σ%) kPa-1 at pressures of 0.5, 2 and 
20 kPa, respectively (average of five different measurements). Under 
each pressure both sensors display a good and stable response. Finally, 
B-type sensor present a different behavior which cannot be traced back 
to a simple mathematical expression. Due to its logarithmic behavior, we 
have chosen to carry out the repeatability and stability tests only on 
C-type sensors, recording, for each device, six independent ΔC/C0 % vs 
pressure curves, at different periods. The results shown in Fig. S10, 
indicate a good reproducibility under all pressure range without a 
noticeable degradation of the performances. 

Finally, a pressure around 6 kPa was used to examine the sensors 
time response revealing a response time of 52 ± 1 ms. 

3. Conclusions 

To the best of our knowledge, for the first time, an easily scalable 
industrial paper process is here proposed to produce conductive paper 
sheets with excellent electrical performances as demonstrated by the 
success of their use in the fabrication of capacitive touch sensors. This 
method can provide an enormous improvement in the field of low-cost 
electronic technology. The electroactive sheets exhibit a conductivity 
around five times higher than those reported in literature for similar 
systems and can be employed to light a LED with an applied potential of 
2.0 V, highlighting the outstanding electrical performances of these 
composite materials. The capacitive touch sensors show a very quick 
response time (52 ms) and a sensibility that can be easily modulated by 
changing the geometry of the device. 

Fig. 5. Experimental setup with Cell/PANI-S (1.25 mm) and LED.  

Fig. 6. Cell/PANI-TS: SEM image of the cross section and assembled circuit.  
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4. Experimental section 

4.1. Materials 

All chemicals and solvents are ACS reagent grade, were purchased 
from commercial vendors and used directly unless otherwise stated. 
Sulfuric acid (H2SO4, 95.0–98.0 %), ammonium persulfate 
[(NH4)2S2O8), ≥ 98 %] and aniline (≥ 99 %), were purchased from 
Sigma-Aldrich (now Merck KGaA, Darmstadt, Germany); aniline was 
distilled under nitrogen prior to use. Citric acid (≥ 99.5 %) was pur-
chased from VWR Chemicals (Vienna, Austria); a solution of ca. 25 wt% 
of Al2(SO4)3 in water (commercial name FLOCLINE S8C) was purchased 
from Bio-Line s.r.l. (Milano, Italy). Bare cellulose fibers (pine tree long 
fiber with sulfate treatment) were kindly provided by Cromatos s.r.l. 

(Forlì, Italy). 

4.2. Preparation of Cell/PANI-F 

In a 1 L round bottom flask, 2.5 g of bare cellulose fibers were 
dispersed in demineralized water (250 mL) for 30 min; successively a 
solution made of 2.5 mL of aniline in 150 mL of 1.0 M citric acid 
(C6H8O7) was added to the fiber suspension and stirred for 3 h at room 
temperature. In turn, the oxidative polymerization was carried out 
adding dropwise to the stirred suspension, previously cooled to 0 ◦C in 
an ice bath, a solution of 7 g of (NH4)2S2O8 dissolved in 200 mL of 1.0 M 
citric acid. After 24 h the coated fibers were filtered in a Buchner funnel 
and washed several times with 1.0 M citric acid solution. The conductive 
fibers were dried in air atmosphere for 24 h; see Scheme 1 for details. 

Fig. 7. Cell/PANI-TS with different geometry and related change of capacity with pressure curves.  

Scheme 1. Preparation steps for Cell/PANI-F.  
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4.3. Preparation of Cell/PANI-S 

10 g of Cell/PANI-F were added to 1.0 L of an acid solution (ca. pH 
3.0, 25 wt% Al2(SO4)3 in demineralized water) and stirred for 5 min. The 
fibers were partially dried in a square sieve (21.0 cm x 14.8 cm size). The 
sheet was pressed at 50 bar pressure (P50 AXA manual hydraulic press) 
for 10 s to obtain the Cell/PANI-S (200 gsm, 0.40 mm thickness). 
Similarly, a 1.25 mm thick sheet was prepared by using 30 g of fibres 
(see Scheme S1 for the industrial steps details). 

4.4. Preparation of Cell/PANI-TS 

The wet coupling method employed in the paper industry to produce 
sheets of paper with variable thicknesses or with greater resistance was 
used to prepare the Cell/PANI-TS samples. A Cell/PANI-S of 0.40 mm 
thickness was cut in the desired shape and coupled with a cellulose sheet 
(th. 0.40 mm) moistened with water. The two sheets were then pressed 
(50 bar, 10 s) and dried at 80 ◦C for 10 min. The electrical connections 
were made afterwards with copper adhesive tape and silver glue, see 
Scheme S2 for details. The whole six-steps preparation from fibers to 
touch sensor is reported in Scheme 2. 

4.5. Instruments 

ATR-FTIR analyses were performed using a Perkin Elmer Spectrum 
Two spectrophotometer, equipped with a Universal ATR accessory, with 
a resolution of 0.5 cm− 1 in the range 4000-400 cm− 1. The samples were 
directly analyzed performing 40 scans for any analysis. 

The determination of PANI amount in Cell/PANI-F was performed 
with an automatic Kjeldahl Nitrogen Analyzer (Gerhardt Bonn). The 
Kjeldahl analysis was carried out on four Cell/PANI-F samples and a 
blank sample (cellulose bare fibre treated exactly as the Cell/PANI-F) 
using the following protocol. 1.0 g of each sample was put in a glass 
weighing flask and placed in a Kjeldahl test tube. A catalyst tablet (1 
tablet contains 3.5 g of K2SO4 and 3.5 mg of Se) (Kjeldahl tablets, 
1.18649 Supelco, Merck), 20 mL of concentrated H2SO4 (sulfuric acid 
95–98 %, ACS reagent, 258105 Sigma-Aldrich) and 4 glass spheres were 
then added. The test tubes were heated to 350 ◦C for 5 h. The final so-
lution must be clear and colourless. Finally, the test tubes were inserted 
in the Kjeldahl titration instrument and the potentiometric titration 
automatically start with 0.100 M HCl in presence of an acid basic 

indicator (a mixture of methyl red and bromocresol green). 
SEM images were recorded at 25 kV with a Sem Zeiss EVO 50 EP 

equipped with Oxford INCA 350; EDS Sprectrometer equipped with a 
Bruker Z200 energy dispersive microanalysis (EDX) system was used for 
semi-quantitative chemical analysis and mapping. 

Tensile strength measurements have been carried out on a LBG 
UDI24Pro Instrument with a traction speed of 1 mm min− 1. The samples 
have been prepared following the TAPPI method reported in the liter-
ature (Muchorski, 2006) by cutting the different sheets (cellulose, 
Cell/PANI-S and Cell/PANI-TS) into rectangles with a central size of 2 ×
15 cm and 2.5 cm for each sides for the crimping points. 

4.6. Electrical measurements 

Cell/PANI-S resistance was measured with a keysight B2902A source 
meter units in a 4-line-probe configuration by exploiting a home-made 
holder that is composed by 4 parallel copper electrodes on a glass 
slide (Fig. S1). The sample was prepared with a rectangular shape and 
was held down with an insulating material by exerting a uniform pres-
sure on all the surface. The inner electrodes measure the difference of 
potential while a constant current flow was forced between the two 
outer electrodes. The measurements were performed at different current 
values (100, 200, 300 μA) and a line passing from the origin was always 
obtained. The resistance (R) was calculated with the Ohm’s law and the 
sheet resistance (R◼) is equal to: 

R∎ = R
W
L  

Where W and L are the width and the length, respectively. 
The specific resistance (ρ) can be calculated by: 

ρ = R∎ t  

Where t is the thickness. The specific conductance (κ) is calculated by: 

κ =
1
ρ  

4.7. Test execution for capacitive vs pressure curves 

In order to standardize the measurements, a nitrile rubber (Buna-N, 
Perbunan - NBR) was chosen as dielectric material and was interposed 

Scheme 2. Six-steps preparation for cellulose/PANI touch sensor preparation.  
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between the pressure generator and the sensor (Cataldi et al., 2018). The 
sensor was housed in the appropriate seat apparatus reported in Fig. S4 
and a force-weight was exerted with an increase step of 1.0 g (subse-
quently converted into Pascal) on the whole sensor surface and the ca-
pacity was recorded at the same time. 
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