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Carbon ash waste obtained from an Iraqi factory was converted into poly (vinyl alcohol) (PVA)-based
composite materials intended for sensor applications. The carbon ash was ground, sieved through a
0.045 mm mesh, suspended in distilled water, and subsequently sonicated for 3 hours. The material
was then dried at 100 °C for 15 min. Surface modification was carried out using acetic acid (S1),
hydrochloric acid (S2), and sulfuric acid (S3) prior to embedding the modified carbon ash into the
PVA matrix to form polymer composites. FTIR spectra showed absorption bands attributed to
oxygen-containing functional groups, which improved the interaction between the polymer and
carbon ash, particularly in the S3 sample. Electrical conductivity increased to 15.1 S-cm™ for S3. Hall
effect results indicated an increase in both carrier mobility and carrier concentration in the
acid-treated composites. Cyclic voltammetry showed that the S3 sample had the most pronounced
electrochemical response, consistent with its enhanced chemical and electrical properties.
Morphological analysis indicated improved filler dispersion in the acid-treated composites, which
exhibited a more uniform microstructure, particularly for S3. The pressure sensors fabricated from
these materials demonstrated enhanced electromechanical performance, with S3 achieving the

highest sensitivity and good structural stability.

1. Introduction

Flexible strain sensors are extensively studied for
wearable electronics, electronic skin, and robotics due to
their lightweight structure, bendability, sensitivity, and ease
of fabrication [1]. These sensors are used for health
monitoring, soft robotics, and enhanced human-machine
interaction [2-5]. Their performance relies on the efficient
conversion of mechanical deformation or pressure into
electrical signals. This performance is strongly influenced
by the material composition and processing conditions.
Unlike conventional rigid sensors based on metals or metal
oxides, polymer-based sensors can easily adapt to natural
body motions, such as bending, stretching, and twisting,
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owing to their flexibility and biocompatibility, which enable
smooth integration with the human body as skin-like
materials. Such materials can move naturally and
comfortably with human skin during everyday activities [6].
A low-cost, flexible sensor that detects strain through
piezoresistive, capacitive, and impedance responses can be
fabricated using screen printing of carbon black:PVA ink
onto cellulose paper [1], its performance has been
compared with that of a commercial carbon-ink sensor. The
significant growth in the use of flexible electronics, which
are often made from materials with slow degradation rates
such as plastics, increases electronic waste and raises
environmental concerns [7, 8]. Therefore, different natural
and eco-friendly alternatives have been investigated for
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wearable electronics applications, such as paper [9], gelatin
[10], and silk-based proteins [11].

Among polymer materials, poly (vinyl alcohol) (PVA) is
a promising alternative; it exhibits excellent film-forming
ability, biocompatibility, mechanical flexibility, and
straightforward processability [12]. To further improve
PVA-based composites, carbon-based fillers such as carbon
ash (CA), a low-cost byproduct of combustion, offer a
sustainable solution. However, weak interfacial interactions
between untreated carbon ash and the polymer matrix often
limit performance improvement. One effective approach to
address this issue is chemical functionalization, which
enhances filler dispersion, compatibility, and bonding
within the polymer matrix [13].

Common acid treatments using acetic acid, hydrochloric
acid (HCI), and sulfuric acid (H,SO,) introduce
oxygen-containing functional groups, such as carboxyl,
hydroxyl, and sulfonic groups, onto the carbon surface [14,
15]. These functional groups improve polymer-filler
adhesion and enable tuning of the electrical and structural
properties of the composite. In this work, carbon ash is
utilized because of its attractive structural characteristics
and availability as a recyclable industrial waste material.
The accumulation of fly carbon ash creates serious disposal
challenges, which motivates recycling approaches [16]. The
results of this study may provide a new route for recycling
fly ash generated in Iraqi industrial factories.

Previous research supports this direction. Several
studies have demonstrated the usefulness of PVA-based
composites in flexible sensors. Liu et al. [17] evaluated
PVA/carbon-based composites in paper electronics and
showed that PVA provides adjustable flexibility while
carbon fillers enhance the electrical conductivity of the
composite. Other studies have reported [18] the fabrication
of a paper-based piezoresistive sensor using carbon
materials and PVA that remains sensitive even under humid
or underwater conditions. Furthermore, Han et al. [19]
examined PVA/carbon composites as strain sensors,
developing a sensor capable of self-sensing resistance
changes under applied strain, which provides useful
concepts for paper-based strain sensors. Although
carbon-based conductive fillers in PVA matrices have been
extensively reported, the present work utilizes industrial
carbon ash waste as a low-cost, sustainable, and
environmentally beneficial conductive filler, instead of
commercially processed carbon nanomaterials. Unlike
conventional fillers such as graphene, carbon nanotubes
(CNTs), or carbon black, the material used here originates
from industrial waste byproducts, thereby promoting the
recycling of waste materials in the fabrication of flexible
Sensors.

Raw Waste:
Industrial Carbon Ash

L
L
: Application: Coating cellulose

Fabrication of a Paper-based pressure sensor paper

Fig. 1. Chemical transformation of waste ashes into a flexible sensor.

1.1.Sample preparations and properties

A PVA solution was prepared by dissolving 2 g of PVA in
100 mL of distilled water to serve as the matrix material for
the composite samples as shown in Figure 1. The PVA
solution was stirred at 60 °C for 2 h until a homogeneous,
gel-like solution was obtained. The FCA samples (S1, S2,
and S3) with a mass of 100 mg were gradually added to 10
mL of the PVA solution and initially mixed manually to
prevent agglomeration and improve dispersion.
Subsequently, the FCA:PVA mixture was stirred vigorously
to achieve a uniform dispersion of FCA within the PVA
matrix. Figure 2 illustrates the schematic diagram of the
functionalization and dispersion of FCA in the PVA matrix.
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Fig. 2. The functionalization and dispersion of carbon ash within the
PVA matrix.
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2. Results and Discussions

2.1.FTIR Spectra

To analyze the chemical groups in the FCA:PVA samples,
Fourier Transform Infrared (FTIR) Spectroscopy was used
as a non-destructive method. The FTIR spectra shown in
Figure 3A and the functional groups in Table 1 demonstrate
the characteristics of the pure and acid-treated samples. In
all samples, a broad band around 3450 cm™! is observed,
which is mainly related to the O-H stretching from hydroxyl
groups and absorbed moisture. This suggests a strong
hydrogen bonding between the PVA-PVA molecules and
PVA molecules-CA surface [20]. The alkyl chains related to
PVA are observed near 2900 cm-}, which is attributed to the
C-H stretching. This band is clearly visible in the pure, S1,
and S2 samples but is noticeably weaker in S3. This
suggests modifications in the PVA structure and stronger
filler interactions. A weak C=0 stretching band around
1700 cm, typical of PVA vinyl ester groups, is observed in
all samples [21]. In addition, bands in the 1400-1450 cm™
range, related to C-H bending vibrations, become stronger
in the acid-treated composites, especially S1-S3, indicating
structural modification and improved polymer-filler
bonding [22]. Bands in the 1250-1360 cm! are assigned to
C-0-C and other PVA-related groups, such as acetyl or ether
bonds. The peaks between 1020 and 1120 cm? are
sensitive to PVA crystallinity and related to C=0 stretching.
This stretching is related to the C-0-C of acetyl groups in
PVA [22, 23]. They become noticeably weaker in the S3
sample, which suggests an effective cavity filling within the
PVA structure and lowers its crystallinity. This indicates
enhanced dispersion and strong crosslinking between PVA
and S3 (Fig. 3B) [24]. Notably, the H2SO4-treated sample
(S3) shows an overall decrease in peak intensity in some
regions. This indicates improved carbon surface
purification. This is likely to contribute to its enhanced
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electrical performance. These changes indicate strong
interfacial bonding, mainly through hydrogen bonds
between the hydroxyl groups of PVA and
oxygen-containing functional groups on the CA surface
[25-27]. In addition to surface functionalization, the
acid-washing process is also expected to remove residual
inorganic impurities and weakly bonded amorphous
species from the CA surface. Such purification can expose
additional active carbon sites and facilitate stronger
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interactions with the PVA chains. Therefore, the FTIR
changes observed in the treated samples, particularly S3,
suggest that acid treatment induces both chemical
modification and surface cleaning, which together improve
matrix-filler compatibility. Moreover, the bands in the
800-900 cm™ range, usually associated with C-H
out-of-plane bending in aromatic structures or related ring
vibrations [28].

(B)

Vacancy Filling Mechanism

t¢¢¢¢¢¢¢gﬁ¢¢
Rt ot

44+ IV 14444
R R R
++ 59+ 444940
+4F2 400t 4444
44449534949

Fig. 3. (A) FTIR spectra of FCA:PVA composites with different functionalization, (B) An illustration of the vacancy filling mechanism to make good

cross-linking between the PVA and S3 within the composite.

Table 1. FTIR Peak Assignments for FCA:PVA Composites.

Wavenumber

(cm") Assignment Ref
~3450 0-H stretching (hydroxyl, moisture) [29]
~2900 C-H stretching (alkyl) [30]
~1700 C=0 stretching (vinyl ester) [31]
~1400-1450 C-H bending and wagging [32]
~1250-1360 C-0-C (like acetyl in PVA or ether 32]

groups)

~1020-1120 C—O—C_st.retchmg (acetyl, PVA [33]

crystallinity)

~800-900 C=C _bendmg (weak bands) and C-H [33]

bending

The FTIR observations indicate that acid treatment not
only alter the surface chemistry of CA through the
introduction of oxygen-containing groups but also modifies
its compatibility with the surrounding PVA chains. The
treated samples show stronger matrix-filler interaction,
which is expected to reduce local voids and facilitate a more
integrated composite structure. Such physiochemical
modification is important for constructing stable
conductive pathways within the polymer matrix.
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2.2. Electrical Conductivity

The electrical conductivity of the composites was
examined using current-voltage (I-V) measurements to
assess their suitability for electronic and conductive
polymer applications. The tests were carried out at room
conditions using a Keithley 2400 source meter controlled
by LabVIEW. A voltage sweep from -1 Vto +1 V was applied
to each sample. As shown in Figure 44, all samples exhibit
linear I-V curves, indicating Ohmic behavior and suggesting
that charge transport is mainly governed by bulk
conduction within the composites. The electrical
conductivity was calculated using the following equation
[27]:

o=L/4p €))
Here, o represents the electrical conductivity, L is the
electrode length, A is the electrode cross-sectional area,
and R is the material resistance, obtained from the slope of
the I-V curve.
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Fig. 4. (A) I-V characteristics and (B) the electrical conductivity of the carbon-based samples.
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The results in Figure 4B show a clear increase in
conductivity after chemical treatment of the CA. The
untreated sample shows the lowest conductivity at 4.1
S/cm. This value increases to 8.6 S/cm for the acetic acid-
treated sample (S1) and 14.0 S/cm for the HCl-treated
sample (S2). The highest value of 15.1 S/cm was for the
sulfuric acid-treated sample (S3). The observed increase in
conductivity can be attributed to the combined influence of
acid-induced surface chemical modification, elimination of
non-conductive impurities, partial structural improvement
of the carbon phase, and enhanced interfacial interaction
between FCA and the PVA matrix. FTIR results suggest that
acid treatment introduces oxygen-containing functional
groups capable of forming stronger hydrogen-bond
interactions with PVA [34]. In addition, the washing
treatment helps purify the carbon surface and reduce
particle agglomeration, thereby promoting the formation
of more continuous conductive pathways. Notably, the

FTIR spectrum of the S3 sample exhibits a significant
weakening of the crystallinity-related bands at 1020 and
1120 cm, indicating reduced PVA chain ordering and
stronger matrix-filler interaction. This behavior is
consistent with the more homogeneous filler distribution
observed in the morphological analysis and contributes to
lower interfacial resistance and more efficient charge
transport throughout the composite. Such a result confirms
strong hydrogen bonds between the hydroxyl groups of
PVA and the oxygen-containing functional groups on the
carbon surface [26,35]. Previous studies revealed that the
acid-treated carbon surface disrupts the semi-crystalline
structure of the polymer by introducing defects and polar
groups, which further facilitates electrical conduction
[26,35]. The dispersion of FCA within the PVA matrix for
enhancing the charge transport pathway has been
demonstrated in Figure 5.

(-]
02 9%,

- @
@
P ive

° o
% ]
40 e~

> A
®g.-®
. >:3

. Uniform
Dispersion

Increase polymer chain mobility

Improve charge transport

Strong molecular level interaction

Fig. 5. The dispersion of FCA within the PVA matrix for enhancing the charge transport pathway.

Also, the sulfuric acid treatment partially purified and
graphitized the CA by reducing the non-conductive
amorphous carbon and increasing sp2-bonded domains,
allowing better m-electron delocalization and higher
conductivity [27]. As a result, chemical functionalization
improves compatibility between the carbon filler and the
polymer matrix and strengthens electrical pathways
throughout the composite.

2.3.Hall Measurements

The Hall effect measurements were used to investigate
charge transport behavior in the studied composites;
samples were prepared with the dimensions of 1.2 cm x 1.2
cm. The pure composite shows a measurable electrical
conductivity of 8.6 S/cm (Fig. 6A). This is attributed to the
weak interfacial interaction between the CA and the PVA
matrix due to the lack of surface functional groups, which
can facilitate partial conductive pathways formed by the
carbon ash particles. This process leads to lower carrier
mobility and carrier density (Fig. 6B and 6C).

In contrast, the acid-treated samples exhibited higher
values of Hall parameters. The S1 sample (acetic acid-
treated) showed a carrier density of 1.04 x 1021 m-3 and a
mobility of 0.516 cm?2/Vs, corresponding to a conductivity
of 8.6 S/cm. The S2 sample (HCl-treated) displayed higher
values, with a carrier density of 1.56 x 1021 m-3 and mobility
of 0.561 cm?/V-s, resulting in a conductivity of 14.0 S/cm.
The S3 sample (H2SOas-treated) exhibited the highest

carrier density of 1.95 x 1021 m-3, mobility of 0.583 cm?/V:s,
and a maximum conductivity of 15.1 S/cm. These Hall effect
results are associated with the overall physicochemical
modification of the CA after acid treatment. Besides
introducing oxygen-containing functional groups, the
treatment removes insulating residues and improves the
conductive quality of the carbon particles, while also
enhancing their distribution within the PVA matrix. As a
result, more continuous low-resistance pathways are
formed, reducing carrier scattering and increasing both
carrier density and mobility. FTIR analysis confirmed the
introduction of oxygen-containing groups, such as hydroxyl
and carboxyl groups, after acid treatment. These groups
enhance hydrogen bonding with PVA, improving filler
dispersion and interfacial adhesion. More continuous and
lower-resistance conduction pathways are formed. This
enables more efficient charge transport. These insights
demonstrate that acid functionalization enhances carrier
density, mobility, and conductivity. This supports the
suitability of these composites for flexible electronics and
electrode applications.

2.4.Cyclic Voltammetry (CV)

Cyclic voltammetry (CV)
performed using a screen-printed carbon electrode
purchased from DropSens, Spain. A volume of ~10 pl from
the CA:PVA solution was drop-cast onto the working
electrode and dried in an oven to remove the solvent and

measurements were
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create a well-adhered, stable film. Potassium chloride (KCI)
solution was used as an electrolyte to cover the screen-
printed electrodes (working, reference, and counter
electrodes) and allow proper electrical contact. Five cycles
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of CV scans were performed within a potential window of -
1to+1 Vatascanrate of 50 mVs-1. The resulting CV curves
shown in Figure 7 are used to estimate the redox behavior
and cycling stability of the studied materials.
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The S3 (H2SOs-treated) shows the strongest
electrochemical response among the studied samples,
which is characterized by the widest CV loop and
observable anodic and cathodic peaks over repeated cycles.
Based on the FTIR analysis, the high concentration of
surface functional groups (such as -OH and -COOH)
introduced by sulfuric acid treatment enhances electrolyte
interaction and facilitates faster electron and ion transfer
[36]. Therefore, the enlarged CV loop and the increased
current response mainly indicate enhanced
electrochemical surface conductivity, improved electrolyte
accessibility, and more efficient electron/ion transfer at the
composite-electrolyte interface. Moreover, it could be
claimed that the results in Figure 6 further support the
highest CV performance of S3. The sample treated with HCI
(S2 sample), the redox activity, the CV loop, and the peak
currents are still high and slightly lower compared to the
S1 sample. This is also in good agreement with the FTIR
results, which confirm the presence of oxygen-containing
groups, and with the results of the S2 sample presented in
Figure 6. In contrast, the S1 sample (acetic acid-treated)
displayed narrower CV loops and the lower current
response, which reflects a limited surface functionalization
and reduced transport charge, as confirmed by FTIR and
Hall measurements.

On the other hand, the untreated sample shows the
weakest CV response, with a narrow loop area and low

S1
Fig. 6. (A) Conductivity, (B) carrier density and (C) Mobility, of the studied composites.

S2 S3

current density, reflecting limited interfacial conductivity
and poor electrolyte interaction, which aligns with its low
conductivity, carrier mobility, and lack of active surface
groups. It should be noted that the observed CV behavior in
the present composites is mainly associated with
interfacial charge transport and capacitive current
response rather than a pronounced faradaic redox storage
mechanism.

2.5.The Morphological Properties of Composites

The surface morphology of the composites was
examined using scanning electron microscopy (SEM),
atomic force microscopy (AFM), and optical imaging; the
results are illustrated in Figure 8. These techniques provide
a clear observation of the surface morphology and an
indication of the FCA dispersion within the PVA matrix, as
well as their integration onto the cellulose structure for all
samples. For the pure sample, the SEM images reveal a
highly irregular and non-uniform surface with clear
particle agglomeration, indicating poor dispersion of CA
within the PVA matrix and weak interfacial interaction.
This behavior is attributed to the lack of polar functional
groups, which limits chemical bonding between CA and
PVA, as confirmed by FTIR results. This agglomeration is
further confirmed by optical and AFM images, which show
clustered particles and phase separation within the PVA
matrix, resulting in increased surface roughness. The high
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surface roughness reflects poor matrix-filler compatibility
and the formation of a heterogeneous structure. Such
agglomeration weakens the interfacial bonding with the
PVA matrix, negatively affecting the mechanical integrity
and overall performance of the composite films [37,38].

In contrast, improved dispersion of CA within the PVA
matrix is observed in the SEM image of the S1 sample
(acetic acid-treated CA), which is mainly due to the
introduction of polar carboxyl groups on the CA surface.
These groups interact with the hydroxyl groups of PVA, as
confirmed by FTIR peaks related to C=0 and -OH groups,
leading to enhanced electrical performance. For the S2
sample (HCl-treated CA), a more interconnected and
compact morphology is observed in the SEM images,
suggesting stronger FCA-PVA adhesion due to increased
hydrogen bonding via surface -OH groups, as confirmed by
FTIR results, and the formation of a more effective
percolation network. The S3 sample (H,SO,4-treated CA)
exhibits the most uniform and densely packed structure in
SEM images among the samples. The strong oxidizing
nature of sulfuric acid introduces a high density of oxygen-
containing functional groups and enhances chemical
affinity with PVA, which results in excellent dispersion and
optimal interfacial contact between the FCA and the PVA
matrix.

These results demonstrate that surface
functionalization of CA is a critical factor for improving
both the structural and electrical properties of PVA-based
composites, with H2S0s4 treatment providing the most
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effective enhancement. The AFM image of the pure sample
confirms the SEM results about the large agglomerates
where a rough surface reflecting poor dispersion is
observed. The S1 sample shows a reduced surface
roughness and smaller surface clusters, indicating better
FCA and PVA dispersion and a more homogeneous surface
with fewer and smaller aggregates, suggesting stronger
interfacial interaction between CA and PVA. Furthermore,
the S3 sample exhibits the smoothest surface among the
other samples with finely distributed, granular domains
and minimal aggregation, confirming excellent dispersion
and strong interfacial bonding between filler and matrix
[39]. This improved morphology is not only related to the
introduction of oxygen-containing surface groups but also
to the reduction of particle agglomeration caused by acid-
assisted cleaning and separation of CA particles during
sonication and centrifugation. The removal of loosely
attached impurities and finer redistribution of carbon
domains after treatment produce a more homogeneous
conductive filler network inside the PVA matrix. These
morphological trends directly correlate with the FTIR and
electrical results. Furthermore, the optical images of the
studied composite (pure, S1, S2, and S3) on the cellulose
paper surface show a smooth surface. This is an important
finding, as cellulose can be sensitive to acidic environments
[40]. The absence of visible degradation indicates that the
functionalized composites are mild enough to preserve the
cellulose structure, confirming their suitability as flexible
substrates for electrical and sensor applications.
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Fig. 7. Cyclic voltammetry scan of the studied composite solutions.
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Fig. 8. The morphological properties, including SEM, AFM, and optical images of unfunctionalized PVA: CA (pure) and PVA: FCA composites with

different acids (S1) Acetic Acid, (S2) HCl and (S3) H2SOa.

2.6.Mechanical Properties (Bulk Modulus)

The bulk modulus (B) of a material measures its
resistance to uniform compression. It is defined as the
pressure increase needed to decrease the volume [41]. The
mechanical properties of the studied samples were
analyzed using an ultrasonic measurement described in the
literature [41]. The bulk modulus results shown in Figure 9
demonstrates a clear increasing trend from the pure
sample to S3 (Fig. 9A) with the pure sample shows the
lowest modulus of 5233 MPa, making it the most

compressible and flexible sample. The S1 sample shows a
slight increase in bulk modulus to 5439 MPa, indicating a
small improvement in stiffness while still preserving good
flexibility. A more pronounced change is observed in S2,
which reaches a bulk modulus of 6723 MPa, with an
increase of about 28% compared to the pure sample. This
suggests a less compressible material that still retains
sufficient flexibility. The S3 sample exhibits the highest
bulk modulus of 7219 MPa), making it the stiffest among
the studied composites, yet still within the flexible polymer
range.
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Fig. 9. (A) The bulk modulus for the carbon ash-based composites and (B) An illustration of the FCA:PVA composite before and after pressure showing
the conductive pathway and the insight of these composites.
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This moderate increase in stiffness is beneficial for
flexible sensor applications. The enhanced modulus
improves mechanical stability and enables more effective
stress transfer to the conductive network. The latter will
lead to controlled sample deformation, formation of
conductive pathways, improved sensitivity and signal
stability under applied pressure. This behavior is
attributed to the ability of S3 to effectively fill voids within
the PVA matrix and reduce its crystallinity, as
demonstrated in Figure 3B. The uniform dispersion of FCA
and strong cross-linking within the PVA matrix enhance
structural integrity [42]. These effects promote the
formation of efficient conductive pathways during
compression, leading to a higher sensor response, as shown
in Figure 9B.

2.7.Paper-Based Strain Sensor

Our previous work [43] showed that carbon-based
fillers in a PVA/PEDOT:PSS matrix have strong
pressure-sensing performance. The present FCA:PVA
composites are also promising candidates for pressure
sensor applications due to their improved structural and
electrical properties. The prepared FCA:PVA solutions
were coated separately on cellulose paper and allowed to
dry overnight before further testing. For practical
pressure-sensing applications, several performance
indicators must be considered, including sensitivity,
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response stability, repeatability during loading/unloading,
and the ability to generate distinct resistance changes
under small external deformations. Therefore, the
electrical response of all fabricated sensors was
comparatively analyzed under repeated manual pressure
cycles. In paper-based pressure sensors, surface uniformity
is a key factor, as it directly influences electrical stability,
mechanical durability, and overall sensor response. During
the electrical sensing measurements, several precautions
were taken to minimize signal noise and external
fluctuations. All measurements were carried out at room
temperature under stable laboratory conditions, and the
sensor terminals were fixed firmly using copper clips to
ensure constant electrical contact during repeated
loading/unloading cycles. The applied pressure was
introduced manually in a controlled and consistent manner
atnearly the same positions on the sensor surface to reduce
mechanical variation. In addition, the baseline resistance of
each sample was allowed to stabilize before recording, and
the acquired signals were monitored only after transient
fluctuations had subsided. Each sensing experiment was
repeated at least five times for every sample, and the
presented response curves represent reproducible
measurements. A smoother surface responds more
uniformly to pressure, produces more consistent electrical
signals, and withstands repeated loading without damage.
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Fig. 10. Pressure sensor response (time vs. resistance) for all the samples under study.

The sensor response curves presented in Figure 10
show the behavior of the PVA:FCA composite films when
used as pressure or strain sensors under conditions
relevant to medical applications, such as pulse sensing, skin
movement, and motion monitoring. As shown in Figure 10,
all sensors exhibit a measurable resistance variation under
periodic  pressure application, confirming their

piezoresistive behavior (see Fig. 11). However, the
magnitude of resistance change differs significantly among
the samples.

The untreated sensor shows only a weak signal
fluctuation, indicating low pressure sensitivity due to
discontinuous conductive pathways. In contrast, the acid-
treated samples produce progressively larger and clearer
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resistance responses, suggesting that their sensitivity
increases with improved FCA dispersion and conductive-
network formation. Among them, the S3 sensor exhibits the
highest signal amplitude, indicating the strongest pressure-
dependent electrical modulation.

The enhanced sensing performance of the acid-treated
composites can be understood as a cumulative result of the
earlier physicochemical observations. Acid treatment
modifies the CA surface chemistry, removes residual non-
conductive impurities, reduces agglomeration, and
improves filler dispersion within the PVA matrix. These
combined effects promote the formation of a stable
conductive network and more efficient resistance variation
under external pressure.

The better performance of S3 arises from several
factors: its high electrical conductivity, high carrier density,
and strong bonding between FCA and PVA due to sulfuric-
acid-introduced functional groups, as confirmed by the
previous results. Such stable conductive pathways allow
pressure signals to be transmitted more efficiently through
the material. The S2 and S1 samples show moderate
performance, while the untreated sample has the lowest
potential for practical sensing applications due to its weak
and unstable response.

In addition to sensitivity, response repeatability is an
important indicator of the performance of flexible sensing
materials. The treated samples, particularly S2 and S3,
exhibit relatively consistent peak-to-peak resistance
changes over successive loading-unloading cycles with

Sensor Composition
& Structure

PVA & Carbon Ash
Composite

A Polyvinyl Alcohol (PVA) matrix
serves as the host for conductive
carbon ash fillers.

Functionalized vs.
Unfunctionalized Filler
Carbon ash is tested both

in its raw state and
acid-functionalized form,

Cellulose Paper
Substrate
Provides a flexible,
lightweight, and biodegradable
base for the sensor coating,

Resting State
Carbon ash network
intact; low resistance.

limited baseline drift, indicating stable reconstruction of
conductive pathways during repeated compression. This
reproducible behavior confirms improved
electromechanical stability compared with the untreated
composite. The rapid resistance transitions observed
during each pressure application and release cycle
demonstrate that the developed composites can effectively
convert external mechanical deformation into readable
electrical signals. Such behavior is essential for
low-pressure biomechanical monitoring applications,
including finger motion detection, gentle touch sensing,
pulse-like pressure monitoring, and surface strain
detection. Although the present study focuses on
comparative sensor behavior under low manual pressure
conditions rather than calibrated force values, the obtained
responses clearly demonstrate that the fabricated FCA:PVA
films operate effectively in a low-pressure deformation
regime relevant to wearable and paper-based flexible
sensing applications. Compared with previously reported
PVA/carbon-based flexible sensors that rely on commerecial
conductive fillers such as carbon black, graphene, or carbon
nanotubes (CNTs), the present system offers the additional
advantage of utilizing low-cost industrial carbon ash (CA)
waste while still achieving stable and distinguishable
piezoresistive  responses.  Although the sensing
performance remains qualitative at this stage, the
developed composite demonstrates strong potential as a
sustainable and economical pressure-sensitive material.

The Piezoresistive Mechanism

Medical Motion Tracking
Real-time electrical signals
translate physical strain into
measurable data for patient
manitoring.

Stretched State Resistance Modulation
(Applied Mechanical Strain) The movement causes the

carbon ash network to shift,
changing the malerial's
electrical resistance.

Physical body motion stretches
or bends the paper-based sensor,
Movement causes network to shit,

changing electrical resistance.

Fig. 11. An illustration of the piezoresistive response of the studied paper-based sensors; this illustration is created by Google Notebook for better

demonstration.

3. Conclusions

In this study, PVA-based samples mixed with pure and
acid functionalization industrial waste carbon ash was
demonstrated to affect the physical, chemical, and
electrical properties of these PVA-based composites. The
sulfuric acid-treated sample (S3) exhibited better
performance among other studied samples with improved
FCA dispersion, stronger bonding of FCA with the PVA
matrix, higher electrical conductivity, better charge
transport, and enhanced electrochemical behavior. FTIR

results indicate an introduction of hydrogen bonding
between FCA and PVA, which is related to the presence of
oxygen-containing functional groups, especially in S3. The
morphological properties revealed the effects of different
acids functionalization of the CA:PVA-based composites. In
addition, these variations in the composite’s structure
show a direct effect on electrical conductivity where the S3
has demonstrated the highest value; reaching 15.1 S/cm
due to higher carrier density and reduced crystallinity.
Further measurements, including Hall effect
measurements and cyclic voltammetry also verified an
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enhancement in the S3 properties compared to the
untreated, S1 and S2 samples. These enhancements are
linked to its enriched surface chemistry. For the paper-
based sensor, the S3-based sensor shows better sensitivity
and stability, indicating its suitability for flexible and
wearable sensing applications. These findings demonstrate
that sulfuric acid functionalization is the most effective
approach for improving CA:PVA composites. This offers a

sustainable, low-cost pathway for developing high-
performance materials for electronic and sensor
applications.
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