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Abstract

Progress in flexible piezoresistive sensors is essential for applications in wearable technologies and real-time fluid monitoring systems.
This study presents the fabrication and performance of textile-based sensors coated with Senna siamea biomass–derived biochar at
different loadings via a dip-coating technique. Biochar structural and surface characteristics were investigated using X-ray diffraction,
Fourier transform infrared spectroscopy, and scanning electron microscopy. Sensors with biochar loadings of 1, 5, 10, and 15 wt %
were integrated into a custom-designed flow setup to examine the evolution of their electrical resistance under varying water flow rates
and applied pressures. Sensors with low biochar loadings, particularly 5 wt %, demonstrated superior sensitivity, stability, and linearity,
showing distinct resistance variations corresponding to pressure changes induced by water flow. Higher biochar contents resulted in
agglomeration and reduced conductivity, thereby diminishing sensor performance. The sensors exhibited reliable output under both
static and dynamic conditions, thus holding promise for wearable health monitoring and industrial fluid control. This work shows the
potential of biochar as a sustainable and cost-effective material for next-generation piezoresistive sensing platforms.
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1. Introduction
The evolution of flexible piezoresistive pressure sen-

sors has significantly advanced the development of wear-
able electronics, electronic skin (e-skin), and intelligent
human–machine interfaces. These sensors, which are capa-
ble of converting mechanical stimuli into electrical signals,
have applications in health monitoring, robotics, and artifi-
cial intelligence systems [1,2]. Recent studies have demon-
strated the integration of piezoresistive sensors into wear-
able devices for real-time physiological monitoring, such as
pulse detection and motion tracking [3,4]. The adaptability
and sensitivity of these sensors make them ideal for appli-
cations that require conformability and responsiveness to
dynamic mechanical forces [5,6].

Despite their advantages, the flammability of con-
ventional sensor materials poses significant safety con-
cerns, especially in applications involving electrical cir-
cuits and human contact. To address this issue, researchers
have explored conductive textile fabrics for sensor devel-
opment [7]. The incorporation of materials, such as poly-
dimethylsiloxane (PDMS), carbonized aerogels, and con-
ductive polymers, has led to the creation of sensors that
maintain performance while enhancing safety [8,9]. These
advancements are crucial for developing reliable and safe
wearable sensors suitable for various environments, partic-
ularly in biomedical and hazardous field conditions [10].

Derived from biomass pyrolysis, biochar is a carbon-
rich material that has emerged as a promising candidate for
advancing the performance of piezoresistive sensors. Its

porous structure and electrical conductivity contribute to
improved sensitivity and stability in pressure sensing ap-
plications [11,12]. Studies have shown that biochar-based
composites can be effectively utilized in flexible piezore-
sistive sensor fabrication, offering sustainable and cost-
effective alternatives [13,14]. Biochar’s network-like mi-
crostructure facilitates tunneling conduction mechanisms,
enabling it to perform comparably to or better than tradi-
tional materials, such as carbon black and graphene, in pres-
sure sensor applications [15,16].

Although highly conductive nanomaterials, such as
carbon nanotubes (CNTs) and graphene, have been widely
investigated for flexible piezoresistive sensing applications
owing to their superior electrical conductivity, their large-
scale implementation is often limited by high material cost,
dispersion challenges, and complex fabrication processes
[15,17]. In contrast, biochar derived from biomass repre-
sents a sustainable and cost-effective carbon source with in-
herent hierarchical porosity and tunable graphitic domains
formed during pyrolysis [14]. The disordered aromatic car-
bon framework in biochar facilitates pressure-dependent
percolation and electron tunneling conduction mechanisms,
which are highly desirable for piezoresistive sensing per-
formance [15,16]. Furthermore, the presence of oxygen-
containing functional groups on biochar surfaces enhances
interfacial adhesion with textile substrates, improving coat-
ing stability and mechanical robustness [11,18]. Owing to
these structural, electrical, and environmental advantages,
biochar provides a balanced combination of conductivity,
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sustainability, and process simplicity, making it a promis-
ing alternative to conventional conductive nanomaterials
for textile-based sensing platforms.

Recent studies have demonstrated the effectiveness of
biomass-derived carbon materials in flexible piezoresistive
sensing applications. For example, carbonized cellulose
aerogels and porous biomass-derived carbon frameworks
have been reported to exhibit high compressibility and tun-
able electrical responses owing to their hierarchical pore
structures [11,14]. Textile-based carbonized fabrics have
also demonstrated enhanced strain-induced resistance vari-
ation arising from percolation-based conduction within dis-
ordered carbon networks [16]. Furthermore, reviews on
flexible piezoresistive sensors highlight that electron tun-
neling and contact resistance modulation within porous car-
bon systems play a dominant role in determining sensitivity
and linearity [15]. Biowaste-derived multifunctional sen-
sors have demonstrated environmental stability and sustain-
ability advantages compared to synthetic nanocarbon ma-
terials [18]. However, most reported studies have primar-
ily focused on compression-based sensing under direct me-
chanical loading, and limited investigations have explored
simple dip-coated biochar textiles for flow-induced pres-
sure monitoring in enclosed fluidic systems. This gap mo-
tivates the present study.

In this study, we developed a coated textile fabric for
use in piezoresistive pressure sensors through a dip-coating
process involving biochar. The sensors were fabricated
with varying biochar concentrations of 1, 5, 10, and 15
wt %, and integrated into a system designed to measure
the flow rate and monitor pressure in a circular pipe. The
sensors operate by detecting changes in the electrical re-
sistance caused by fluid flow, thereby providing real-time
data on pressure variations [17,19,20]. Our findings indi-
cate that the sensor with 5 wt % biochar exhibited the high-
est sensitivity, highlighting the potential of biochar-based
sensors in fluid monitoring applications. This work con-
tributes to the development of sustainable and textile-based
flow-sensing platforms and supports the advancement of
next-generation sensing systems for industrial applications
[21,22,23,24,25].

2. Materials and Methods
2.1 Biomass

Senna siamea biomass was collected from local farms
in Thiruporur, Tamil Nadu. The collected biomass was air-
dried at room temperature for seven days. To eliminate ad-
hering impurities and foreign materials, the biomass was
first rinsed thoroughly with tap water five times, followed
by a final wash using deionized water. The cleaned biomass
was then oven-dried at 80 °C for 24 h. Subsequently, the
driedmaterial was partially pulverized into smaller particles
using a mechanical pulverizer. A schematic representation
of the entire preparation process is presented in Fig. 1.

2.2 Carbonization of Biomass
Biochar was prepared by carbonization of Senna

siamea biomass using a biomass conversion unit based on
the American Society for Testing Materials E1755-01 test
method, and chemical analysis of biomass. The biomass
was carbonized at 550 °C at a controlled heating rate of 10
°Cmin−1. Air-dried powdered biomass was placed in a con-
version chamber that couldmaintain a slow pyrolysis aspect
with a nitrogen atmosphere. Simultaneously, slow cooling
was maintained in the furnace after carbonization. In Fig.
2, the carbonization process of biochar is graphically illus-
trated.

2.3 Characterization of Biochar
X-ray diffraction (XRD) analysis was performed us-

ing a high-resolution PANalytical X-ray diffractometer
(PANalytical, Almelo, Netherlands) equipped with a radi-
ation source at 1.8 kW, and the measurements were con-
ducted at room temperature. The diffraction data were
recorded over a 2θ range of 10–90° at a scanning rate of 1°
min−1. Fourier transform infrared (FTIR) spectroscopy was
conducted using a Bruker Alpha-T spectrometer (Bruker,
Karlsruhe, Germany) in the spectral range of 4000–500
cm−1. The surface morphology of the coated samples
was examined using a field-emission scanning electron mi-
croscope (FESEM) (Thermo Fisher Scientific, Apreo 2S,
Waltham, MA, USA).

2.4 Sample Preparation
In this study, biochar obtained from Senna siamea

biomass was used for sample preparation. Dip coating
is one of the universal methods followed for coating. A
polyester textile fabric with a size of 100 mm × 25 mm was
used for dip coating. The coating solution was prepared
with 100 mL of deionized water and biochar at various per-
centages, and the solution was magnetically stirred for 3 h.

2.5 Experimental Setup
The experimental setup designed exclusively for mea-

suring resistance changes using the fabricated biochar sen-
sor is depicted in Fig. 3A. This setup comprised a series
of pipes, within which the sensor was installed in a detach-
able section, as illustrated in the enlarged image in Fig. 3A.
The detachable section featured a cutaway where the sensor
was positioned and sealed with a waterproof two-part adhe-
sive resin and hardener combination, which, upon drying,
became leak-proof.

The sensor terminal leads were interfaced with a data
acquisition system that continuously recorded the monitor-
ing signals as variations in electrical resistance. Water cir-
culation within the experimental setup was facilitated by
a pump that transferred fluid from the reservoir through
a network of pipes. The flow pressure was displayed us-
ing a pressure gauge and could be regulated via an adja-
cent control valve. To improve measurement reliability,

2

https://www.imrpress.com


Fig. 1. Schematic representation of the biochar production process.

Fig. 2. Carbonization of biomass.

a digital pressure gauge was additionally used for precise
pressure monitoring. The outlet of the pipeline was routed
back to the fluid tank to maintain consistent water circula-
tion throughout the system. A schematic representation of
the experimental setup and its components is illustrated in
Fig. 3B. The pipeline used in the experiment had a nomi-
nal diameter of 25 mm and an outer diameter of 33.4 mm.
The detachable pipe section was 250 mm long and was fit-
ted with 25 mm polyvinyl chloride union couplings at both
ends to facilitate easy assembly and disassembly [26].

3. Results
3.1 XRD for BC

The XRD pattern of biochar produced at 550 °C,
shown in Fig. 4, exhibits a broad diffraction peak in the
2θ range of 22–24°, corresponding to the (002) plane of the

carbon structures. The broad peak indicates the presence of
a predominantly disordered carbon structure formed during
biomass pyrolysis [11,14]. No sharp crystalline peaks were
observed in the diffraction pattern, suggesting the absence
of highly ordered graphite phases. These results indicate
that the synthesized biochar mainly consisted of amorphous
and turbostratic carbon domains.

3.2 Fourier Transform Infrared (FTIR)

The FTIR spectrum of the synthesized biochar is
shown in Fig. 5. A broad absorption band appears at
approximately 3350 cm−1, which is associated with O–
H stretching vibrations originating from hydroxyl groups
present in biomass-derived carbon materials [11,14]. A
peak observed near 1625–1630 cm−1 corresponds to C=O
stretching or aromatic C=C vibrations, indicating the pres-
ence of conjugated carbon structures formed during pyrol-
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Fig. 3. Experimental setup and schematic representation of the biochar-coated textile sensor system for flow-induced pressure
measurements. (A) Experimental setup with the attachments. (B) Schematic representation of the experimental setup used for pressure-
sensing measurements. BC, biochar.

Fig. 4. XRD characterization of biochar. XRD, X-ray diffraction.

ysis [11,15,18]. In addition, a band at approximately 1175–
1180 cm−1 is attributed to C–O stretching vibrations from
alcohols, ethers, or phenolic functional groups typically
found in biochar materials [14,18]. These peaks indicate
the presence of oxygen-containing functional groups in the
synthesized biochar.

3.3 XRD for Coated Samples

XRDanalysis was performed to examine the structural
characteristics of biochar-coated textile samples with dif-
ferent biochar loadings of 1 wt %, 5 wt %, 10 wt %, and 15
wt %. The XRD patterns are presented in Fig. 6. All sam-
ples exhibited a broad diffraction peak centered around 22°,
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Fig. 5. Fourier transform infrared (FTIR) spectroscopy characterization of biochar.

corresponding to the (002) reflection of turbostratic carbon.
As the biochar concentration increased from 1 wt % to 15
wt %, the intensity of this peak gradually increased. The
broad diffraction peak indicated that the deposited biochar
maintained a predominantly amorphous or turbostratic car-
bon structure across all concentrations.

3.4 Morphology Study

The surface morphology of biochar-coated textile
samples with different biochar concentrations was exam-
ined using scanning electron microscopy (SEM), as shown
in Fig. 7A–F. Fig. 7A shows the morphology of pris-
tine biochar, which exhibits distinct particle boundaries and
a porous texture characteristic of biomass-derived carbon
materials. Fig. 7B shows aggregated biochar particles
forming an interconnected porous structure with rough sur-
faces. The textile sample coated with 1 wt % biochar,
shown in Fig. 7C, displays a thin and sparsely distributed
layer of biochar particles along the fiber surfaces, where the
underlying textile fibers remain clearly visible. The micro-
graphs of the intermediate concentrations, shown in Fig. 7D
and Fig. 7E for 5 wt % and 10 wt % biochar, respectively,
illustrate a gradual increase in surface coverage. At 5 wt
%, the biochar particles appear more uniformly distributed

along the textile fibers, forming a more continuous coating
layer. At 10 wt %, the coating becomes denser, and local-
ized clusters of particles begin to appear. In contrast, Fig.
7F corresponding to the 15 wt % sample shows a heavily
coated fiber surface with thick and irregular biochar layers.
Large particle aggregates are observed, indicating reduced
dispersion uniformity at higher biochar concentrations.

3.5 Flexibility Evaluation Under Bending
The mechanical flexibility of the optimized 5 wt %

biochar-coated textile sensor was evaluated by measuring
the resistance variation under different bending angles rang-
ing from 0° to 180°. The electrical resistance of the sensor
was recorded at each bending angle, and the relative resis-
tance (R/R0) was calculated with respect to the flat condi-
tion, where R0 represents the initial resistance measured at
0° bending. As the bending angle increased, the relative
resistance (R/R0) gradually increased, indicating a measur-
able change in the electrical response of the sensor under
mechanical deformation. As shown in Fig. 8, the relative
resistance increased progressively with the bending angle,
demonstrating that the textile-based sensormaintained elec-
trical responsiveness under different bending conditions.
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Fig. 6. XRD characterization of coated biochar samples.

3.6 Experimental Analysis—Stable Condition

To evaluate the stability of the biochar-coated textile
sensors, the electrical resistance of the samples was moni-
tored for 300 s under static, no-flow conditions. The mea-
sured resistance values for sensors containing 1 wt %, 5 wt
%, 10 wt %, and 15 wt % biochar are shown in Fig. 9.
The resistance values remained relatively stable throughout
the measurement period, with only minor fluctuations. The
1 wt % sensor exhibited the lowest resistance of approxi-
mately 300 kΩ, whereas the 15 wt % sensor showed higher
resistance values approaching 1100 kΩ. The sensors with 5
wt % and 10 wt % biochar exhibited intermediate resistance
values with stable output during the testing period. These
observations indicate the consistent electrical behavior of
the sensors under static conditions.

Fig. 10 shows the variations in water flow rate (L/min)
and pressure (bar) as functions of pump speed (rpm) in the
experimental system. As the pump speed increased from
250 rpm to 2500 rpm, both the water flow rate and pressure
showed a gradual increase. The water flow rate increased
from approximately 5 L/min to 26 L/min, whereas the cor-

responding pressure increased from approximately 0.03 bar
to 0.52 bar. The observed trend indicates a consistent rela-
tionship among pump speed, flow rate, and pressure in the
experimental setup.

3.7 Experimental Analysis—Variable Condition
Fig. 11 illustrates the relationship between the relative

resistance (R/R0) of biochar-coated textile sensors and the
water flow rate for different biochar loadings of 1 wt %, 5
wt %, 10 wt %, and 15 wt %. As the water flow rate in-
creased from approximately 4 L/min to 25 L/min, the rela-
tive resistance values for all sensor compositions gradually
increased. The 1 wt % sensor exhibited higher R/R0 val-
ues in the range of approximately 2.6–2.65, whereas the 5
wt % sensor showed values around 2.4–2.45. The sensors
containing 10 wt % and 15 wt % biochar displayed com-
paratively lower relative resistance values across the same
flow rate range. These results demonstrate a measurable
change in resistance with increasing flow rate for all sensor
compositions.
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Fig. 7. Morphological SEM images of biochar and biochar-coated textile samples at different weight percentages. (A) Single
Biochar, (B) Biochar, (C) 1 wt %, (D) 5 wt %, (E) 10 wt %, and (F) 15 wt % of biochar-coated samples. SEM, scanning electron
microscopy; scale bar = 1 μm in (A); scale bar = 2 μm in (B); scale bar = 30 μm in (C–F).

Fig. 8. Variation of the relative resistance (R/R0) of the biochar-coated textile sensor under bending deformation.
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Fig. 9. Sensor resistances of biochar-based piezoresistive sensors vs. time variations.

Fig. 12A–D shows the variation in the sensor rela-
tive resistance (R/R0) and water flow rate (Q) as a function
of pump speed (rpm) for sensors containing 1 wt %, 5 wt
%, 10 wt %, and 15 wt % biochar. As the pump speed in-
creased, the water flow rate increased correspondingly for
all compositions. The relative resistance responses of the
sensors varied depending on the biochar loading in the coat-
ing layer. The 1 wt % sensor exhibited relatively higher
resistance values with noticeable fluctuations, whereas the
5 wt % sensor exhibited a more stable resistance response
across the tested pump speed range. The sensors contain-
ing 10 wt % and 15 wt % biochar displayed comparatively
lower variations in relative resistance.

4. Discussion
4.1 Structural Characteristics of Biochar

The structural characteristics of the synthesized
biochar were investigated using XRD and FTIR. The XRD
pattern of the biochar, shown in Fig. 4, exhibits a broad
diffraction peak centered at 2θ approximately 22–24°, cor-
responding to the (002) reflection of turbostratic carbon.
The broad nature of this peak indicates that the carbon struc-
ture is predominantly disordered with limited long-range
graphitic ordering. Such turbostratic carbon structures

are commonly observed in biomass-derived carbon mate-
rials produced at moderate pyrolysis temperatures. Similar
diffraction features have been reported for carbonized cel-
lulose and other biomass-derived carbon materials used in
flexible sensing applications [11,14,16].

The FTIR spectrum of the synthesized biochar, shown
in Fig. 5, further confirms the presence of oxygen-
containing functional groups on the biochar surface. The
broad absorption band observed near 3350 cm−1 corre-
sponds to O–H stretching vibrations, which are associ-
ated with hydroxyl groups originating from residual ligno-
cellulosic components or adsorbed moisture [11,14]. The
absorption band observed around 1625–1630 cm−1 corre-
sponds to C=O stretching or aromatic C=C vibrations, in-
dicating the formation of conjugated carbon domains dur-
ing the pyrolysis process [11,15]. In addition, the band ob-
served near 1175–1180 cm−1 corresponds to C–O stretch-
ing vibrations associated with alcohols, ethers, or phenolic
functional groups [14,18]. The presence of these oxygen-
containing functional groups suggests partial carbonization
at the selected pyrolysis temperature and contributes to the
surface polarity of the biochar particles, whichmay enhance
the adhesion between the biochar coating and the textile
fibers during the dip-coating process.
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Fig. 10. Influence of pump speed variation on water flow rate and pressure.

The XRD patterns of the biochar-coated textile sam-
ples shown in Fig. 6 exhibit similar broad diffraction peaks
centered at 2θ of approximately 22°, corresponding to the
(002) reflection of turbostratic carbon. As the biochar con-
centration increases from 1 wt % to 15 wt %, the intensity
of this peak gradually increases owing to the higher contri-
bution of carbon domains deposited on the textile surface.
However, the persistence of peak broadening across all
compositions indicates that the deposited biochar maintains
a predominantly amorphous or turbostratic carbon struc-
ture. This observation suggests that the coating process
does not significantly alter the intrinsic structural character-
istics of the biochar. Similar diffraction behavior has been
reported for carbonized textile composites and biomass-
derived carbon coatings used in flexible sensing materials
[11,16].

4.2 Morphology and Particle Dispersion

The surface morphology of biochar-coated textile sen-
sors plays a crucial role in determining the electrical con-
duction behavior and sensing performance of the device.

The SEM images presented in Fig. 7A–F provide insight
into the distribution of biochar particles on the textile fibers
at different loading concentrations. The pristine biochar
particles shown in Fig. 7A exhibit irregular shapes with
distinct particle boundaries and porous surfaces, which are
typical characteristics of biomass-derived carbon materi-
als produced through pyrolysis. The aggregated biochar
structure observed in Fig. 7B reveals an interconnected
porous morphology with rough surface features, indicating
the presence of a high surface area and inherent microporos-
ity within the biochar particles. When deposited on the tex-
tile substrate through the dip-coating process, the morphol-
ogy of the coating layer varies significantly with biochar
concentration. At lower loading (1 wt %), the SEM im-
age shown in Fig. 7C reveals that the biochar particles are
sparsely distributed along the textile fibers, forming a thin
and discontinuous coating layer. In this configuration, the
underlying textile structure remains clearly visible, indicat-
ing limited surface coverage by the biochar particles. As the
biochar concentration increases to 5 wt %, the SEM image
shown in Fig. 7D reveals a more uniform particle distri-
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Fig. 11. Variation of the relative resistance (R/R0) for all sensors with the flow rate.

bution along the textile fibers. The particles appear more
evenly dispersed and form a relatively continuous coating
layer across the fiber surface. Such particle distributions
improve particle-particle contact and promote the formation
of interconnected conductive pathways across the coating
layer. However, further increasing the biochar concentra-
tion to 10 wt % and 15 wt % results in noticeable morpho-
logical changes. The SEM images presented in Fig. 7E
and Fig. 7F reveal thicker coating layers and the presence
of localized particle clusters on the fiber surfaces. These
clusters indicate particle agglomeration caused by increased
particle–particle interaction at higher filler concentrations.
Such agglomeration can reduce dispersion uniformity and
introduce irregular conductive pathways within the coating
layer.

The observed morphological variations suggest that
the particle distribution and coating thickness are strongly
influenced by the biochar loading level. A relatively
uniform particle distribution, as observed in the 5 wt %
sample, facilitates better electrical connectivity between

adjacent particles, whereas excessive particle clustering
at higher concentrations may disrupt uniform conduc-
tive pathways. Similar morphological behavior has been
reported in carbon-filled textile composites and flexible
carbon-based sensing materials, wherein the filler concen-
tration significantly influences conductive network forma-
tion and sensor performance [15,16].

4.3 Piezoresistive Sensing Mechanism
The sensing behavior of the biochar-coated textile sen-

sor is governed by the piezoresistive effect, in which me-
chanical deformation leads to variations in the electrical re-
sistance. In the present system, biochar particles deposited
on the textile fibers form interconnected conductive path-
ways that enable electrical conduction through the coat-
ing layer. The electrical transport within this network is
primarily controlled by the particle–particle contact resis-
tance and electron tunneling between adjacent conductive
domains. When water flows through the pipeline system,
the resulting pressure induces slight mechanical deforma-
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Fig. 12. Variation of flow rate and sensor relative resistance as a function of pump speed. (A) 1 wt %, (B) 5 wt %, (C) 10 wt %, (D)
15 wt %.

tion in the textile substrate. This deformation alters the dis-
tance and electrical contact between adjacent biochar parti-
cles within the coating layer, therebymodifying the conduc-
tive pathways across the sensor surface. As the water flow
rate increases, the applied pressure increases correspond-
ingly, producing measurable variations in the electrical re-
sistance as observed in Fig. 11 and Fig. 12. In addition
to flow-induced pressure, mechanical bending of the tex-
tile substrate also affects the electrical response of the sen-
sor. During bending deformation, the textile fibers expe-
rience compression and stretching, which modify the elec-
trical contact between conductive particles in the biochar
coating. These structural changes lead to measurable re-
sistance variations, confirming the piezoresistive nature of
the sensing mechanism. In carbon-based flexible sensors,
electrical conduction generally occurs through a combina-
tion of contact resistance modulation and electron tunneling
effects between conductive particles. Mechanical defor-
mation alters the distance between adjacent conductive do-
mains, thereby influencing charge transport across the con-
ductive network. Similar piezoresistive mechanisms have
been widely reported in carbon nanotubes, graphene, and

carbon-based textile sensors developed for flexible sensing
applications [15,16].

4.4 Influence of Biochar Loading on Sensor Performance

The sensing performance of the biochar-coated tex-
tile sensors is strongly influenced by the biochar loading
in the coating layer. Variations in the sensor response can
be attributed to differences in particle dispersion, conduc-
tive network formation, and electrical connectivity between
adjacent biochar particles. At a low loading (1 wt %), the
SEM image in Fig. 7C shows that the biochar particles
are sparsely distributed along the textile fibers, forming a
thin and discontinuous coating layer. Such limited particle
coverage restricts the formation of continuous conductive
pathways, resulting in higher resistance values and greater
fluctuations in the sensor response, as reflected in the re-
sistance behavior shown in Fig. 11A. When the biochar
loading is increased to 5 wt %, the particle distribution
becomes more uniform along the textile fibers, as shown
in Fig. 7D. This relatively continuous coating improves
particle–particle contact and promotes the formation of in-
terconnected conductive pathways across the coating sur-
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Table 1. Comparison of the proposed biochar-coated textile sensor with previously reported flexible carbon-based sensors.
Sensor material Key feature Application Reference

Carbonized cellulose fabric sensor High flexibility and strain sensitivity Wearable pressure sensing [16]
Carbon aerogel-based sensor Highly compressible porous carbon structure Flexible pressure sensing [14]
Biomass-derived carbon composite
sensor

Sustainable carbon material with stable sensing behavior Environmental sensing [18]

Biochar-coated textile sensor Sustainable biochar coating with stable R/R0 response Flow and pressure
monitoring

This work

face. The improved conductive network enhances the sta-
bility of the electrical response and enables consistent resis-
tance modulation under flow-induced pressure, as demon-
strated in Fig. 11 and Fig. 12B.

However, further increasing the biochar concentration
to 10 wt % and 15 wt % leads to thicker coatings and par-
ticle clustering, as observed in Fig. 7E and Fig. 7F. Such
particle agglomeration reduces dispersion uniformity and
introduces irregular conductive pathways, which can limit
effective resistance modulation. This behavior is reflected
in the comparatively lower resistance variation observed
for higher-loading sensors in Fig. 11 and Fig. 12C,D.
Similar effects of filler agglomeration on sensing perfor-
mance have been reported in carbon-based flexible sensors
[15,16]. Overall, the sensor containing 5 wt % biochar pro-
vides a favorable balance between conductive network for-
mation, particle dispersion, and coating uniformity, result-
ing in a stable electrical response during flow sensing.

To place the performance of the developed biochar-
coated textile sensor in context with that of previously re-
ported flexible carbon-based sensors, a comparison with
representative materials reported in the literature is summa-
rized in Table 1 (Ref. [14,16,18]). The proposed biochar-
coated textile sensor demonstrated stable resistance varia-
tion under flow-induced pressure while utilizing a sustain-
able biomass-derived carbonmaterial and a dip-coating fab-
rication process.

4.5 Limitations
Although the developed biochar-coated textile sen-

sor demonstrated promising performance for flow-induced
pressure sensing, the present study focused on laboratory-
scale validation under controlled experimental conditions.
Long-term cyclic durability and environmental stability un-
der repeated mechanical deformation have not been exten-
sively investigated. In addition, the sensor performance
was evaluated using a single pipeline setup, and further val-
idation under different fluid conditions and practical operat-
ing environments is required. Future studies will focus on
extended durability testing and the integration of the sen-
sor into real-time monitoring systems for practical indus-
trial applications.

5. Conclusions
This study demonstrates the suitability of biochar

derived from Senna siamea biomass as a sustainable
and effective material for improving the performance of
piezoresistive-based sensors. Comprehensive structural,
chemical, and morphological characterizations confirmed
that the synthesized biochar exhibits favorable features, in-
cluding inherent porosity and electrical conductivity, which
are essential for reliable sensor operation and functional sta-
bility. Among the fabricated sensors with varying biochar
concentrations, the 5 wt % biochar-coated sample demon-
strated a favorable balance of sensitivity, stability, and lin-
ear response to changing flow rates and pressure. How-
ever, excessive biochar loading resulted in morphological
agglomeration and diminished electrical response, under-
scoring the need for optimized loading. The dip-coated
sensors responded reliably in both static and dynamic en-
vironments, reinforcing their applicability in real-time flow
and pressure monitoring in biomedical and industrial con-
texts. Overall, this work highlights the effectiveness of in-
corporating biochar into textile substrates to develop cost-
efficient and high-performance sensing devices, offering a
promising route toward scalable and environmentally sus-
tainable sensor technologies.
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