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factorial combination of three excitation frequencies (0.5, 2.7, and 5.0

Keywords: .

Triboelectric nanogenerator Hz), three pneumatic pressures (0.2, 0.4, and 0.6 MPa), and three CF
Chicken feather waste ] configurations (1CF, 3CF, and 5CF) was evaluated, with each condition
Bio-based triboelectric materials tested in three separate experimental runs. Within the investigated
Pneumatic pressure . . .
Contact-Separation mode ranges, the mean peak-to-peak voltage (Vpp) increased consistently with
Excitation frequency excitation frequency and pneumatic pressure across all CF
DOI- configurations. The 3CF configuration produced the highest mean Vpp

among the tested configurations, reaching 60.33 + 0.58 V at 5.0 Hz and

10.24191/jaeds.v6i2.219 0.6 MPa. These findings establish the experimentally observed voltage
response of chemically unmodified waste CF in a CS-TENG and
demonstrate systematic variations in response with excitation frequency,
pneumatic pressure, and CF layer configuration within the investigated
ranges. The results are limited to voltage measurements within these
parameter ranges; therefore, further current, charge, load-dependent
power, and extended-range measurements are required to establish
broader energy-harvesting performance.

Abbreviations

CF Chicken feather

CS-TENG Contact-Separation Triboelectric Nanogenerator

EDX Energy-Dispersive X-ray Spectroscopy

FTIR Fourier Transform Infrared Spectroscopy

Hz Hertz

PTFE Polytetrafluoroethylene

MPa Megapascal

SEM Scanning Electron Microscope

Vpp Peak-to-peak voltage

1. INTRODUCTION

The growing use of portable electronics, wearable devices, wireless sensor networks, and Internet of Things
(IoT) technologies has increased interest in energy-harvesting approaches capable of converting ambient
mechanical energy into electrical energy [1]. Although conventional batteries remain widely used for
powering such systems, their eventual replacement and end-of-life management have motivated research
into alternative and complementary power sources [2]. Triboelectric nanogenerators (TENGs) have
attracted considerable attention as a means of converting mechanical excitation into electrical output
through contact electrification and electrostatic induction [3]. Their relatively simple architecture and
compatibility with diverse forms of mechanical excitation have supported their development for energy-
harvesting and self-powered sensing applications [1].

Among the fundamental operating modes of triboelectric nanogenerators, the contact—separation (CS)
mode provides a relatively simple configuration for converting cyclic mechanical motion into electrical
output [4]. In a contact—separation TENG (CS-TENGQG), electrical output arises from contact electrification
between two dissimilar triboelectric materials and the subsequent electrostatic induction associated with
their relative separation [3]. The resulting electrical response is therefore closely related to the contact—
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separation behaviour of the triboelectric interface, making the mechanical operating conditions an
important consideration in CS-TENG performance [5].

The electrical response of contact—separation TENGs can be influenced by mechanical operating
conditions, including excitation frequency and interfacial loading [6]. Changes in excitation frequency alter
the temporal characteristics of the contact—separation process and have been reported to produce frequency-
dependent variations in TENG output [7]. Mechanical loading can likewise influence the electrical response
by modifying the contact conditions at the triboelectric interface; in particular, pressure-dependent changes
in real contact area and output voltage have been experimentally reported in contact—separation TENG
systems [8]. These findings indicate that excitation frequency and mechanical loading are relevant operating
parameters when evaluating the electrical response of a CS-TENG.

In parallel with advances in TENG performance, nature-derived and waste-derived materials have
attracted increasing interest as alternatives to conventional synthetic triboelectric materials [9]. Chicken
feathers are an abundant poultry-industry by-product composed predominantly of keratin and possess a
hierarchical structure comprising barbs and barbules [10-11]. Their keratin-rich composition and naturally
structured surface have motivated their investigation for triboelectric applications [12], while their use also
provides a potential route for value-added utilisation of poultry waste [13]. Previous studies have employed
feather structures in single-electrode and rotational TENGs, including surface-modified configurations [14,
15], and processed keratin-rich materials as additives or composites in contact—separation TENGs [16-17].
Chemically unmodified chicken-feather fibres have also been employed in piezoelectric energy harvesters
[18]. However, systematic evaluation of chemically unmodified waste chicken feathers as the contact layer
of a contact—separation TENG under controlled variations in excitation frequency, pneumatic pressure, and
CF layer configuration remains limited.

Accordingly, this study investigates the voltage response of a contact—separation triboelectric
nanogenerator incorporating chemically unmodified waste chicken feathers (CF) and PTFE as the opposing
triboelectric materials. The prepared CF was characterised using FTIR, SEM, and EDX, while the electrical
investigation evaluated the effects of excitation frequency, applied pneumatic pressure, and CF layer
configuration on the peak-to-peak voltage (Vpp) of the fabricated CS-TENG. The study establishes
experimentally supported voltage-response trends across the investigated operating conditions and clarifies
the specific contribution of chemically unmodified waste CF within a contact—separation TENG
configuration.

2. MATERIALS AND METHOD

2.1 Materials

Chemically unmodified waste chicken feathers (CF) were collected from a local poultry processing
facility and used as the feather-based triboelectric material. Commercially available chicken feathers were
additionally obtained as a comparative material for FTIR characterisation and were not used in the
fabrication or electrical evaluation of the CS-TENG. A woven glass-fibre-reinforced
polytetrafluoroethylene (PTFE) composite was used as the opposing triboelectric material. Aluminium foil
was used as the electrode material, while acrylic plates served as rigid supporting substrates for the contact—
separation assembly. Cellulose carriers were used to support and arrange the prepared CF contact layers
during fabrication of the CF layer configurations.
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2.2 Preparation of chicken feathers

The collected chicken feathers were thoroughly washed with distilled water and subsequently cleaned
with ethanol. The cleaned feathers were oven-dried at 60 °C for 24 h to reduce residual moisture. No
additional chemical treatment or deliberate surface modification was performed after the cleaning and
drying procedures. Following drying, the feather barbs, together with their naturally attached barbules, were
manually separated from the rachis and arranged adjacent to one another on a cellulose adhesive carrier.
The basal ends of the barbs were secured to the cellulose carrier, leaving the barb and barbule structures
exposed to form the CF contact surface. The prepared CF material was therefore described as chemically
unmodified because no deliberate chemical functionalisation or surface modification was applied.

2.3 Experimental platform

A laboratory-scale pneumatic platform was used to generate controlled vertical contact—separation
motion during electrical performance evaluation. The platform consisted of a custom pneumatic actuator
positioned vertically above the CS-TENG assembly and mechanically coupled to the upper acrylic support
through a 3-mm-diameter connecting rod. The upper assembly formed the moving component of the
system, whereas the lower assembly remained stationary during cyclic operation. The actuator had a
maximum stroke of 20 mm, while the maximum separation distance used between the opposing
triboelectric surfaces was fixed at 13 mm throughout the experiments.

The supporting structure constrained the actuator motion to the vertical direction and maintained
alignment between the opposing triboelectric surfaces during repeated contact—separation cycles.
Mechanical excitation was controlled by the actuator operating frequency and supplied pneumatic pressure.
The actuator operating frequency and pneumatic supply pressure therefore represented the controlled
mechanical input parameters of the experimental platform. The normal contact force at the triboelectric
interface was not directly measured.

(a) Exploded view of the CS-TENG assembly (b) Prepared cellul pported CF contact layer

Acrylic substrate
(thickness: 4 mm}

/ Aluminium foil electrode
< / (thickness: 0.02 mm;
: area: 50 x 50 mm?)

Top
(Moving Stack)

‘Woven glass-fibre-reinforced
PTFE compositc
(thickness: 0.13 mm;

area: 50 x 50 mm?)

Cellulose-Supported
e CF Contact Layer
D (nominal active area:
= 50 % 50 mm?)
RN Aluminium foil electrode
= — (thickness: 0.02 mm;
_7,,./ :] area: S0 x 50 mm?)

\ Acrylic substrate Prepared cellulose-supported CF contact layer
(thickness: 10 mm; CF contact layer mounted in the CS-TENG
width: 130 mm)

Fig. 1 Configuration and fabrication of the CS-TENG: (a) exploded schematic of the moving upper and stationary
lower stacks; and (b) photographs of the prepared cellulose-supported CF contact layer and its placement in the
device.
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2.4 Fabrication of the CS-TENG

A laboratory-scale pneumatic platform was used to generate controlled vertical contact—separation
motion of the CS-TENG. A custom pneumatic actuator was positioned vertically above the device and
coupled to the moving upper stack through a 3-mm-diameter connecting rod. The moving stack comprised
a 4-mm-thick acrylic support, a 50 x 50 mm? aluminium foil electrode with a thickness of 0.02 mm, and a
0.13-mm-thick woven glass-fibre-reinforced PTFE composite forming the upper triboelectric surface. The
actuator had a maximum stroke of 20 mm, while the maximum separation between the opposing
triboelectric surfaces was fixed at 13 mm throughout the experiments. The experimental platform is shown
in Fig. 2.

The stationary lower stack comprised CF barbs with naturally attached barbules secured at their basal
ends to a cellulose adhesive carrier, followed by a 50 x 50 mm? aluminium foil electrode with a thickness
of 0.02 mm and a 130-mm-wide, 10-mm-thick acrylic support. Each cellulose-supported CF layer had a
total mass of approximately 0.07 g, representing the combined mass of the CF material and cellulose carrier

rather than the CF mass loading. The 1CF, 3CF, and 5CF configurations consisted of one, three, and five
separately prepared cellulose-supported CF layers, respectively, while the nominal active area was
maintained at 50 x 50 mm? for all configurations. During operation, the exposed PTFE and CF surfaces
formed the triboelectric interface and underwent repeated vertical contact and separation under pneumatic
actuation.

Fig. 2 Laboratory-scale pneumatic experimental platform used to generate vertical contact—separation motion of the
CS-TENG.

2.5 Material characterisation

The prepared chicken feathers were characterised using Fourier Transform Infrared Spectroscopy
(FTIR), Scanning Electron Microscopy (SEM), and Energy-Dispersive X-ray Spectroscopy (EDX). FTIR
analysis of the prepared CF was performed using a PerkinElmer System 2000 over a spectral range of 4000—
400 cm™ to identify the principal functional groups associated with the keratin structure. A commercially
obtained CF sample was separately characterised using a Shimadzu IRSpirit FTIR spectrometer at a
resolution of 8 cm™ with 20 scans. The commercial CF spectrum was used as a comparative reference for
the positions of the principal keratin-associated absorption bands. Because the prepared and commercial
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CF spectra were acquired using different FTIR instruments, the comparison was limited to the occurrence
and approximate positions of the principal absorption bands rather than their relative intensities.

The surface morphology and hierarchical structure of the prepared CF were examined using a Hitachi
TM4000Plus benchtop SEM operated at 15 kV with a backscattered-electron detector and a field of view
of approximately 107 um. Elemental composition was analysed using EDX coupled to a JEOL JSM-7600F
field-emission scanning electron microscope (FESEM). These analyses were used to characterise the
functional groups, surface morphology, and elemental composition of the CF material used in the CS-
TENG.

2.6 Electrical response measurement

The electrical response of the fabricated CS-TENG was measured using a Keysight DSOX3014T digital
oscilloscope connected to the device electrodes through a Keysight N2843A 10:1 passive probe. The probe
provided an input resistance of 10 MQ when terminated into the 1 MQ oscilloscope input. The oscilloscope
was operated in normal real-time acquisition mode with DC coupling and a 20 MHz bandwidth limit. A
horizontal time base of 1.0 s/div was used, and the same measurement configuration was maintained
throughout the experimental investigation.

The electrical response was evaluated in terms of the peak-to-peak voltage (Vpp) obtained from the
recorded contact—separation waveforms. The exported waveform data contained a temporal interval of
0.005 s between successive data points, corresponding to an effective sampling rate of 200 Sa/s for the
exported dataset. Each experimental condition was evaluated in three separate experimental runs (n = 3).
Following each run, the actuation was stopped, and the CF contact layer was manually repositioned to
restore its arrangement before the subsequent run. The Vpp values obtained from the three runs were used
to calculate the mean and sample standard deviation, and the electrical response is therefore reported as
mean =+ standard deviation.

2.7 Experimental investigation

The experimental investigation was structured to evaluate the electrical response of the CS-TENG
across combinations of excitation frequency, applied pneumatic pressure, and CF layer configuration.
Preliminary exploratory testing was conducted over an excitation-frequency range of 0.5-5.0 Hz to
establish representative operating conditions for the subsequent investigation. Based on this exploratory
range, excitation frequencies of 0.5, 2.7, and 5.0 Hz were selected to represent lower, intermediate and
upper operating conditions, respectively. This three-level approach was adopted to provide coverage of the
investigated frequency range while maintaining a practical number of experimental combinations.

Three levels of applied pneumatic pressure (0.2, 0.4, and 0.6 MPa) and three CF layer configurations
(1CF, 3CF, and 5CF) were investigated. The CF configurations corresponded to one, three, and five
separately prepared cellulose-supported CF layers, respectively, as described in Section 2.4. All
combinations of the three experimental parameters were evaluated, resulting in 27 experimental conditions.
Each condition was evaluated in three separate experimental runs, resulting in a total of 81 experimental
runs. The maximum separation distance between the opposing triboelectric surfaces was maintained at 13
mm throughout the investigation to provide a consistent contact—separation geometry for comparison of the
electrical responses. The selected parameter levels were used to examine performance trends within the
investigated operating range rather than to establish a global optimum operating condition.
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3. RESULTS AND DISCUSSION

3.1 FTIR analysis

The FTIR spectra of the prepared chemically unmodified CF and the commercially obtained CF are
shown in Fig. 3. The prepared CF spectrum exhibited absorption bands at 3270.13, 2928.24, 1626.65,
1529.44, 1449.83, 1236.63, and 1071.66 cm™. The broad band at 3270.13 cm™ is associated with
overlapping O—H and N-H stretching vibrations, while the band at 2928.24 cm™ is attributable to aliphatic
C-H stretching. The prominent bands at 1626.65, 1529.44, and 1236.63 cm™ occurred within the
characteristic Amide I, Amide II, and Amide III regions, respectively. These absorption regions are
consistent with FTIR characteristics previously reported for chicken-feather keratin [19, 20] and with the
proteinaceous keratin structure of avian feathers [10, 21]. For comparison, the commercially obtained CF
exhibited corresponding major absorption bands at 3271.03, 1622.59, 1524.95, 1447.41, and 1232.02 cm™.
The close correspondence in the positions of these principal bands indicates that both feather samples
exhibited similar keratin-associated spectral features. Because the two spectra were acquired using different
FTIR instruments, the comparison was restricted to the occurrence and approximate positions of the
principal absorption bands rather than their relative intensities or peak areas.

The FTIR results therefore establish the presence of the principal keratin-associated functional groups
in the prepared CF used in the CS-TENG. Surface chemistry and functional groups are known to influence
charge generation during contact electrification [5, 22]. However, the present FTIR measurements do not
establish the individual contribution of these functional groups to charge transfer at the CF—PTFE interface.
Furthermore, because a pre-cleaning FTIR spectrum of the collected CF was not available, the results
cannot determine whether the washing, ethanol-cleaning, and drying procedures preserved or altered the
original surface chemistry. Accordingly, the FTIR results characterise the chemical functionalities present
in the prepared, chemically unmodified CF rather than demonstrate preservation of its original chemical
state.

a) b)

100.0-

W I i 575 \//
B hY _,.-"'-7.. - . k] ,"
N p= TR

350

227103

%T
§

rrr
| 22502 £

4000 3500 0Ly 2500 FRT 0. T T
em-1 4000 3500 000 2500 2000 1500 1800 o

Fig. 3 FTIR spectra of (a) prepared chemically unmodified CF and (b) commercial CF, showing the principal keratin-
associated bands.
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3.2 SEM and EDX analysis

The surface morphology and elemental composition of the prepared chemically unmodified CF were
examined using SEM and EDX, respectively, as shown in Fig. 4. The SEM micrograph in Fig. 4(a),
acquired at a field of view of approximately 107 pm, shows the elongated fibrous morphology of the
prepared feather material, with longitudinal surface features and microscale surface irregularities visible
along the feather structures. These observations demonstrate that the CF contact material possesses a
naturally structured, non-planar surface rather than a smooth continuous surface.

The EDX analysis in Fig. 4(b) detected carbon (C), oxygen (O), nitrogen (N), and sulfur (S), with atomic
concentrations of 46.75%, 24.57%, 27.91%, and 0.76%, respectively. These elements are consistent with
the elemental constituents expected for keratin-based feather material [10, 21]. In particular, the detection
of sulfur is consistent with the presence of sulfur-containing amino-acid residues associated with keratin
structure [10, 21]. However, EDX provides elemental rather than molecular or bonding information;
therefore, the detected sulfur cannot independently establish the presence or configuration of specific
sulfur-containing bonds.

The SEM and EDX results therefore characterise the surface morphology and elemental composition of
the prepared CF used in the CS-TENG. Surface morphology can influence the interfacial contact conditions
involved in contact electrification [5, 9], while keratin-based biowaste materials have been reported as
triboelectrically active materials [9, 22]. Nevertheless, the present SEM image does not directly quantify
the real contact area at the CF—PTFE interface, and the EDX measurement does not establish the individual
contribution of the detected elements to charge transfer. Furthermore, because corresponding SEM and
EDX measurements of the CF before cleaning were not available, these results cannot determine whether
the preparation procedure preserved or altered the original surface morphology or elemental composition.
The analyses were therefore interpreted as characterisation of the prepared CF rather than evidence of
morphological or compositional preservation during cleaning.

b) d) Element Element Element Atomie Weight
Number Symbol Name Conc. Conc.
6 C Carbon 46.75 40.98
8 (¢} Oxygen 24.57 28.69
T N Nitrogen 2791 28.54
16 S Sulfur 0.76 1.79

[] (B 2
9,059 counts in 45 seconds

Fig. 4 SEM and EDX characterisation of the prepared chemically unmodified CF: (a) surface morphology and (b)
elemental composition
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3.3 Effect of excitation frequency on voltage

The effect of excitation frequency on the electrical response of the CS-TENG was investigated at 0.5,
2.7, and 5.0 Hz. These frequencies represent the lower, intermediate, and upper conditions selected from
the preliminary operating range of 0.5-5.0 Hz, as described in Section 2.7. Fig. 5(a) presents representative
output-voltage waveforms obtained at the three excitation frequencies, while Fig. 5(b) compares the
corresponding mean peak-to-peak voltage (Vpp) for the 1CF, 3CF, and 5CF configurations at a pneumatic
pressure of 0.6 MPa.

Within the investigated frequency range, increasing the excitation frequency resulted in a consistent
increase in mean Vpp for all three CF configurations at 0.6 MPa. For the 1CF configuration, the mean Vpp
increased from 25.33 £0.58 Vat 0.5 Hzt0 32.33 £ 1.15 V at 2.7 Hz and 41.67 £ 0.58 V at 5.0 Hz. The 3CF
configuration exhibited a similar trend, increasing from 45.00 = 1.00 V at 0.5 Hz to 54.67 + 2.52 V at 2.7
Hz and 60.33 + 0.58 V at 5.0 Hz. For the 5CF configuration, the corresponding mean Vpp increased from
29.67+£0.58 V t0 42.67 £ 0.58 V and 49.33 + 0.58 V, respectively. The highest mean Vpp measured under
these conditions was therefore 60.33 + 0.58 V, obtained at 5.0 Hz using the 3CF configuration.

The consistent increase in Vpp with excitation frequency indicates a frequency-dependent electrical
response within the investigated range. Frequency-dependent variations in TENG output have previously
been associated with changes in the mechanical and interfacial conditions of triboelectric operation [7].
Kumar et al. [8] specifically reported an increase in peak-to-peak output voltage with increasing oscillation
frequency in a contact—separation TENG, although the materials and operating conditions differed from
those used in the present study. More generally, interfacial contact conditions are recognised as important
factors governing TENG output [5], while charge-density behaviour represents another important
consideration in triboelectric energy generation [23].

a) 80 b)
0.5Hz 2.7 Hz 5Hz 05Hz 27Hz 5Hz

60

40

20

Voltage (V)
Mean Vpp (V)

-20

0 4 &5 12 18 20 24 28 32 1GF tria 3CF o 5CF
CF Layer Configuration

-40

Time (s)

Fig. 5 Effect of excitation frequency on the electrical response of the CS-TENG: (a) representative output-voltage
waveforms at 0.5, 2.7, and 5.0 Hz and (b) mean peak-to-peak voltage (Vpp) for the 1CF, 3CF, and 5CF
configurations at 0.6 MPa.
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Nevertheless, the increase in Vpp observed in the present study should not be attributed solely to the
greater number of contact—separation cycles occurring per unit time because Vpp represents the amplitude
of the measured voltage waveform rather than cumulative electrical output. Changes in excitation frequency
may also modify the dynamic contact—separation conditions of the triboelectric interface [8]. Interfacial
contact conditions can influence triboelectric output [5], while the resulting electrical response is also
dependent on charge-generation and charge-retention behaviour [23]. However, contact and separation
velocity, contact duration, surface charge, and transferred charge were not independently measured in the
present study. Therefore, the present voltage measurements alone cannot quantitatively resolve the
individual mechanisms responsible for the observed frequency-dependent increase in Vpp.

Overall, the results demonstrate that Vpp increased with excitation frequency over the investigated
range of 0.5-5.0 Hz. Among the three frequencies tested, 5.0 Hz produced the highest mean Vpp. Because
5.0 Hz represents the upper boundary of the investigated frequency range, this result does not establish 5.0
Hz as the optimum excitation frequency of the CS-TENG. To determine whether the voltage response
continues to increase or reaches a maximum at a higher excitation frequency, measurements beyond 5.0
Hz, together with direct characterisation of the contact—separation kinematics and charge-transfer
behaviour, are required.

3.4 Effect of pneumatic pressure on voltage response

Fig. 6 compares the mean peak-to-peak voltage (Vpp) of the 1CF, 3CF, and 5CF configurations at
pneumatic pressures of 0.2, 0.4, and 0.6 MPa and excitation frequencies of 0.5, 2.7, and 5.0 Hz. Error bars
represent the sample standard deviation of three separate experimental runs (n = 3). Mean Vpp increased
with pneumatic pressure at every fixed combination of excitation frequency and CF layer configuration. At
5.0 Hz, increasing the pneumatic pressure from 0.2 to 0.6 MPa increased the mean Vpp from 33.33 £ 1.53
to 41.67 £ 0.58 V for 1CF, from 46.67 + 1.53 to 60.33 £ 0.58 V for 3CF, and from 37.00 +2.65 t0 49.33 +
0.58 V for 5CF. The highest mean Vpp within the experimental matrix was 60.33 = 0.58 V at 0.6 MPa and
5.0 Hz using 3CF. Complete mean Vpp values and sample standard deviations for all investigated
conditions are summarised in Table 1.

(a) 1CF (b) 3CF (c) 5CF

=}
S

w
o
L

&
o
L

w
<)
L

Mean peak-to-peak voltage, Vy, (V)
a
=]

=
o

T T T T T v v v v
0.2 0.4 06 02 0.4 06 02 0.4 0.6
Pneumatic pressure (MPa) Pheumatic pressure (MPa) Pneumatic pressure (MPa)

Fig. 6 Mean peak-to-peak voltage (Vpp) as a function of pneumatic pressure for (a) 1CF, (b) 3CF, and (c) SCF
configurations
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As summarised in Table 1, the pressure-dependent increase in mean Vpp was observed not only at 5.0
Hz but also at 0.5 and 2.7 Hz for all three CF layer configurations. The magnitude of the increase, however,
varied across the investigated frequency and CF layer combinations. Pressure- or load-dependent electrical
responses have also been reported for other keratinous-material TENG interfaces. For example, Ali et al.
[24] observed an increase in generated voltage when the normal load applied to a rabbit-fur/PTFE contact—
separation interface was increased from 3.3 to 20.5 N. Kumar et al. [8] likewise reported pressure-dependent
changes in TENG output associated with variations in real contact area at the triboelectric interface.
However, direct quantitative comparison with the present experiment is not appropriate because these
studies controlled mechanical loading differently, whereas the present platform controlled pneumatic
supply pressure and did not directly measure the resulting normal contact force.

In the present experiment, pneumatic supply pressure was the controlled mechanical input parameter,
whereas the normal contact force at the CF—PTFE interface was not directly measured. The real contact
area, deformation of the CF layers, interfacial pressure distribution, and transferred charge were also not
independently measured. Although changes in interfacial contact conditions provide a plausible
interpretation of the observed pressure-dependent voltage response [8], the individual mechanisms
responsible for the increase in Vpp cannot be determined from the present measurements alone. To further
position the present voltage response within the broader literature, Table 2 compares representative feather-
, keratin-, and poultry-biowaste-based TENG studies in terms of material treatment, operating mode,
excitation conditions, and reported electrical output.

The comparison shows that reported electrical outputs vary substantially across the literature because
of differences in biological material, material processing, device architecture, mechanical excitation, and
voltage metric. Accordingly, the values in Table 2 should not be interpreted as a direct performance ranking.
The present study is distinguished by its controlled and replicated evaluation of chemically unmodified
waste chicken-feather layers in a CF—PTFE contact—separation configuration under systematic variations
in excitation frequency, pneumatic pressure, and CF layer configuration.

Table 1 Mean peak-to-peak voltage of the CS-TENG under the experimental conditions investigated.

(F};;;l“e“cy :’;;’;Z‘)‘re 1 CF (V) 3 CF (V) 5 CF (V)

0.5 02 17.33 +0.58 3333+2.08 2367+ 1.15
0.5 0.4 22.67+0.58 37.00 + 1.00 2533+ 1.15
0.5 0.6 2533+0.58 45.00 = 1.00 29.67+0.58
27 0.2 2767+ 1.15 3633+ 1.15 3633252
27 0.4 3033+ 115 44.67+3.06 4133+ 153
27 0.6 3233+ 1.15 54.67+2.52 42.67+0.58
5.0 02 3333+ 153 46.67+ 1.53 37.00 % 2.65
5.0 0.4 36.00 < 1.00 5333+2.52 4467+ 1.53
5.0 0.6 41.67+0.58 6033 +0.58 4933 +0.58

Source: Authors' own data
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Table 2 Quantitative comparison of representative feather-, keratin-, and poultry-biowaste-based TENGs with the

present study

Material/treatment and TENG Excitation/loading Reported electrical
Study . A Ref.
configuration condition output
Zhu et al. Natural f.ether with Cu sputtered as  External contact/release; Voe =90 V:
(2021) electrode; single-electrode F- frequency and load not Ioe = 3.5 uA [14]
STENG reported ° )
Cho et al. Owl fee_tth?r with haematoxylin . Wind speed =7 ms™; Output voltage = 64.3 V;
(2019) adsorption; Teflon counter surface; friction area = 1.6 cm? output current = 6.55 pA [15]
rotational wind-driven TENG ) )
. Ethanol-washed and chopped dog .
(Szlggg)et al. hair against PTFE; vertical contact— ?feanéﬂgaﬁgfr’l ti))rﬁ: dand Vi =200 V [25]
separation TENG 4 y
5 wt% human-hair-derived keratin Voc=296 V;
Joo et al. particles incorporated into PVB 5N, 5 Hz; active area = 2.5 Isc=37.6 pA; maximum [16]
(2022) against PFA; vertical contact— x 2.5 cm? power density = 0.6 mW
separation TENG cm2at 10 MQ
. . Voc= 123V and
Khan et al. Chicken skin against Kapton; ?1;11; iI;IlZ 252253.1}2532 Isc = 20 pA at 14 Hz; [26]
(2023) contact—separation TENG ran I; 1 % 5 }I,\I ’ power density = 0.2 mW
8 cm2 at 20 MQ
Chemically unmodified waste CF » s . Mean V,, = 60.33 £ 0.58
Present study  layers against PTFE; vertical 0.5-3.0 Hz; 0.2-0.6 MPa; V at 5.0 Hz, 0.6 MPa, This study

contact—separation CS-TENG

13 mm separation

3CF (n=3)

Source: Compiled from the cited literature and authors’ own experimental data

Overall, increasing the applied pneumatic pressure from 0.2 to 0.6 MPa was consistently accompanied
by an increase in mean Vpp across all investigated frequency and CF layer combinations. Among the three
pressure levels tested, 0.6 MPa produced the highest mean Vpp for each investigated combination.
However, because 0.6 MPa was the upper boundary of the investigated pressure range, the present results
did not establish 0.6 MPa as the optimum pneumatic pressure of the CS-TENG. Further investigation over
an extended pressure range would be required to determine whether the voltage response subsequently
reaches a maximum or saturation region.

4. CONCLUSIONS

A contact—separation triboelectric nanogenerator (CS-TENG) incorporating chemically unmodified
waste chicken feathers (CF) and PTFE was successfully fabricated and experimentally evaluated. FTIR,
SEM, and EDX characterised the keratin-associated functional groups, surface morphology, and elemental
composition of the prepared CF. Electrical measurements showed that the mean peak-to-peak voltage (Vpp)
increased with excitation frequency from 0.5 to 5.0 Hz and with pneumatic pressure from 0.2 to 0.6 MPa
within the investigated ranges. Among the tested CF configurations, 3CF consistently produced the highest
mean Vpp. The highest measured response was 60.33 = 0.58 V, obtained at 5.0 Hz and 0.6 MPa using the
3CF configuration.

These findings demonstrate the voltage response of a chemically unmodified CF-PTFE CS-TENG
under controlled variations in excitation frequency, pneumatic pressure, and CF layer configuration.
However, the tested ranges did not establish globally optimum operating conditions, and the present
electrical evaluation was limited to Vpp measurements. Further investigation incorporating direct contact-
force measurements, extended operating ranges, and current, transferred-charge, load-dependent power,

https://doi.org/10.24191/jaeds.v6i2.219 UiTM Press, Universiti Teknologi MARA



158 Mohd Amirul Ramlan et al. / Journal of Applied Engineering Design and Simulation (2026) Vol. 6, No. 2

and durability measurements is required to establish the broader energy-harvesting performance and
practical applicability of the device.
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