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ABSTRACT
The 3D printing of energy harvesters using earth-abundant and non-toxic ele-
ments promotes energy sustainability and market competitiveness. The semi-
conducting behavior and non-centrosymmetric wurtzite crystal structure of 
gallium-doped zinc oxide (GZO) films make them attractive for thermoelectric 
and piezoelectric nanogenerators. This study investigates the thermal, structural, 
mechanical, thermoelectric, and piezoelectric properties of 3D-printed GZO nano-
composite films. Thermal analysis demonstrates the stability of the nanocom-
posite film up to 230 °C, making it suitable for wearable energy harvesters. The 
crystalline structure of the nanocomposite film aligns with the hexagonal wurtzite 
structure of ZnO and displays a bulk-like microstructure with a uniform distribu-
tion of elements. The presence of Ga 2p, Zn 2p, O 1 s, and C 1 s core levels con-
firms the development of the nanocomposite film, characterized by a fine granular 
structure and a conductive domain compared to the neat resin film. The inclusion 
of GZO nanofillers tailors the stress–strain behavior of the nanocomposite film, 
enhancing flexibility. The 3D-printed GZO nanocomposite films demonstrate a 
promising thermoelectric power factor and piezoelectric power densities, along 
with mechanical flexibility and thermal stability. These advancements hold sig-
nificant potential for wearable and hybrid energy generation technologies.

1 Introduction

Wearable electronic devices have seen rapid 
advancements in flexibility, integration, and intel-
ligence, driven by flexible electronics, big data, and 

artificial intelligence technologies [1]. These devel-
opments expand applications in health monitoring, 
human–machine interaction, and the Internet of Things 
[1]. However, energy supply remains a major chal-
lenge for these devices, especially given the need for 
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piezoelectric composites using BaTiO3 nanoparticles 
within a photocurable resin matrix [22].

Using earth-abundant materials for 3D printing 
energy harvesters can reduce manufacturing costs 
and increase market competitiveness [23]. Zinc Oxide 
(ZnO) is a promising, inexpensive, and abundant 
material with high stability and non-toxic properties, 
making it suitable for wearable thermoelectric and 
piezoelectric applications [24]. ZnO, a wide bandgap 
semiconductor with a non-centrosymmetric wurtzite 
crystal structure, can be doped with Gallium (Ga) to 
improve electrical conductivity and modify crystal 
structure, enhancing energy conversion efficiency 
compared to undoped ZnO films [25, 26]. Pandiyar-
asan et al. used the solvothermal method to grow 
nanostructured ZnO on fabrics for wearable ther-
moelectric generators [27]. Mahapatra et al. devel-
oped flexible piezoelectric nanogenerators based on 
ZnO:PVDF composite using the hydrothermal method 
for vibrational energy harvesting and wearable shoe 
insole pedometer applications [28].

While extensive research has been conducted on 
the structure and energy harvesting capabilities of 
ZnO films for wearable thermoelectric and piezoelec-
tric applications, there is a notable gap in integrating 
3D printing technology for developing flexible ZnO 
films suitable for these applications [27, 29]. This 
study aims to address this gap by investigating the 
use of 3D printing technology to fabricate flexible films 
composed of earth-abundant and non-toxic elements, 
specifically Ga-doped ZnO (GZO), for thermoelectric 
and piezoelectric energy harvesting applications to 
promote energy sustainability. The research employs 
3D printing to produce flexible nanocomposite films 
using photocurable resin and GZO nanofillers to 
enhance their thermoelectric and piezoelectric prop-
erties, as depicted in Fig. 1. Various measurements, 
including thermal, structural, mechanical, thermoe-
lectric, and piezoelectric analyses, were performed on 
the 3D-printed films to assess their energy harvesting 
capabilities.

2 �Experimental

2.1 �Materials

GZO nanopowder was supplied by Nanochema-
zone with 99% purity and an average particle size of 
50–60 nm. Photocurable LCD-C resin was provided by 

flexibility and integration [2]. Most wearable devices 
currently rely on replaceable batteries, which are rigid, 
have limited lifetimes, and pose potential environmen-
tal risks, conflicting with sustainable energy goals 
such as promoting renewable energy and reducing 
environmental pollution [3].

Self-powered technology, which allows devices 
to harvest energy from their environment, offers a 
promising solution for the sustainable energy sup-
ply of wearable systems [4]. Wearable devices can 
harvest energy from various sources, including ther-
mal, mechanical, and chemical energy [5]. Significant 
efforts have been made to enhance energy harvesting 
systems, with particular attention to thermoelectric 
(TE) and piezoelectric (PE) energy harvesters [6–8]. 
Wearable thermoelectric generators convert the body’s 
thermal energy into electrical energy, while piezoe-
lectric generators convert mechanical deformations 
into electrical energy [9, 10]. Hybrid energy harvest-
ers, which combine multiple energy sources, further 
improve efficiency and reliability, making wearable 
devices self-sustaining and battery-free [11].

Conventional techniques for developing wear-
able energy harvesters face design limitations, which 
can be overcome by 3D printing technology [12]. 3D 
printing, an additive manufacturing process, creates 
three-dimensional parts layer by layer using com-
puter-aided design (CAD) [13]. It offers advantages 
over traditional manufacturing processes, including 
rapid prototyping, flexible design, strong and light-
weight features, minimal waste, cost-effectiveness, 
ease of access, and environmental benefits [14, 15]. 
Liquid Crystal Display (LCD) printing, a popular 3D 
printing method, uses ultraviolet (UV) light-emitting 
diodes (LEDs) to cure a photocurable liquid resin, 
offering fast print speeds and high-quality finishes 
[16, 17]. Kim et al. developed 3D-printed thermoelec-
tric films using Bismuth Telluride (Bi2Te3) in 300µm 
thickness to perfectly fit wearable heat sources [18]. He 
et al. prepared 3D-printed composites of photoresin 
and Bismuth Antimony Telluride (Bi0.5Sb1.5Te3) with 
good thermoelectric and mechanical properties [19]. 
Park et al. enhanced the performance of thermoelectric 
composites using a photocured resin matrix and Sil-
ver Selenide (Ag2Se) fillers for energy harvesting [20]. 
Zhou et al. designed 3D-printed piezoelectric nano-
generators using Barium Titanate (BaTiO3) nanoparti-
cles and Poly(vinylidene fluoride-co-trifluoroethylene) 
(P(VDF-TrFE)) for stretchable energy harvesting [21]. 
Kim et  al. created high-performance 3D printable 
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SparkMaker with a liquid density of 1.10 g/mL and UV 
curing at 355–420 nm.

2.2 �Methods

GZO nanopowder was added to the photocurable 
LCD-C resin in equivalent weight fractions, followed 
by overnight magnetic stirring at room temperature 
(25 °C) for homogenization. CHITUBOX slicing soft-
ware was used to slice a 3D CAD model into thin lay-
ers for printing, with parameters such as an exposure 
time of 120 s and a lift speed of 60mm/min adjusted 
accordingly. The Phrozen Sonic Mini Resin 3D Printer 
was employed to print the photocurable resin-GZO 
nanocomposite, using a layer height of 50 µm through 
photopolymerization on an LCD screen. This process 
utilized a 405 nm photocuring wavelength provided 
by an array of LEDs, which uniformly distributed UV 
light over the print area. Subsequently, the 3D-printed 
films of photocurable resin and photocurable resin-
GZO nanocomposite were immediately submerged 
in isopropyl alcohol (IPA) to remove any residual 
uncured resin before being left to dry at room tem-
perature, ensuring a clean and smooth surface finish.

2.3 �Characterizations

2.3.1 �Thermal stability

The thermal stability of 3D-printed photocurable resin 
and photocurable resin-GZO nanocomposite films was 
assessed using Thermogravimetric Analysis (TGA 
4000, PerkinElmer, USA). The analysis was conducted 
from room temperature to 800 °C at a constant heating 
rate of 10 °C/min in an inert nitrogen (N2) atmosphere.

2.3.2 �Structure and morphology

X-ray diffractometer (XRD; PANalytical EMPYREAN, 
UK) with a CuKα radiation source (λ = 1.54Å) was 
used to identify phases and determine grain sizes 
of the printed resin and nanocomposite films. Field 
emission scanning electron microscopy (FE-SEM; FEI 
Nova Nano-SEM 450, USA), coupled with energy-
dispersive X-ray spectroscopy (EDS), examined the 
surface morphology and elemental distribution of 
the printed films. Chemical bonding analysis was 
conducted on the printed films using X-ray photo-
electron spectroscopy (XPS; Kratos AXIS Ultra DLD, 
USA). Surface topography and electrical characteristics 
were analyzed using conductive atomic force micros-
copy (C-AFM; Asylum Research MFP-3D, USA) with 
an ORCA probe.

2.3.3 �Mechanical properties

The Young’s Modulus, tensile strength, and ductility 
of the printed resin and nanocomposite films were 
evaluated using a universal testing instrument (Lloyd 
LS 1K Plus, UK) following ASTM D882 standards, 
with a constant engineering strain rate of 5mm/min.

2.3.4 �Thermoelectric properties

The electrical conductivities of the printed resin and 
nanocomposite films were calculated from C-AFM 
measurements. The Seebeck coefficients of the printed 
films were measured using the experimental setup 
developed by Hasan et al. [30]. This setup consisted 
of an infrared thermometer (RayTemp 8, UK), a hot 

Fig. 1   Schematic illustration of 3D printing for a photocurable resin-GZO nanocomposite film using an LCD resin printer
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plate, and a source measure unit instrument (SMU; 
Keithley 2400, USA). Both ends of the films were 
coated with conductive silver paste (Sigma-Aldrich) 
to serve as electrodes. A hot plate was used to heat 
one side of the film and create a temperature gradient 
(ΔT), generating a thermoelectric voltage (ΔV) meas-
ured by the SMU instrument. The slope technique was 
then employed to determine the Seebeck coefficient 
(S = ΔV/ΔT) values from the generated thermoelectric 
voltage as a function of the temperature gradient on 
both photocurable resin and photocurable resin-GZO 
nanocomposite films.

2.3.5 �Piezoelectric properties

The piezoelectric output voltages of the printed resin 
and nanocomposite photocurable films were measured 
using the experimental setup developed by Parangu-
san et al. [31]. The setup included a dynamic signal 
acquisition module (National Instrument, NI USB-
4431, USA) and interactive output measurement soft-
ware. Conductive silver paste was applied to both the 
top and bottom surfaces of the printed films, serving 
as electrodes. These silver-pasted surfaces were then 
connected to electrical wires using conductive copper 
tape to facilitate connection with the dynamic signal 
acquisition module. Various mechanical deformation 
modes, such as tapping and bending, were applied to 
the films to measure the output piezoelectric voltage 
using the interactive output measurement software.

3 �Results and discussions

3.1 �Thermal stability

TGA analysis examines the thermal stability of GZO 
nanopowder and 3D-printed films made from photo-
curable resin and photocurable resin-GZO nanocom-
posite, as shown in Fig. 2. The TGA curve for GZO 
nanopowder demonstrated consistent thermal stabil-
ity from room temperature to 800 °C without decom-
position, a characteristic often associated with ZnO 
nanoparticles due to their strong interatomic bonds 
from the electropositive nature of metal oxides [32, 33]. 
Figure 2a, b shows the weight loss and weight loss rate 
curves for neat resin and nanocomposite films, indicat-
ing stability from 25 °C to around 230 °C, suitable for 
wearable energy harvesters, especially thermoelectric 
and piezoelectric nanogenerators [1]. Beyond 230 °C, 
a sudden decline in weight suggests thermal decom-
position [34].

The addition of GZO nanoparticles significantly 
affected the thermal degradation of neat photocur-
able resin, resulting in a 50% weight residue for the 
nanocomposite, primarily due to the presence of GZO 
nanoparticles. This confirms an equal weight ratio of 
GZO nanofillers and the photocurable resin matrix 
in the nanocomposite film. This equal weight ratio 
facilitated the creation of a suitable nanocomposite 
slurry for 3D printing, ensuring UV light penetration 
without hindrance and preventing printing failure 

Fig. 2   TGA curves of a weight loss and b weight loss rate for GZO nanopowder, photocurable resin, and photocurable resin-GZO nano-
composite
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[35]. Previous research by Zhao et al. highlighted 
the importance of liquid precursor transparency in 
enhancing UV light permeability and achieving uni-
form photo-crosslinking [36]. Although the decompo-
sition temperature slightly shifted, the most significant 
change was in the weight loss rate, which decreased 
from − 13.7%/min to − 5.30%/min for resin and nano-
composite films, respectively, as shown in Fig. 2b. This 
decrease can be attributed to the uniform dispersion 
of nano-sized GZO particles, which enhance thermal 
stability by strengthening the interfaces between the 
matrix and filler, leading to uniform thermal distribu-
tion and decomposition within the resin-GZO nano-
composite [36].

3.2 �Structure and morphology

The XRD analysis investigates the phases and grain 
sizes in the photocurable films. Figure 3 illustrates 
the diffraction profile of GZO nanopowder, char-
acterized by distinct, sharp, and narrow diffrac-
tion peaks, indicating a crystalline phase [37]. In 
contrast, the XRD profile of the neat photocurable 
resin displays an amorphous phase with a broad 
diffraction peak [38]. Moreover, the diffraction pat-
tern of the photocurable resin-GZO nanocomposite 
reveals crystalline diffraction peaks consistent with 
GZO nanopowder, aligning with the peaks of ZnO 
hexagonal wurtzite structure (JCPDS: 36-1451) [39]. 
The fundamental peak of GZO nanopowder and the 

photocurable nanocomposite film is observed at a 
low Bragg’s angle (2θ) of 36.4°, exhibiting strong 
intensity and an indexed crystal plane of (101). 
The preferred orientation of GZO nanoparticles is 
observed in the [101] direction along the c-axis, cor-
responding to the XRD peak with the highest inten-
sity [40].

Figure 3 demonstrates agreement in intensity for 
the crystalline diffraction peaks of GZO nanofiller 
and photocurable resin-GZO nanocomposite, par-
ticularly at (010), (002), and (101) planes. A slight 
positional shift in diffraction peaks of the photocur-
able nanocomposite from the nanofiller nanopowder 
is observed, possibly caused by mismatched crys-
talline structures and the formation of heterojunc-
tions between the two phases in the nanocomposite 
[37]. Integral breadth analysis on the XRD patterns, 
using the Warren–Averbach method through Eq. (1), 
determines the average grain size and residual lattice 
strains of GZO nanopowder, photocurable resin, and 
photocurable resin-GZO nanocomposite [41].

where βhkl is the width of the peak (hkl) at half-maxi-
mum intensity in radians, λ is the wavelength of the 
x-ray beam, θ is the diffraction angle of the peak posi-
tion in radians, D is the average grains size, and ε is 
the lattice strain [41]. Fitting the data of βhkl2/tan2θ vs. 
βhkl/(tanθ sinθ) through the Gaussian function yielded 
the best linear regression fit of approximately 0.94 for 
all recognized diffraction peaks in XRD patterns.

Table 1 presents the average grain size of 25nm for 
the GZO nanopowder and 22nm for the photocurable 
resin-GZO nanocomposite film. The decrease in grain 
size of the nanocomposite is attributed to the reduced 
clustering of GZO nanoparticles, hindered by inter-
actions with polymeric chains from the resin matrix 
[42]. This hindering effect potentially promotes the 
effective dispersion of GZO nanoparticles within the 
resin matrix, enhancing interfacial adhesion and over-
all interphase properties of the photocurable nano-
composite [43]. Residual lattice strains increase from 
0.089% to 0.341% for GZO nanopowder and photo-
curable resin-GZO nanocomposite, respectively. This 
increase may result from microscopic strains devel-
oped due to the dispersion of GZO nanoparticles in 
the resin matrix, inducing local structural distortions, 
particularly at nanofiller and matrix interphases [24].

(1)
�2
hkl

tan
2 �

=
D

(

�
hkl

tan � sin �

)

+ 25

(

�2
)

,

Fig. 3   XRD patterns of GZO nanopowder, photocurable resin, 
and photocurable resin-GZO nanocomposite
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The crystallographic parameters of the photocur-
able nanocomposite film and GZO nanopowder, 
including lattice constants (a, b, and c), can be calcu-
lated using the crystallographic plane indices (h, k, 
and l) as follows [44]:

where d(hkl) is the inter-planar spacing derived from 
Bragg’s law and XRD patterns [44]. The lattice param-
eters of the standard reference ZnO are ao = bo = 3.25Å 
and co = 5.21Å [39]. Table 1 demonstrates the alignment 
of lattice parameters and the ratio (a/c) between the 
photocurable resin-GZO nanocomposite, GZO nano-
powder, and the standard reference (JCPDS: 36-1451) 
[39]. This confirms the phase purity and crystallinity of 
the developed nanocomposite film, which is consistent 
with the observed XRD profiles. However, the slight 
deviation in the c-lattice constant for the nanocompos-
ite film may result in unit cell elongation along the 
c-axis, potentially leading to alterations in the volume 
(V) of the unit cell, calculated as follows [45]:

(2)d(hkl) =

[

4

3

(

h
2 + k

2 + hk

a
2

)]−0.5

0

,

The unit cell volumes of GZO nanopowder and the 
nanocomposite film are 47.5Å3 and 47.6Å3, respec-
tively, compared to bulk ZnO at 47.5Å3, as displayed 
in Table 1 [44]. These minor changes in unit cell vol-
ume could be attributed to the evolution of the nano-
composite microstructure, potentially resulting in 
distortions exerted by polymer chains from the resin 
matrix on GZO nanofillers [46].

SEM analysis, coupled with EDS, is utilized to 
investigate the surface morphology and elemental 
distribution of the photocurable resin and the photo-
curable resin-GZO nanocomposite films, as depicted 
in Fig. 4a, b. The FE-SEM image of the neat resin film 
reveals a smooth surface with evenly distributed 
C and O elements, identified by EDS peaks at 0.28 
keV and 0.51 keV, respectively. In contrast, the FE-
SEM image of the nanocomposite film demonstrates 
the incorporation of GZO nanoparticles within the 
resin matrix without significant voids or cracks. The 
microstructure evolution of 3D-printed nanocompos-
ite films through a short and immediate UV curing 
process might result in a bulk-like and low-defect 

(3)V =

√

3

2

a
2

c.

Table 1   XRD analysis 
of crystallite size (D), 
microscopic lattice strain (ɛ), 
lattice parameters (a and c), 
and volume of the unit cell 
(V)

Sample D
(nm)

ɛ
(%)

a
(Å)

c
(Å)

a/c V
(Å3)

GZO nanopowder 25 0.0890 3.25 5.20 0.624 47.5
Photocurable resin – – – – – –
Photocurable resin-GZO 

nanocomposite
22 0.341 3.25 5.21 0.624 47.6

Fig. 4   FE-SEM images, EDS spectra, and elemental mapping analysis of a photocurable resin and b photocurable resin-GZO nanocom-
posite films
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microstructure. This improvement could enhance the 
mechanical, thermoelectric, and piezoelectric proper-
ties of the nanocomposite [35]. The UV curing process, 
when applied with appropriate UV light intensity and 
exposure time, may eliminate the necessity for subse-
quent annealing processes to enhance the density of 
the printed films [35].

Elemental mapping analysis of the photocurable 
nanocomposite film illustrates a uniform distribu-
tion of Ga, Zn, and O elements originating from the 
GZO nanofillers within the photocurable resin matrix. 
Table 2 summarizes the EDS analysis conducted on the 
FE-SEM images of the photocurable resin and the pho-
tocurable resin-GZO nanocomposite films. The EDS 
data of the neat resin film predominantly consist of C 
and O elements, with weight compositions of 66wt% 
and 34wt%, respectively. In contrast, the photocura-
ble film of the resin-GZO nanocomposite displays the 
highest weight composition of Zn element at 46wt%, 
followed by C and O elements, each comprising nearly 
equivalent compositions of 24wt% and 23wt%, respec-
tively. Additionally, the n-type dopant, Ga element, 
constitutes 6wt% of the nanocomposite film. Notably, 
the Ga and Zn content in the nanocomposite film does 
not exhibit a Ga/Zn ratio close to two, suggesting the 
absence of a Zinc Gallate (ZnGa2O4) spinel compound, 
which aligns with the phase purity observations from 
the XRD analysis.

XPS analysis examined the chemical bonding of 
the photocurable resin and its composite with GZO 
nanoparticles. In Fig. 5, the full-range XPS spectra 
revealed distinctive core levels, including Ga 2p, Zn 
2p, O 1s, and C 1s, indicating the composition of the 
nanocomposite film. Conversely, the neat resin film 
exhibited only peaks corresponding to C 1s and O 1s. 
This combination of core levels in the nanocomposite 
film suggests its formation from multiphase constitu-
ents compared to the neat resin film, supported by 
XRD and SEM–EDS analyses [47]. Gaussian spectral 
fitting of XPS data further elucidated the binding 

states of the elements in the samples [48]. Figure 6a, 
b illustrates the resolution of the C 1s peak into two 
peaks, C–O–C and H–C/C–C, for both neat resin and 
nanocomposite films, with negligible differences in 
binding energies. Figure 6c, d shows the resolution 
of the O 1s peak into peaks of H–O/C–O and Zn–O 
for the nanocomposite film, while the resin film 
exhibited only an H–O/C–O peak.

Following the variations in the peak intensities 
of O 1s, it is observable that Zn–O is the dominant 
chemical bond in the nanocomposite film. The vari-
ations in the peak positions of Zn–O and H–O/C–O 
in nanocomposite film could be attributed to a dipole 
moment at the interface between GZO nanofill-
ers and the resin matrix [16]. This indicates strong 
chemical interactions caused by charge transfer 
developed during the photopolymerization pro-
cess of the 3D-printed nanocomposite film [16]. As 
a result, the printed nanocomposite is distinguish-
able from a simple physical mixture due to extensive 
chemical interactions among its constituents, includ-
ing interfacial bonds and interdiffusion regions [43]. 
Figure 6e, f illustrates the XPS spectra of the Zn 2p 
core level, revealing peaks attributed to the Zn–O–Ga 
bond and spin–orbit splitting of Zn 2p1/2 and Zn 
2p3/2 for the nanocomposite film. Similarly, Fig. 6g, 
h shows the resolution of the Ga 2p peak into peaks 
of Ga 2p3/2 and Ga–O for the nanocomposite film.

C-AFM was utilized to analyze the film topogra-
phy and electrical characteristics of the 3D-printed 

Table 2   SEM–EDS analysis of photocurable resin and photocur-
able resin-GZO nanocomposite films

Sample Element (wt%)

Ga Zn O C

Photocurable resin – – 33.8 66.2
Photocurable resin-GZO 

nanocomposite
6.06 46.3 23.3 24.3

Fig. 5   Full-survey XPS spectra of photocurable resin and photo-
curable resin-GZO nanocomposite films
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films. Figure 7a, c depicts the topography images, 
revealing that the photocurable nanocomposite film 
exhibits a fine granular structure compared to the 

neat film, suggesting the presence of multiple nano-
sized GZO particles dispersed in the resin matrix 
[41]. Weak phase separation between the GZO 

Fig. 6   XPS spectra of a, b C 1s, c, d O 1s, e, f Zn 2p, and g, h Ga 2p core levels for photocurable resin (top row) and photocurable 
resin-GZO nanocomposite (bottom row) films

Fig. 7   C-AFM surface 
topography (top row) and 
current mapping (bottom 
rows) images of 3D-printed 
a, b photocurable resin and 
c, d photocurable resin-GZO 
nanocomposite films. All 
measurements were obtained 
from a 5 × 5µm2 surface area 
at a bias voltage of 10V



J Mater Sci: Mater Electron (2024) 35:1639	 Page 9 of 17 1639

nanofillers and resin matrix is also observed, result-
ing in a more homogeneous and non-porous struc-
ture, which could promote strong interfacial bonds 
and enhance properties. Additionally, the increase 
in surface roughness values from 114 to 262nm for 
neat and nanocomposite films, respectively, indi-
cates the formation of a multi-component hetero-
geneous nanocomposite. The increased nanoscale 
surface roughness of the nanocomposite film may 
significantly contribute to the enhancement of out-
put power in flexible energy harvesters [5]. Ji et al. 
reported on surface roughness modifications to 
improve the output voltage of the piezoelectric layer 
due to increased contact surface area [49].

Figure 7b, d displays the current mapping image 
and line profile of the photocurable resin and nano-
composite films, revealing a uniform conductivity 
domain of 200 pA for the nanocomposite film. This 
conductive domain exhibits high carrier delocaliza-
tion, possibly attributed to the crystalline structure 
of the nanocomposite film, as indicated by its XRD 
profile, leading to enhancements in the mobility of 
charge carriers [50]. This finding aligns with SEM 
observations of homogeneous elemental distribution 
and XPS results indicating the presence of charge 
transfer interactions resulting from strong interfacial 
bonds between GZO-reinforced nanoparticles and the 
resin matrix. Consequently, the electrical current flows 
along the network established from various hetero-
junctions between the matrix phase and conductive 
GZO nanofillers [50]. The in-situ photo-crosslinking 
of the 3D-printed nanocomposite film may also con-
tribute to the uniform degree of crosslinked networks 
reinforced with GZO nanoparticles achieved at ambi-
ent temperature within seconds to minutes [36]. 
Photo-crosslinking offers advantages in eliminating 
both post-polymerization modifications to facilitate 
charge mobility and possible side reactions encoun-
tered with thermal-crosslinking at high temperatures 
[36].

3.3 �Mechanical properties

The Young’s Modulus, tensile strength, and ductility 
of 3D-printed resin and nanocomposite films were 
assessed using a universal testing instrument follow-
ing ASTM D882 standards. Young’s modulus, meas-
uring a material’s resistance to stretching or deforma-
tion under an applied load, was significantly lower 
in the nanocomposite film (85 MPa) compared to the 

neat resin film (174 MPa), as shown in Table 3 [41]. 
This indicates that the nanocomposite film offers 
higher flexibility and is more easily deformed, which 
is desirable for applications in wearable energy har-
vesters [51]. GZO nanofillers appear to modify the 
stress–strain behavior, enhancing the flexibility of the 
nanocomposite film and allowing it to bend, flex, or 
deform to a greater extent before failure [51]. The resin 
film is composed purely of polymer chains, resulting 
in a higher density of photo-crosslinked networks, 
which would increase resistance to elastic deforma-
tion [52]. The tensile strength, crucial for the safety 
and reliability of wearable energy harvesters, repre-
sents the maximum stress a material can withstand, 
while being stretched or pulled before breaking [26]. 
The nanocomposite film exhibited a tensile strength of 
4 MPa compared to 13 MPa for the neat resin film, as 
indicated in Table 3.

The presence of GZO nanofillers could potentially 
increase the spacing between the polymer chains of 
the resin matrix, leading to a reduction in the tensile 
strength of the nanocomposite film and an increase 
in its flexibility [43]. Energy harvesters with ductility 
offer increased flexibility and deformability without 
rupturing, enhancing user comfort in wearable appli-
cations [53]. As shown in Table 3, the nanocomposite 
film demonstrates a ductility of 39%, whereas the neat 
resin film exhibits a higher ductility of 73%. The strong 
interfacial bonds between GZO-reinforced nanopar-
ticles and the resin matrix in the nanocomposite film 
may restrict the mobility of polymer chains, result-
ing in reduced ductility compared to the neat resin 
film [53]. Nevertheless, the ductility of the 3D-printed 
photocurable resin-GZO nanocomposite film remains 
adequate and surpasses that of drop-casted Fe-ZnO/
PVDF nanocomposite films developed for flexible pie-
zoelectric energy harvesters [54]. The mechanical flex-
ibility of the GZO-resin nanocomposite film enables 
better integration of thermoelectric energy harvesters 

Table 3   Mechanical properties of 3D-printed films at room tem-
perature

Sample Young’s 
Modulus
(MPa)

Tensile 
strength
(MPa)

Ductility
(%)

Photocurable resin 174.3 13.4 73.7
Photocurable resin-GZO 

nanocomposite
85.03 4.07 39.3
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onto curved surfaces for applications in body heat-
powered wearable energy devices [55].

3.4 �Thermoelectric properties

For optimal thermoelectric performance, the 
3D-printed films must demonstrate enhanced elec-
trical conductivity and Seebeck coefficient [56]. The 
nanocomposite film exhibits a superior electrical con-
ductivity of 4001 nS/m at room temperature compared 
to the neat resin film, as shown in Table 4. Addition-
ally, the improved structure and morphology of the 
nanocomposite film, as revealed by XRD, SEM, and 
AFM analyses, can potentially decrease carrier col-
lisions and enhance current flow [57]. The negative 
Seebeck coefficient value for the nanocomposite film, 
as depicted in Table 4, indicates that electrons are the 
primary charge carriers, owing to the n-type conduc-
tivity of GZO nanofillers [57]. The Seebeck coefficient, 
or thermopower, measures the induced thermoelectric 
voltage in response to a temperature gradient across 
the material [58]. The nanocomposite film demon-
strates a high Seebeck coefficient value of − 0.26 V/K 
at room temperature compared to the neat resin film. 
The energy filtering effect on charge carriers enhances 
thermoelectric properties in organic–inorganic hybrid 
nanocomposites by establishing potential barriers 
between the polymer matrix and inorganic fillers [59]. 
This scattering of low-energy charge carriers increases 
the mean energy and Seebeck coefficient [59].

XPS analysis reveals multiple heterointerfaces 
between the resin matrix and GZO nanofillers, 
potentially strengthening the energy filtering effect 
and improving the thermoelectric properties of the 
nanocomposite film [60]. Park et  al. suggest that 
heterointerfaces in polycrystalline nanocompos-
ites, besides grain boundaries, can serve as phonon 
scattering sites, hindering thermal transport and 

reducing electron–phonon interactions [61]. This 
further enhances carrier mobility and thermometric 
performance [61]. The power factor (PF) is highest 
for the nanocomposite film, reaching 261 nW/m⋅K2 at 
room temperature, while it is negligible for the neat 
resin film, as indicated in Table 4. PF characterizes the 
performance of thermoelectric materials in thermal 
energy harvesting and conversion to electrical energy, 
calculated as follows [26]:

where σ is the electrical conductivity and S is the See-
beck coefficient. Enhancements in these properties 
result in higher PF and thermoelectric energy conver-
sion efficiencies [26]. Thermoelectric properties are 
temperature-dependent, and wearable thermoelectric 
nanogenerators typically operate around room tem-
perature [62].

Therefore, developing materials with good thermo-
electric properties at room temperature is attractive 
for wearable thermoelectric energy harvesting appli-
cations (Video 1). For instance, Hu et al. produced an 
n-type Ni nanowires-PVDF nanocomposite film via 
the hydrothermal method, achieving a room-temper-
ature PF of 11 nW/m⋅K2 with 60wt% Ni nanofillers 
[63]. Hasan et al. developed a flexible thermoelectric 
nanogenerator for wearable applications, utilizing 
SWCNT films as the n-type thermoelements pre-
pared through vacuum filtration and chemical treat-
ment, yielding a room-temperature PF of 1.5 nW/m⋅K2 
[30]. Abd-Elsalam et al. developed an MWCNT/PANI 
nanocomposite film via chemical polymerization, 
showing a PF of 1.2 nW/m⋅K2 near room temperature 
[64]. The developed n-type GZO-resin nanocomposite 
film holds promise for wearable thermoelectric nano-
generators, offering a high-power factor without sac-
rificing mechanical flexibility. It also comprises earth-
abundant and non-toxic elements, is 3D printable, 
and offers cost-effectiveness and rapid prototyping 
advantages. These attributes position the photocur-
able GZO-resin nanocomposite film as an appealing 
option for expanding and commercializing wearable 
thermal energy harvesters.

3.5 �Piezoelectric properties

The potential of 3D-printed films to generate elec-
tric current through mechanical deformations high-
lights their piezoelectric properties, as demonstrated 

(4)PF = �S2,

Table 4   Thermoelectric properties of 3D-printed films at room 
temperature

Sample Electrical 
conductivity
(nS/m)

Seebeck 
coefficient
(V/K)

Power factor
(nW/m⋅K2)

Photocurable resin 1026 0.0320 1.052
Photocurable resin-

GZO nanocom-
posite

4001 − 0.255 260.8
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in Videos 2 and 3. Figure 8a, c illustrates the piezo-
electric output voltages of resin and nanocomposite 
films in response to various mechanical deformation 
modes, such as constant tapping at 2.5N and bend-
ing at 90° [65–67]. Compared to the neat resin film, 
the nanocomposite film exhibits the highest output 
voltage response in both modes. This enhancement in 
piezoelectric properties is attributed to the hexagonal 
wurtzite crystal structure of GZO nanofillers, which 
possess a non-centrosymmetric structure, resulting in 
polar surfaces that enhance the piezoelectric proper-
ties of the 3D-printed nanocomposite film [24]. This is 
supported by the XRD pattern of the nanocomposite 
film, revealing crystalline diffraction peaks consistent 
with the ZnO wurtzite structure peaks. Additionally, 
XPS analysis indicates the presence of polar bonds 
(Zn–O and Ga–O), leading to the formation of elec-
trically oppositely charged surfaces and molecular 
dipole moments [68].

Piezoelectric voltage polarity is positive and nega-
tive during mechanical deformation and release due 
to charge transport within piezoelectric materials 

[66]. Figure 8b, d demonstrates the reorientation of 
dipole moments parallel to the direction of applied 
mechanical deformation on the nanocomposite film 
through the stress-induced poling effect, leading to 
net polarization and charge transport to the electrodes 
[68]. When the force is released, the material returns 
to its original shape, causing the dipoles to reorient 
randomly. This reverse deformation results in elec-
trons flowing back through the external load (R) to the 
electrode, generating an electric signal in the opposite 
direction [67].

C-AFM analysis reveals multiphase constituents 
with dissimilar conductivity domains in the resin-
GZO nanocomposite film. This may give rise to the 
Maxwell–Wagner–Sillars effect, accumulating mobile 
charges at the interface regions of nanofillers-matrix 
and creating interfacial polarization [31]. The uniform 
distribution of GZO nanofillers in the photocurable 
resin matrix, observed through SEM microstructure 
evolution, potentially enhances interfacial polariza-
tions and piezoelectric performance. Furthermore, 
mechanical properties, particularly Young’s modulus, 

Fig. 8   Piezoelectric output voltages and mechanisms of 3D-printed films based on different mechanical deformation modes of a, b tap-
ping and c, d bending
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play a crucial role in the piezoelectric power genera-
tion of the nanocomposite film [69]. The nanocompos-
ite film exhibits enhanced flexibility, as evidenced by 
its tailored stress–strain behavior.

Table 5 summarizes the peak-to-peak output volt-
ages of 3D-printed films at room temperature. The 
nanocomposite film demonstrates the highest values, 
reaching 1.5 V and 2.8 V for tapping and bending 
movements, respectively. Notably, the bending mode 
yields nearly double the output voltage of tapping, 
suggesting that the nanocomposite film experiences 
maximum mechanical deformations under bending 
[39]. In this mode, the film experiences a bending 
stress that varies linearly along the length direction, 
resulting in a uniform and large strain distribution, 
making it a commonly used operation mode for pie-
zoelectric nanogenerators [39]. The output current of 
resin and nanocomposite films under different modes 
is calculated considering a 3 MΩ load resistance to 
mimic the working conditions of piezoelectric harvest-
ers [68]. High-output currents are observed from the 
piezoelectric energy conversion, with values of 940 nA 
and 498 nA for nanocomposite film under bending 
and tapping modes, respectively.

Instantaneous power density (P) calculated using 
Eq. (5) yields 592 nW/cm2 and 207 nW/cm2 from piezo-
electric energy conversion across the nanocomposite 
film under bending and tapping deformations, respec-
tively [54].

where V is the output voltage, R is the load resistance, 
and A is the effective electrode area [53]. Zhou et al. 
developed a 3D-printed flexible piezoelectric nano-
generator based on BaTiO₃ nanoparticles and pho-
tocurable elastomers, achieving an output voltage of 
0.29 V and power density of 57 nW/cm2 upon stretch-
ing deformation [70]. García-Casas et al. demonstrated 
a power density of 20nW/cm2 by finger tapping on 

(5)P =
V

2

RA

,

flexible ZnO films fabricated by plasma technology on 
paper substrates for self-powering piezoelectric nano-
generators [71]. Wu et al. integrated solution-synthe-
sized Se nanowires into wearable piezoelectric nano-
generators, showing a power density of 0.135 nW/cm2 
with bending movement [72]. The adequate power 
density, coupled with the mechanical flexibility of the 
developed photocurable resin-GZO nanocomposite 
film derived from earth-abundant elements and cost-
effective technology, presents an attractive prospect 
for flexible piezoelectric nanogenerators, sensors, or 
hybrid wearable energy harvesters.

4 �Conclusions

This study integrates additive manufacturing through 
3D printing technology with Ga-doped ZnO (GZO), an 
abundant and non-toxic material, to enhance energy 
sustainability and improve market competitiveness 
in wearable thermoelectric and piezoelectric devices. 
A comprehensive set of analyses, including thermal, 
structural, mechanical, thermoelectric, and piezoelec-
tric measurements on 3D-printed films of the photo-
curable resin-GZO nanocomposite, has provided valu-
able insights into their energy harvesting capabilities. 
TGA analysis confirmed the nanocomposite film’s 
thermal stability within a range suitable for wearable 
energy harvesters. XRD analysis revealed a distinct 
crystalline structure compared to the amorphous neat 
resin film, indicating the successful integration of GZO 
nanofillers. SEM–EDS showcased a bulk-like micro-
structure with uniformly distributed GZO nanofill-
ers. XPS analysis confirmed the composite nature of 
the film, associating core levels with GZO nanofillers 
and the resin matrix. Additionally, C-AFM analysis 
unveiled a fine granular structure and conductive 
domains within the nanocomposite film, attributed 
to the dispersion of nano-sized GZO particles. The 
presence of GZO nanofillers tailored the stress–strain 

Table 5   Piezoelectric 
properties of 3D-printed 
films at room temperature

Sample Tapping mode Bending mode

Voltage
(V)

Current
(nA)

Power density
(nW/cm2)

Voltage
(V)

Current
(nA)

Power density
(nW/cm2)

Photocurable resin 0.00397 1.32 0.00195 0.0560 18.7 0.387
Photocurable resin-

GZO nanocom-
posite

1.50 498 207 2.82 940 592
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behavior, leading to enhancements in the flexibility 
of the nanocomposite film. Notably, the nanocompos-
ite film exhibited substantially higher power factors 
and piezoelectric power densities than the neat resin 
film. Combined with its mechanical flexibility and 
cost-effective production, these attributes position it 
as an attractive approach for flexible thermoelectric 
and piezoelectric nanogenerators and hybrid wearable 
energy harvesters. Continued research and develop-
ment of GZO films are essential to fully realize their 
potential and address existing challenges in thermo-
electric and piezoelectric energy harvesting applica-
tions. This includes exploring the piezoelectric stress 
profile within GZO films during mechanical deforma-
tions to enhance their performance further.
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