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Abstract: Polyurethane acrylate resin discs with Copper Oxide (CuO) and Graphite fillers of different growth 
orientations from 0° to 90° are fabricated using Digital Light Processing (DLP) 3D printing technique to study their 
dielectric properties. Three different composites, Polyurethane Acrylate Resin (PUAR)/CuO (PUA-1), PUAR/CuO/
Graphite (PUA-2), and PUAR/Graphite (PUA-3), with 1 wt% total filler concentration, are prepared for the present 
study. X-Ray Diffraction (XRD) analysis of composites shows peaks, 2θ ~ 20.4° (PUAR), 35.4° and 38.6° (CuO), and 
26.4° (graphite). Fourier Transform Infrared (FTIR) analysis reveals intensity reduction of C=O and C=C peaks, while 
the Raman spectrum shows a shift by 20 ± 5 cm-1 in PUA-1, 2, and 3, confirming filler interaction with PUAR and phase 
modification due to polymer-filler interface. Thermo-gravimetric analysis indicates a strong interaction between the 
filler and the resin, especially for PUA-3, with degradation in two stages at 320 °C and 430 °C due to hard-and soft-
segment decomposition. Capacitance measurements at 100 kHz and 1 MHz indicate a higher dielectric constant for 
PUA-3 than for PUA-0, which decreases with increasing build orientation and reaches a minimum at 45°. Anisotropy 
due to the build and filler orientation is studied using space-charge polarization. The equivalent circuit for dependence 
on build orientation is understood in terms of capacitances due to fillers, represented by a Constant Phase Element (CPE), 
with both perpendicular and parallel components contributing to the composite disc’s capacitance. With an increase 
in build orientation angle, the interfacial polarization decreases and so capacitance, CPE0 >> CPEx > CPE90. Finite 
Element Analysis (FEA) further examines build orientation-dependent filler-resin interaction, and dielectric properties 
show dependence on both filler morphology and build angle. FEA highlights the role of orientation-dependent space-
charge distribution and Maxwell-Wagner-Sillars interfacial polarization, driven by filler morphology and alignment, 
in governing dielectric anisotropy. FEA corroborates the experimental observations, showing that space-charge 
accumulation at filler-matrix interfaces is maximal for 0° build orientation, where graphite flakes are perpendicular to 
the electric field, and minimal for 45°-90°.
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1. Introduction
Polymer-Matrix Composites (PMCs) with different fillers like metals, semiconductors, and oxides have been 
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broadly studied due to ease of processing and have found several applications in different industries like automobile, 
aerospace, defense, energy storage, Electromagnetic (EM) shielding, electronics, sensing, and actuation [1]-[3]. 
However, traditional manufacturing technologies such as injection molding, melt mixing, and solution processing 
have long imposed limitations on the development of application-specific PMCs. The popularity of 3D Printing (3DP) 
technology drastically altered the applications of PMCs. 3D printing offers complex geometries and high accuracy with 
minimal waste, whereas conventional methods fail to deliver [4], [5]. Printing of polymer composites combines the 
matrix and reinforcement to achieve specific geometries, yielding properties that are not attainable by other techniques. 
There are different types of 3D printing techniques, depending on the material used and the process [6], [7]. Some 
of the most common techniques are material extrusion, binder jetting, and stereolithography. Stereolithography, also 
called Stereolithography/Vat Photopolymerization, is a rapid, maskless, layer-by-layer additive manufacturing method 
capable of creating complex 3D structures from a polymer resin that can be photocured with Ultraviolet (UV) light [8], 
[9]. Digital Light Processing (DLP), belonging to the VAT photopolymerization technique, has an edge over other 3DP 
techniques due to its high resolution, simplicity, and demonstrates the feasibility of adding fillers to the resin during 
printing for creating PMC with desired electrical and mechanical properties for selective applications [10]-[13]. 

Due to its extensive use in the electronics industry, the study of PMC’s dielectric properties has become very 
important. Dielectric properties are also studied to understand the effect of filler-polymer interfacial chemistry and the 
effective permittivity of PMCs [14], [15]. The complex permittivity of polymeric nanocomposites depends on their 
microstructure, the volume fraction, the shapes and types of components, including the matrix, the fillers, and a possible 
third phase known as the interphase [16], [17]. 

Dielectric properties of PMC can be explained with the help of models like the Maxwell-Garnett equation [18], 
Jaysundere-Smith equation [19], Percolation Model [20], etc. Many formulas have been proposed to predict the 
dielectric properties of bi-phase materials, such as classical mixing rules and formulas based on the Effective Medium 
Theory (EMT) and Maxwell-Wagner polarization [21]. Using the Maxwell-Garnett formula, the dielectric properties of 
the mixture can be calculated from the average electric field over both components. Xu et al. performed Finite Element 
Analysis (FEA) on unidirectional aramid/epoxy composites and predicted that the dielectric constant decreases with 
increasing θ between the fibers and the applied field, a purely analytical result [22]. Similarly, Islam et al. simulated 
dielectric properties of Polymethyl Methacrylate (PMMA) composites with spherical fillers (Si, ZnS, Au, TiO2, BaTiO3) 
using COMSOL, showing that space-charge polarization dominates. However, their model assumed perfect filler 
dispersion and did not consider filler orientation anisotropy [23]. Zazoum studied the dielectric response of low-density 
polyethylene and TiO2 using analytical methods to simulate frequency-dependent dielectric response and showed that 
the nanoparticle interphase affects the composite’s final dielectric properties [24]. 

There are very few studies in the literature on the build orientation-dependent properties of 3D printed structures. 
Hamzah et al. studied the orientation-dependent electrochemical behavior of 3D-printed ABS/Carbon Black electrodes 
and found that print orientation significantly influences electrochemical behavior [25]. Yao et al. studied tensile failure 
strength and separation angle of Polylactic Acid (PLA) specimens for 7 different angles [26]. Hanon et al. studied 
the tribological characteristics of a DLP 3D-printed graphene/resin composite with different build orientations and 
demonstrated that surface structure influences the friction coefficient under different print orientations [27]. However, 
there are no studies that emphasize the dependence of dielectric properties on build orientation during 3D printing 
and the anisotropy induced by filler orientation in the composite. Photocurable Hyperbranched Polymers (HBPs), 
such as Polyurethane Acrylate Resin (PUAR), are suitable materials for fabricating polymer composites. PUAR has 
low viscosity, facilitating easy dispersion of fillers; thus, fillers with different loadings can be added to make polymer 
composites more easily [11]. Many filler inclusions have been incorporated into PUAR for 3D printing applications, 
including TiO2, Al2O3, and ZnO, to enhance properties such as dielectric performance, radiation shielding, and optical 
sensing [28]-[30].

Among various filler materials, Copper Oxide (CuO) and graphite offer promising dielectric characteristics for 
polymer matrix composites. CuO is a transition-metal oxide known for its high dielectric constant and low dielectric 
loss, making it an excellent candidate for energy storage applications such as batteries and supercapacitors [31]. 
Nanoscale CuO particles, in particular, exhibit enhanced dielectric permittivity, and studies have shown that their 
intrinsic dielectric constant can vary with particle size due to surface and quantum confinement effects.

On the other hand, graphite, a layered allotrope of carbon, has a relative dielectric constant of approximately 11.93, 
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though this value can vary with factors such as particle size, degree of exfoliation, and surface functionalization [32]. 
The flake-like morphology of graphite facilitates specific alignment within the resin matrix, potentially influencing 
interfacial charge accumulation and polarization under an applied electric field [33]. When incorporated into a 
photocurable resin such as PUAR, the combination of CuO’s high permittivity and graphite’s anisotropic structure 
is expected to induce filler alignment during 3D printing. These effects may lead to observable anisotropies in the 
dielectric response of the printed composite, making CuO and graphite ideal fillers for investigating build-orientation-
dependent dielectric properties in 3D printed PUAR composites. 

It is hypothesized that, based on the anisotropic morphology of graphite flakes and the layer-by-layer nature of 
DLP printing, the dielectric response is expected to strongly depend on build orientation due to variation in interfacial 
polarization and filler alignment. No existing study has combined experimental 3D printing of composites with 
anisotropic fillers, systematic variation of build orientation, experimental dielectric characterization, and FEA validation 
of orientation-dependent Maxwell-Wagner-Sillars (MWS) polarization. This work bridges this gap by providing 
both experimental evidence and simulation support for orientation-dependent dielectric anisotropy in DLP-printed 
composites.

In this context, the present study aims to systematically investigate the influence of build orientation on the 
dielectric properties of 3D printed PUAR-based composites. Specifically, this work addresses the following research 
question: at which build orientation angles (0°, 30°, 45°, 60°, and 90°) do the dielectric constants of PUAR/CuO/
graphite composites attain their maximum and minimum values, and what underlying polarization mechanisms govern 
this orientation-dependent behavior. By combining experimental dielectric measurements with finite-element analysis, 
the study seeks to elucidate the roles of filler alignment and interfacial polarization in determining the dielectric 
response.

2. Materials & methods
3D-printed PUAR discs are fabricated using Creality LD-002R, a DLP VAT Photopolymerization Additive 

manufacturing technique. PUAR clear resin used for 3D printing is procured from Anycubic Technology Co., Ltd. CuO 
nano-powder of size < 50 nm from Sigma-Aldrich and Graphite powder of particle size 7-11 μm from Alfa-Aesar are 
used as fillers. Disc-shaped 3D models are printed from three different PUAR composite formulations. PUA-0 disc 
samples made of pristine resin, PUA-1 samples made from PUAR composite with 1 wt% CuO powder, PUA-2 samples 
using PUAR composites with CuO and Graphite powder each of 0.5 wt% and PUA-3 samples using PUAR composite 
with 1 wt% Graphite. All the composites are mixed thoroughly using a vortex stirrer at 2,500 RPM for 15 min, followed 
by ultrasonication for 10 min to break any soft agglomerates for uniform dispersion of fillers in PUAR. Computer-
Aided Design (CAD) software is used to create a 3D model, which is then converted into an STL file and sliced with 
slicer software for layer-by-layer printing. The dimensions of the disc, layer height, exposure time, and supports are 
controlled by printing parameters fed to the slicer software. The thickness of the discs is 5 mm and the diameter is 30 
mm. The layer height is set to 50 μm, with exposure time kept at 50 sec/layer for the first 8 layers and 8 sec/layer for the 
remaining layers, for pristine PUAR discs. Whereas, for the PUA-1, PUA-2, and PUA-3, the curing time for the initial 
layers is optimized to 100 sec/layer, and for the remaining layers, it is 50 sec/layer. The values (100 sec initial, 50 sec 
subsequent) were determined through trial printing, where incomplete curing (leading to delamination) was observed 
below 80 sec, and over-curing (bleeding) above 120 sec. In one batch, 10 discs are printed with different orientations of 
0°, 30°, 45°, 60°, and 90°. The samples are then cured with 405 nm UV light for 5 min.

X-ray diffraction study of pristine resin and the composite is done using “The Rigaku Miniflex II” with a 2θ 
scan range of 5 to 60° and a scan resolution of 0.02°. Fourier Transform Infrared (FTIR) spectroscopy of the printed 
composite is done using the Nicolet iS10 system. Raman spectroscopy of the printed samples is performed using 
a Renishaw InVia Raman microscope equipped with a 785 nm laser. Dielectric Measurements are done using an 
Agilent Inductance, Capacitance & Resistance (LCR) meter E4980A at 100 kHz and 1 MHz. The Thermogravimetric 
Analysis (TGA) studies were conducted using a Mettler Toledo TGA instrument under ambient air conditions, over the 
temperature range of 40-1,000 °C, with a heating ramp rate of 10 °C per minute. 

FEA is performed using the Alternating Current/Direct Current (AC/DC) module of COMSOL Multiphysics 
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6.2. The matrix material is assigned to the dielectric properties of PUAR, graphite, and CuO fillers with appropriate 
values for relative permittivity (εr) and electrical conductivity (σ) [28], [32], [34]. To simulate the space-charge induced 
polarization due to 3D printing, along with filler polymer interface due to orientation dependence, impedance mismatch 
due to layer-by-layer deposition is also introduced. Due to this boundary condition, the electric field distribution depends 
on the build orientation of 3D-printed samples. The effect of impedance across the layers of 3D-printed samples on the 
effective dielectric properties of the composite, including space-charge accumulation and electric-field distribution, is 
studied for different composites and build orientations. The sidewalls of the models are considered as periodic boundary 
conditions, and an input voltage Vin with frequency f was applied to the top electrodes with respect to the bottom being 
at zero potential. 

σPUAR = 10-12 S/m

σGrap = 103 S/m
σCuO = 10-3 S/m

εPUAR = 2

εCuO = 18.1

εGrap = 2

PUAR CuO Graphite

10 V(a) (b)

Interlayer

Figure 1. (a) Schematic of the cross-sectional geometry of the Graphite/CuO/PUAR composite disc. (b) Finite element mesh generated using 
COMSOL Multiphysics, showing the discretization of the composite domain

Figure 1a shows the schematic representation of the cross-sectional profile of the Graphite/CuO/PUAR composite 
disc, and a similar configuration is used for the finite element analysis. The PUAR matrix is depicted in blue in a 
2D rectangular geometry of size 500 nm × 500 nm, which was constructed to represent the cross-sectional image of 
the PUAR disc composite. Graphite fillers are shown as yellow rectangular inclusions, and CuO nanoparticles are 
represented as black circular inclusions. The composite is modeled under a parallel-plate capacitor configuration, and 
the boundary conditions applied included an electric potential ~ 10 V on the upper face of the model and ~ 0 V on 
the opposite face to simulate a parallel-plate capacitor configuration. The remaining sides were treated as electrically 
insulated. The frequency-dependent dielectric response was simulated using a harmonic perturbation from 100 kHz to 
1 MHz, with a step size of 100 kHz, corresponding to the experimental conditions.

Figure 1b shows the finite element mesh generated for the Graphite/CuO/PUAR dielectric disc. Meshing involves 
discretizing the geometry into smaller subdomains to enable accurate approximation of the governing physical equations 
using linear or higher-order polynomial basis functions. This meshing process is fundamental to the finite element 
method and was performed using COMSOL Multiphysics.

The build orientation-dependent anisotropy was modeled by changing the spatial alignment of fillers within the 
matrix, mimicking their experimental alignment at 0°, 30°, 45°, 60°, and 90°.

The permittivity of the dielectric discs is calculated via the following equation, which is incorporated into 
COMSOL. The real (ε') and imaginary (ε'') part of the disc is calculated by following the formulae;
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where A is surface area, d is spacing of parallel plate, I(ω) is the current flow through the dielectric, ω is the angular 
frequency, f is the frequency, and Vin is the applied potential.

The contact resistance at the electrode-disc interface was modeled as Rc = 100 Ω based on preliminary impedance 
measurements. The interlayer impedance between printed layers was introduced as a thin boundary layer (thickness 
= 1 μm) with εr = 2.5 and σ = 1 × 10-6 S/m, representing the partially cured interface region. Table 1 shows the 
parameters used in the simulation for PUAR, CuO, and graphite.

Table 1. The conductivity, permittivity and respective reference of PUAR, CuO and graphite

Material Conductivity (S/m) Permittivity Source

PUAR 10E-11 2 [28]

Graphite 3E + 3 11 [32]

CuO 10E-7 18.1 [34]

PUAR intermediate layer 10E-7 -- [35]

CuO/PUAR interface 10E-5 -- [36]

3. Results and discussion
Figure 2 shows the image of PUAR/CuO/Graphite discs with different build orientations, X-Ray Diffraction (XRD), 

FTIR, and Raman of the PUA-0, PUA-1, PUA-2, and PUA-3 composite discs. 
Figure 2a shows images of the disc samples printed with support for each build orientation (0, 30, 45, 60, and 90°) 

in two batches. The supports are optimized for foot width and density for overhangs, especially for printing samples 
with build orientation above 45°. Figure 2b shows the samples printed with optimized conditions. The UV light is 
scattered much more by the fillers in the resin, preventing the printing of discs at higher build orientations (greater than 
45°). Further, the support for composites is modified for better printing. The density of supports is increased to 80%, and 
the contact tip diameter to the disc is kept higher (1.5 mm). In the present study, printing parameters, including support 
density (80 %) and contact tip diameter (1.5 mm), were optimized to ensure successful fabrication without detachment, 
visible delamination, or warping, while maintaining dimensional accuracy within ± 0.1 mm. 

Figure 2b shows the XRD graphs of PUA-0, PUA-1, PUA-2, and PUA-3, respectively. The XRD pattern of the 
composite shows characteristic peaks of CuO and Graphite, along with an amorphous peak from the resin. The broad 
peak at 2θ ~ 20.4° denotes the amorphous phase of cured PUA resin. The characteristic diffraction peaks at 35.4° and 
38.6° correspond to the interplanar spacings of the (110) and (111) planes, respectively, indicating the monoclinic 
structure of CuO NPs. The graphitic peak corresponding to the (002) plane is observed at 26.4° [37].

FTIR spectroscopy is done to study the interaction of the PUAR matrix with CuO and Graphite particle fillers, 
as shown in Figure 2c. The Peaks at 2,920 and 2,855 cm-1 wavenumber correspond to the asymmetric and symmetric 
stretching vibration of methyl groups (C-H), respectively. A strong band at 1,720 cm-1 wavenumber corresponds to the 
ester carbonyl group (-C=O) of acrylate present in PUAR. A weak band at 1,635 cm-1 is attributed to C=C stretching, 
and the band at 1,110 cm-1 is assigned to C-O-C stretching [38]. Upon addition of 1 wt% CuO nanofillers, the intensities 
of the C=O and C=C bands decrease, indicating interaction between the polymer matrix and CuO NPs, likely due to the 
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nonavailability of functional groups in PUAR [39]. Further, the addition of graphite suppresses the C-O-C bond and 
weakens the intensity as observed in PUA-2, and is completely absent for PUA-3, where 1 wt% of graphite is mixed 
with the PUAR. The interaction of the graphitic carbon through π-electrons with the carboxylic groups reduces the 
degree of freedom of the polyurethane acrylate C-O bond and is completely absent for PUA-3 [40]. This observation 
suggests that the graphite filler modifies the PUAR via C-O-C interactions. 
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Figure 2. The characterization of the PUAR discs and the discs printed with different orientations. (a) PUAR composite discs printed with different 
orientations and supports, (b) XRD, (c) FTIR spectra, and (d) Raman spectra of the PUA-0, PUA-1, PUA-2, and PUA-3 composites, respectively

Figure 2d shows Raman spectra of both PUAR and its composites with CuO and Graphite. The signature peak at 
1,724 cm-1 of PUAR corresponds to the stretching vibration of H-bonded C=O of urethane, and 1,612 cm-1 corresponds 
to the C=C vibration. Graphitic peak is observed at 1,577 cm-1. A broad peak at 1,050 cm-1 comprises two subpeaks 
in PUA-0; one peak is at 999 cm-1 and the other at 1,020 cm-1, corresponding to C-O-C and CH vibrational bands, 
respectively. With the addition of fillers, the peak at 999 cm-1 undergoes a red shift and is found to be the maximum for 
a complete graphite PUAR composite (PUA-3). Graphite flakes have a large surface area and interact with carbonyl 
groups of PUAR. The addition of Graphite fillers increases the number of interfacial defects. The dipoles induced at the 
interface of graphite/PUAR make the C-O-C bonds abundant. These bonds are Raman active, and the Raman spectra of 
PUAR composites show an increase in the intensity of these bands with increasing Graphite filler percentage [41]. 
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Figure 3. TGA of PUAR and its composite with CuO and Graphite. TGA of (a) pristine PUAR, (b) PUAR with CuO, (c) PUAR with CuO and 
Graphite, and (d) PUAR with graphite

Figure 3 compares TGA data for PUAR and its composites. Figure 3a-3d shows the temperature-dependent weight 
loss (left y-axis) and rate of weight loss (right y-axis) of PUA-0, PUA-1, PUA-2, and PUA-3 composites. In PUAR, two 
different segments are present in the polymer chain. One is the Hard Segment (HS) comprised of isocyanate groups, and 
the other is the Soft Segment (SS) comprised of polyol groups. Both these segments respond differently to the thermal 
energy. As a result, the thermal degradation of the PUAR occurs in two stages [42]. 

As shown in Figure 3, polymer degradation begins at ~ 240 ℃ due to the dissociation of urethane groups. With the 
addition of fillers, both CuO and graphite, i.e., for PUA-1 to PUA-3, this degradation temperature goes down to 200 ℃. 
Also, from the gradient of weight loss, the degradation temperature corresponds to the dissociation and decomposition 
of both hard and soft segments. At lower temperatures, decomposition of the HS occurs, where the dissociation of 
the urethane from the isocyanate groups takes place, and at higher temperatures, the degradation of the polyol groups 
occurs, corresponding to the soft segment [43]. From Figure 3a, the decomposition takes place at 433 ℃ for PUA-
0 pristine and is the same for PUA-1 and increases for PUA-2 but reduces for PUA-3. Clearly, the TGA data for the 
composites suggest that the filler interacts with both the hard and soft segments of PUAR, and, more importantly, that 
the addition of graphite affects the soft segments, lowering the temperature by 12 ℃ to 421 ℃. Further, the TGA of the 
PUA-3 composite shows a double-stage decomposition as observed in Figure 3d. The degradation of the hard segment 
is distinctly present for the PUA-3, suggesting that the graphite is more effective in interacting with PUAR, and the 
TGA data for PUA-1 show that the addition of CuO has a negligible effect on the decomposition of PUAR. Having 
established the orientation-dependent dielectric behavior and the filler-matrix interactions through spectroscopic and 
thermal analyses, we now interpret these findings in the context of Maxwell-Wagner-Sillars polarization theory and the 
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proposed equivalent circuit model. 
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Figure 4 shows the build-orientation-dependent dielectric behavior of PUAR composites at 100 kHz and 1 MHz.
Figure 4a and 4b show the dielectric behavior of PUA-0, PUA-1, PUA-2, and PUA-3 for different build 

orientations of 0°, 30°, 45°, 60°, and 90° at a frequency of 100 kHz and 1 MHz, respectively, along with an inset 
showing a schematic of the filler orientation of dielectric discs for different build orientations. The experimental 
dielectric constant values of pristine PUAR (PUA-0) are in agreement with a reported value of 3-5 for PUAR [28]. 
From Figure 4a, it is evident that the dielectric constant of PUAR and its composite is dependent on the build orientation 
during 3D printing. For all the samples, the dielectric constant behavior shows a decreasing trend with an increasing 
angle of build orientation. Intriguingly, the minima of the dielectric constant occur between 30 and 45° for all samples. 
For pristine PUAR (PUA-0), the dependence of dielectric constant is solely from build orientation and is attributed to 
layer-by-layer deposition during 3D printing. Intermediate exposure of PUAR resin to ambient air during 3D printing 
results in interface formation across layers, thereby increasing impedance at the interfaces. For a 0° degree build 
orientation, the impedance mismatch is maximum, and hence the space charge and dielectric constant. 

Also, the schematic in Figure 4a shows the filler orientation relative to the build orientation of the 3D-printed 
samples. With the addition of fillers during layer-by-layer deposition, anisotropy is introduced as they align with the 
build orientation. For spherical particles like CuO NPs used in 3D printed PUA-1 composite, the anisotropy is negligible 
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or nil, and, due to low filler percentage, the phase segregation of the particles along the build orientation is ruled out. 
From the Raman spectra in Figure 2d, it is observed that CuO exhibits a strong peak that suppresses the PUAR peak 
at 1,612 cm-1. Also, it is known that CuO exhibits increased oxygen deficiency due to its nanoscale dimension and can 
minimize interfacial stress and suppress dipole formation [44]. Hence, the measured dielectric constant of PUA-1 for 
0 and 30° is less compared to the other build orientations, where the interfacial stress is minimized, and is similar for 
other build orientations, such as PUA-0. When graphite flakes are added to PUAR/CuO composite, the dependence 
of dielectric constant on the build orientation of 3D printed PUA-2 samples has increased two-fold. Graphite, being 
electrically conductive and flaky, introduces anisotropy due to its build orientation and increases the interfacial charge 
density, leading to space-charge-induced dipoles [33]. The dielectric constant of PUA-2 at 100 kHz is ~ 6 at 0° and ~ 4.5 
at 90° build orientation, with minima at 30° and 45°. The behavior at 1 MHz for all the PUA samples is similar to that 
observed at 100 kHz, except that the dielectric constant values have decreased. For 0° build orientation, the dielectric 
constant of PUA-2 decreased by 0.5 at 1 MHz compared to 100 kHz. This decrease in the dielectric constant with 
increasing frequency is consistent with a frequency-dependent dielectric constant. 

To further understand the effect of graphite loading on the dielectric constant, the PUAR composite with 1 wt% 
of graphite and no CuO loading is studied to build an orientation-dependent dielectric constant. Figure 4a and 4b show 
the dielectric-constant behavior of the graphite/PUAR (PUA-3) composite (green color). The behavior of the dielectric 
constant with build orientation is similar to that of the remaining composites, except that the minima are observed at 
30°. Also, the magnitude of the dielectric constant from 0° build orientation has increased with the addition of graphite. 
For PUA-2, the dielectric constant is 6.1, whereas for PUA-3, the dielectric constant is 7.3, which is 128% more than 
the dielectric constant of the pristine PUAR. In the Raman spectra, the red shift of the C-O-C peak (999 cm-1 → lower 
wavenumber) correlates with increasing dielectric constant across PUA-0 → PUA-1 → PUA-2 → PUA-3, indicating 
that filler-induced stress at the polymer interface directly enhances interfacial polarization. It is also evident from TGA 
that thermal degradation temperature in PUA-3 (421 °C vs. 433 °C for pristine) to increased chain mobility at the 
graphite-PUAR interface, which enhances dipolar polarization and contributes to the higher dielectric constant (ε' = 7.3). 
This demonstrates the interaction of graphite with PUAR in generating space charge, as confirmed by FTIR, Raman, 
and TGA data.

Figures 4c and 4d show the variation of dielectric loss (ε'') for PUA-0, PUA-1, PUA-2, and PUA-3 as a function of 
build orientation at frequencies of 100 kHz and 1 MHz, respectively. 

Figure 4c shows that the dielectric loss of all samples exhibits a noticeable dependence of dielectric loss on build 
orientation, with a general trend showing a decrease in ε'' from 0° to 30-45°, followed by an increase towards higher 
orientations. This behavior correlates with the dielectric constant trend and suggests that interfacial polarization and 
associated charge carrier dynamics are strongly influenced by the orientation-dependent layer interfaces and filler 
alignment. Among the samples, PUA-2 and PUA-3 show relatively higher dielectric loss compared to PUA-0 and 
PUA-1, which can be attributed to the presence of graphite flakes. The conductive nature of graphite facilitates charge-
carrier movement, leading to increased energy dissipation through interfacial polarization and leakage mechanisms. 
The minima observed at intermediate orientations (30-45°) indicate reduced charge accumulation and lower interfacial 
losses, consistent with reduced dielectric constant in this orientation range.

Figure 4d shows the dielectric loss at 1 MHz, the overall dielectric loss values decrease for all samples compared to 
100 kHz. This reduction is due to the inability of charge carriers to follow the rapidly alternating electric field, thereby 
suppressing interfacial polarization effects. However, the orientation-dependent trend persists, indicating that the 
structural anisotropy introduced during 3D printing continues to influence dielectric behavior even at higher frequencies. 
The relatively higher dielectric loss in graphite-containing samples (PUA-2 and PUA-3) further confirms the role of 
conductive fillers in enhancing interfacial polarization and energy dissipation. The 128% increase (from ε' ≈ 3.2 for 
PUA-0 to ε' ≈ 7.3 for PUA-3 at 0° orientation) is attributed to MWS interfacial polarization. According to MWS theory, 
when a conductive filler (graphite, σ ≈ 103 S/m) is dispersed in an insulating matrix (PUAR, σ ≈ 10-10 S/m), free charges 
accumulate at the interface under an applied AC field. The effective permittivity enhancement follows:

( )
( )( )21
f f

eff m

τ

ϕ ε
ε ε

ω
′ =

+

′
′ + (3)



Volume 7 Issue 2|2026| 337 Engineering Science & Technology

where φf is filler volume fraction (≈ 0.01 for 1 wt%), τ is the interfacial relaxation time. For graphite flakes with a high 
aspect ratio (≈ 10 : 1), τ is substantially longer than for spherical CuO particles, leading to stronger MWS polarization 
even at identical mass loading. This explains why PUA-3 shows higher ε' than PUA-2, despite both having 1 wt% total 
filler.

In heterogeneous dielectrics with conducting inclusions in an insulating matrix, charge carriers migrate under an 
applied field and accumulate at interfaces, where conductivity changes discontinuously. The relaxation time for MWS 
polarization is given by 

( )
( )
0

MWS
m f

m f

ε ε ε
τ

σ σ

′ ′+
=

+
(4)

For PUAR (σm ≈ 10-10 S/m) and graphite (σf ≈ 103 S/m), τMWS ≈ 10-5-10-4 s, corresponding to characteristic 
frequencies of 104-105 Hz our measurement range (105-106 Hz) captures the tail of this relaxation. For a graphite 
flake with aspect ratio α = l/d (length/diameter), the effective depolarization factor N along the long axis is 
approximately (1/α²) ln(α). When the electric field is perpendicular to the flake (0° orientation), N is minimized, 
maximizing the local field enhancement and MWS polarization. When the field is parallel (90° orientation), N 
is maximized, suppressing polarization. This theoretical framework now explicitly supports our experimental 
observations.
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Figure 5. Space charge accumulation of nanoparticle and graphite flakes, (a-d) CuO NPs in PUA-1 composite, (e-h) shows the CuO NPs and graphite 
flakes in PUA-2 composite, and (i-l) shows the Graphite flakes in PUA-3 composite under 0, 30, 45 and 90° orientation, respectively

A finite element analysis is performed to investigate the dependence of the dielectric constant on build orientation 
for pristine PUAR and its composites with CuO and CuO/Graphite as fillers in COMSOL Multiphysics using the AC/DC 
module. Figure 5 shows the finite element analysis of the section of PUA-1 consisting of CuO NPs (circular) as a filler 
(Figure 5a-d) and PUA-2 consisting of CuO NPs and Graphite flakes (rectangular) (Figure 5e-h), and PUA-3 consisting 
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only of Graphite flakes (rectangular) (Figure 5i-l) for different build orientations of 0, 30, 45, and 90° respectively.
From Figure 5a-d it is evident that the space charge accumulation at the interface of CuO NPs and polymer matrix 

is dependent on the build orientation angle. As the CuO NPs are modeled as spherical particles, polarization depends 
on the applied electric field orientation but shows no anisotropy due to particle shape. Hence, the behavior agrees 
with that of the PUA-1 composite. Figure 5e-h simulates the anisotropy of the graphite flakes in the PUA-2 sample; 
the dependence of the dielectric constant on the orientation of the graphite flakes is evident through the space charge 
distribution around these flakes. This is due to increases in double-layer capacitance, and the voltage required for charge 
injection is higher due to interface trapping and Maxwell-Wagner-Sillars polarization. The space-charge distribution 
is maximum for 0° orientation as the electric field is normal to the plane of the flakes. For 90° build orientation, it is 
minimum and intermediate for 30° and 45°. 

Figure 5i-l shows the simulated images of the PUA-3 composite in which the graphite flakes are aligned with 
the build direction, and the polarization is mainly on the faces of the graphite flakes. A similar observation in PUA-3 
composites through space charge distribution around these flakes is observed in PUA-3. As the graphite composition is 
larger compared to PUA-2, PUA-3 shows the highest dielectric constant.
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discs showing layers in printing direction, respectively

Figure 6 of the Graphite/CuO/PUAR disc, where n0, n45, and n90 are the number of layers in the discs with 0°, 45°, 
and 90° orientation discs.

Figure 6a shows the equivalent circuit model for the resultant capacitance of PUAR composite discs with 0° 
build orientation, where the printed layers are aligned horizontally, and the fillers (CuO and graphite) are oriented 
perpendicular to the electric field. In this configuration, the electric field discontinuity and fringe field effect are large 
due to the large surface area of graphite flakes oriented perpendicular to the applied field. The large-area interaction 
of the electric field generates strong transverse interfacial polarization at the surface of these fillers. This enhances 
the polarization capability and increases the capacitance of the Graphite/CuO/PUAR disc. The capacitance due to 
interfacial polarization is modeled as a Constant Phase Element (CPE), which accounts for the non-ideal capacitive 
behavior arising from fringe-field-induced interfacial polarization, especially around the graphite flakes. The equivalent 
circuit includes a contact resistance (Rc) at the electrode-disc interface, followed by an Resistance Capacitance (RC) 
pair representing the bulk PUAR matrix behavior (RPUAR and CPUAR) and the capacitance due to fillers. Even though the 



Volume 7 Issue 2|2026| 339 Engineering Science & Technology

impedance mismatch is built into the layered structure due to PUAR, its effect on determining the final capacitance is 
minimal compared to the impedance mismatch and charge polarization at the interface between PUAR and graphite. 
Hence, the capacitance due to the entire PUAR matrix, regardless of the build orientation, is represented as a constant. 
The sole dependence of capacitance is idealized due to the filler orientation during 3D printing. As CuO is spherical 
and has a high dielectric constant ~ 18, the isotropic nature has minimal charge polarization at the interface compared 
to graphite flakes. The constant phase element denoted by CPE0 is solely due to graphite, and the layered deposition 
makes this contribution effective for the serial configuration. Each unit consists of a CPE0, a parallel resistance (Rp), and 
a series resistance (Rs), where Rp accounts for localized leakage or conduction along the filler-polymer interface, while 
Rs offers charge transport resistance across the conduction path either due to filler agglomeration, layer boundaries, or 
disrupted polymer segments. Based on the number of layers n0 and CPE being large, the effective contribution from 
CPE0 is large and is the deciding factor in the capacitance for 0° build orientation of the PUAR composite disc. For 
any other angle between 0 and 90°, the CPE element has contributions from both components of parallel (CPEX||) and 
perpendicular (CPEX┴

), as represented in Figure 6b. In this configuration of build orientation 0° < x < 90°, the CPE due 
to normal add up in a serial configuration, and the CPE due to parallel add up in a parallel configuration. As the angle of 
orientation increases, the normal component decreases and the parallel component increases, as shown in Figure 6c. As 
the surface area of the flakes perpendicular to the electric field decreases with an increase in build orientation, the CPEX|| 
is smaller, and the resultant capacitance shows a decreasing trend with an increase in build orientation up to 45°. Further 
increase in build orientation, the number of layers for printing increases, and for 90°, the layer number is maximum. i.e., 
n0 << n45 << n90. As the layer-by-layer deposition packs more particles due to more layers and the resultant capacitance 
is solely due to a parallel combination, the electric field flows along the layer plane, leading to minimal interfacial 
polarization across the printed interfaces. The capacitance for 90° build orientation effectively matches or slightly 
exceeds that for 30 to 45° build orientation, where the minimum capacitance is observed. Hence, the equivalent circuit 
for dependence on build orientation introduces CPE both due to perpendicular and parallel components and contributes 
to the effective capacitance of the composite disc. Graphite, due to its metallic nature, induces strong interfacial 
polarization and is a major contributor to the capacitance dependence on build orientation. This work addresses the gap 
in understanding how build orientation in DLP 3D printing influences dielectric behavior in PUAR polymer composites. 
It demonstrates that build orientation dependent modulates dielectric response, with a consistent minimum at 30°-45°, 
and establishes the role of anisotropic filler alignment and interfacial (Maxwell-Wagner-Sillars) polarization, supported 
by experimental observations and finite element analysis.

4. Limitations and future perspectives
1. Direct quantification of density, internal defects, and interlayer bonding was not performed in this study. Future 

work will focus on detailed microstructural characterization using SEM, such as cross-sectional imaging, to further 
correlate structural quality with dielectric properties.

2. The present study focuses on a representative filler concentration (1 wt%) and a selected frequency range 
(100 kHz-1 MHz) to capture the dominant orientation-dependent dielectric behavior. While this provides clear insight 
into interfacial polarization mechanisms, extending it to broader compositions, frequency ranges, and more detailed 
microstructural analysis would add depth. These aspects will be explored in future work.

5. Conclusion
PUAR and PUAR composite discs are 3D printed using the DLP technique. The dependence of dielectric properties 

on build orientation during 3D printing is studied for different angles. The interaction of the interlayer and filler particle 
is studied by FTIR, Raman spectroscopy, and XRD. Further, the dielectric properties and the interactions of the filler 
particles, CuO and graphite, with PUAR are studied in parallel-plate capacitance mode at different frequencies. The 
interfacial effects induced by intermittent layer-by-layer deposition are studied to determine the dependence of dielectric 
properties on build orientation. Also, the effect of filler particle-induced polarization and anisotropy arising from layer-
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by-layer deposition on the dielectric properties is studied. The study confirms that the dielectric constant dependence 
is due to the build orientation and that the minimum occurs at 30° and 45° for all samples. Also, the anisotropy of the 
fillers like graphite, increases the dielectric constant of the composite due to Maxwell-Wagner-Sillars polarization. The 
study is further augmented by finite element analysis of the composite models, which depict the anisotropy induced by 
build orientation-dependent space-charge polarization.
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