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ABSTRACT

Heterogeneous material systems consisting of metallic structures and polymer matrixes are of significance
for applications such as integrated circuits, microelectromechanical devices, antennas, sensors, actuators,
and metamaterials. Scaly-foot snail which lives in the deep ocean exhibits high strength and temperature
resistance due to unique shells made of metal and polymer. Recently, different multi-material structures

have been fabricated with metal deposition using multiple manufacturing processes. However, using these

! Corresponding author.
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complicated hybrid processes is challenging to construct complex 3D structures of heterogeneous material
with enhanced properties, high resolution, and time efficiency. Here, we establish a novel manufacturing

strategy to build bioinspired hierarchical structures with heterogeneous material systems using electrically
assisted stereolithography. The photocurable printing solution that can act as an electrolyte for charge
transfer was developed, and the curing characteristic of the printing solution was further investigated. A
fundamental understanding of the formation mechanism of metallic structures on the polymer matrix was
studied through physics-based multiscale modeling and simulations. The correlation between metallic
structures morphology, printing solution properties, and printing process parameters, and their effects in
building bioinspired hierarchical structures with heterogeneous materials were identified. Demonstrative
test cases were built to verify the printing performance of the proposed approach. This research work will
deliver a scalable AM process that can facilitate various interesting applications based on bioinspired

heterogeneous material and structures.

INTRODUCTION

Nature organisms have evolved complex hierarchical architectures with highly
integrated material, structures, and function over millions of years of evolution and
provide guidance for designing high-performance functional devices. Biomimicry opens
up an unprecedented path for the design and manufacture of functional devices with
excellent mechanical, electromagnetic, and hydrodynamic properties. Meantime AM
breaks through the barriers of traditional manufacturing methods and makes bionic
manufacturing possible [1]. For example, a scaly-foot snail that lives in the deep-sea
hydrothermal vent has attracted the attention of scientists because of its metallic outer
surface (Fig.1a). The outer layer of its shell is mainly composed of the iron sulfide-based

layer containing greigite, FesSs with a thickness of about 30 um, as shown in Fig.1b [2].
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This substance does not exist in the skeleton of any other species, which gives its shell
extreme hardness and excellent high-temperature resistance. Due to these extraordinary
properties, heterogeneous material systems based on metallic structures and polymer
matrixes have become a promising research field because of their potential applications
in protecting [3], energy dispersion [4], sensing [5, 6], and microelectron-mechanical
systems [7]. However, how to bio-mimic such scaly-foot snail for properties enhancement
remains to be further studied by using current manufacturing technologies.

Benefitting from the proposal of different three-dimensional (3D) printing
technologies and widely available printing materials, additive manufacturing (AM)
expands its function from simple prototype verification to mass production of highly
functional devices [8]. Stereolithography (SL) is one of the most widely used AM
technologies for fabricating multi-material and multi-scale structures [9]. Different from
extrusion-based printing technologies, such as FDM(fused deposition modeling) or
DIW(direct ink writing), photosensitive liquid resin become solid after being irradiated by
a certain wavelength of light in the SL process, and the resin is cured layer by layer to
obtain a three-dimensional structure [9]. Hence, SL is suitable for the production of
microscale complex three-dimensional structure and is characterized by high resolution,
cross-scale processing, high processing efficiency, and low processing cost [1]. However,
there is a main obstacle that how is to print metallic materials with polymer matrix all at
once rather than the normal multiple processes-based manufacturing approach,
especially using electrodepositing to fabricate metallic structures with conductive

polymers.
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By integrating with AM processes, various hybrid metallization technologies have
recently emerged to solve the challenges as mentioned above. For example, Hudkins et
al. demonstrated that conductive PLA/carbon polymer composites could be used to print
electrodes, and 3D printed objects were then electroplated with nickel [10]. Rosa-Ortis et
al. used the same kind of commercially available composite filament to fabricate
conductive 3D parts and further coated metal layers by employing hydrogen assisted
electroplating (HAE) method [11]. Lazarus et al. utilized dual extruder heads filled with
conductive PLA/copper and nonconductive ABS filament to print 3D objects and then
selectively electroplate the conductive domain to build 3D circuit boards [12]. Similar
research was carried out by using conductive and nonconductive filaments to print 3D
parts, and then 3D metallic structures was selectively electroplated on the conductive
areas of 3D printed objects [13]. Moreover, Ryan et al. printed 3D structures with a
programmable mosaic of surface charge region using mask image projection-based
stereolithography (MIP-SL). It allows selective deposition of single metals for multi-
material fabrication of electronic devices [14]. The methods above are multiple processes
that are complicated and time-consuming. Besides, the plated layer is not firmly adhered
on the printed objects, which increases problems associated with hardenability, non-
uniform microstructures, as well as cracking. Researchers carried out extensive work to
develop new processes that can print metal/polymer structures in a single step to improve
the fabrication efficiency. For instance, Zhao et al. developed a room temperature
metal/polymer printing process based on polymer-assisted photochemical deposition. In

this process, silver, gold, and platinum can be fabricated on various substrates [15].
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Similarly, metallic silver was printed on the polymer substrates using visible light
projection lithography at room temperature [16]. However, only certain types of metals
and metal/polymer hybrid structures can be printed using current photochemical
deposition-based 3D printing.

To solve the current challenges in the 3D printing of heterogeneous materials systems
consisting of metal and polymer at room temperature, we put forward a novel process
named electrical field-assisted heterogeneous material printing (EF-HMP) that can control
the metallic structures deposition on the polymer matrix composite for enhanced
functional characteristics. The proposed process aims to fabricate metallic structures in a
single step at room temperature, which is difficult by using currently available techniques.
In this work, a polymer matrix-based composite that can act as an electrolyte was
developed to maintain the metallic ions transport and promote metal deposition on the
photocured polymer matrix. To increase the electrical conductivity of photocurable resin,
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) were mixed with
poly(ethylene glycol) diacrylate (Mn 700) (PEGDA), which is widely used in the fabrication
of flexible sensors due to its biocompatibility [6, 17]. Besides, the inorganic compounds
were added to provide enough metal ions for the deposition. Then we further investigate
properties of the newly developed printing solution, including exposure time, curing
depth, viscosity, and resistivity. After that, the electrical field generation module was
designed and integrated with MIP-SL for the metal deposition. The metallic structures can
grow on the cured polymer matrix during the printing process by controlling the electrical

field. The deposition of metallic structures is determined by the metal ion concentration,
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electrical field voltage, deposition time. In order to achieve accurate printing of
polymer/metal material system with desired geometric shapes, the process parameters
were optimized based on physics-based modeling, simulation, and testing. The relation
between geometric morphology, material properties, and printing process parameters
was identified to establish a route to build the scaly-foot snail-inspired heterogeneous
materials system with complex 3D shapes. The printing results demonstrate that the
proposed EF-HMP process provides a novel manufacturing tool for heterogeneous
materials fabrication, which show enormous potential in fabricating devices for various

applications in flexible sensor, energy harvest, healthcare, and robotics.

2 MATERIALS AND METHODS
2.1 Materials

Poly(ethylene glycol) diacrylate (Mn 700) (PEGDA), highly conductive poly (3 , 4-
ethylenedioxythiophene)-poly (styrenesulfonate) (PEDOT:PSS) in pure pellet with 3.0-
4.0% H,0, and Irgacure 819 photoinitiator were purchased from Sigma-Aldrich, St. Louis,
MO, USA, and used as received. Copper (ll) sulfate (CuSQOa) in crystal form is purchased
from Factory Direct Chemicals, Copiague, NY, USA. The deionized water was purchased

from DS Services of America, Atlanta, GA, USA.

2.2 Preparation of photocurable electrolyte solution
The photocurable electrolyte solution is composed of a photocurable matrix and

conductive fillers. Firstly, the photocurable matrix of 3D printable conductive composite
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consisted of PEGDA and PEDOT:PSS used to study curing characteristics, viscosity, and
resistivity was prepared by mixing 45 wt% of PEGDA with 2 wt% Irgacure 819
photoinitiator. Different ratio of pellet formed PEDOT:PSS (1 wt%, 3 wt%, 5 wt%, 6 wt%,
8 wt%, and 10 wt%) was dissolved in the remaining proportion of 1 mol/L CuSOa solution
by stirring at 200 rpm for 0.5 h at room temperature (25°C). Then, the conductive
PEDOT:PSS fillers and CuSQO4 solution were added into the photocurable PEGDA matrix,
and the solution was stirred at 200 rpm for 1.5h at 25°C. Finally, the prepared
photocurable electrolyte solutions were degassed using a vacuum chamber to remove air
bubbles for the fabrication. After testing, the optimized composition of the photocurable
electrolyte solution used for printing and electrodeposition is 32.5 wt% of PEGDA, 2 wt%
of Irgacure 819 photoinitiator, 2 wt% PEDOT:PSS, 35 wt% of 1mol/L CuSO4 solution, and
28.5 wt% of deionized water. The preparation method follows the aforementioned
method, and the deionized water is added when mixing photocurable PEGDA matrix and

conductive PEDOT:PSS fillers.

2.3 Electrical field-assisted heterogeneous material printing

In the EF-HMP, the photocurable polymer matrix containing copper ion was solidified
to form a two-dimensional (2D) pattern under the light beam projected from the optical
system (refer Fig.1c and d). The digital model designed by SolidWorks was sliced to get a
series of mask images, and then 2D light beam was projected layer by layer onto the
surface of photocurable electrolyte solution to build 3D objects with complex structures.

To fabricate metallic structures, the pre-printed part was lifted to make sure only the
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surface of which required metal deposition was in contact with the solution. Then the
electrical field was turned on, and the whole printed part acted as a cathode. Meanwhile,
two copper electrodes (20x50mm) were placed in the glass tank and energized as anode
for subsequent electrodeposition. During the electrodeposition, the anode continuously
generated copper ions, and the copper ions moved to the surface of the printed polymer
matrix to obtain electrons and form copper particles. To demonstrate the feasibility and
capability of the proposed EF-HMP process, ASU pitchfork and a flexible electrical circuit
were printed out. The layer thickness was 0.2 mm and the exposure time was 12 mins.

The time and voltage of electrodeposition were 5 mins and 15V, respectively.

2.4 Rheological analysis and morphology characterization

The rheology of the photocurable electrolyte solutions was measured by DISCOVERY
HR-30 rheometer (TA Instruments). The rotating element adopts a parallel plate with a
diameter of 40 mm and a measurement gap of 1000 um. Viscosity was evaluated based
on Cox-Merz rule and power-law in the frequency shear mode at room temperature
(25°C) with shear rates ranging from 0.1 s to 1000 s. The JEOL JXA-8530F electron
microprobe analyzer was used to take morphological images of 3D printed pure polymer

and the metallic deposition of copper.

2.5 Resistivity Evaluation
The resistivity of the solid part fabricated with developed photocurable electrolyte

solutions at different ratio of PEDOT:PSS were studied by applying Ohm’s law. A series of
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rectangle sheets (15 x 3 x 1Imm) was printed using the solation with various percentages
of PEDOT:PSS for the resistivity test. The electrical resistivity p were calculated by the

following equation [18]:

P="T (1)

where R is the resistance between the two endpoints of the solid rectangle; L is the length
of the solid rectangle; A is the cross-sectional area of the solid rectangle. The length and

cross-section area of the printed samples for the test is 15 mm and 3 mm?, respectively.

2.6 Simulation of metal deposition under electrical field

In order to reduce the influence of proton concentration on copper deposition under
the electrical field, the model chooses to simulate the deposition process at pH 4 using
COMSOL Multiphysics. For this reason, the mass balance of protons does not need to be
modeled, and sulfate is also regarded as a completely free ion. We assumed that the
occurrence rate of deposition at the cathode and the dissolution at the anode is 100%,
where the model completely excludes possible side reactions and there is no charge loss.
A difference in electrolyte density occurs during the metal growth, resulting in a higher
density at the anode than at the cathode. However, the free convection can be ignored
because the change of components is minimal under the conditions of this modeling. The
metal deposition process is inherently time-dependent, as it can be seen from the
simulation results that the cathode boundary will change as the deposition occurs.
Therefore, the Level-Set interface is used to track the cathode surface during the

deposition process and automatically establishes the interface motion equation between

9
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the liquid electrolyte and the solid electrode. Even PEDOT:PSS exists as conductive fillers
in the form of solid particles, its influence on the movement of copper particles can be
ignored. For simplicity, the composition of the electrolyte solution is a mixture of PEGDA
and 1mol/L CuSO;, solution with a ratio of 1:1. The metal deposition on the flat surfaces
with and without a bump was simulated to evaluate the influences of the geometry of the

printed part on the metal growth and deposition.

3 RESULTS AND DISCUSSION
3.1 EF-HMP of polymeric material with metallic structures

In EF-HMP, the dynamic electrical field was integrated with microscale mask image
projection-based stereolithography (MIP-SL) (Fig.1c) [19]. The printing system is mainly
composed of the optical projection system, electrical field generation and control
module, material and platform, and linear motion module. To generate 2D patterned light
beam, the white light with intensity of a 2500 Im was reflected by a digital micromirror
device (DMD) comprised of a 19201080 array of micromirrors, and the brightness of
each pixel in the projected light beam was controlled by adjusting the angle of the
corresponding micromirror in the DMD. The reflected light was further focused by an
achromatic objective lens (purchased from Thorlabs Inc.) with a focus distance f = 10mm.
The largest projection area in this printing system was 34 x 25.5 mm, and the resolution
of the projected light beam was 23.6 um/pixel. The printing platform on the Z axis lifted
the solidified part and left space for the solution to refill. The electrical field generation

system consisted of two parallel anode copper sheets and a cathode attached to the

10
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printing platform (Fig.1d). A DC power source was used to generate an electric field
between anode and cathode for subsequent electrical assisted metal deposition. The
glass tank was coated with PDMS film to get a horizontal flat surface in order to avoid
curing uneven layers. Besides, the PDMS film can reduce the peeling force and increase
the surface roughness of the cured part, which was important for a further metal
deposition because it can improve the adhesion of metal particles and the conductivity of
the surface.

As shown in Fig.1e and f, the polymer and metal structures can be selectively printed
at room temperature by controlling the electric field and light source. Specifically, when
the light source is turned on and the electric field is turned off, photocurable PEGDA is
solidified after UV light exposure. The chain-growth photopolymerization of PEGDA is
initiated by absorption of ultraviolet light, and PEDOT:PSS and copper sulfate are enclosed
during the crosslinking of the polymer chain. In terms of metal fabrication, the preprinted
part is lifted until only the surface where the metal needs to be printed contacts with the
printing solution. Then the light source is turned off, and the electric field is turned on.
Since the electrode we used here is copper, copper particles gradually grew on the surface
of the printed part until the electrical field is turned off. During the metal printing process,
the copper plate at the anode loses two electrons under oxidation and becomes copper
cations Cu?*, which dissolve in the polymer-based electrolyte solution. The copper cations
in the solution are reduced to metallic copper particles at the cathode by gaining two
electrons and accumulating on the surface of the preprinted part. By accumulating the

polymer and metal layer by layer, the 3D shape can be formed. Hence, EF-HMP enables

11
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the metal and polymer fabrication in the single process with a photocurable conductive
solution at room temperature by controlling the electrical field and light exposure, which
effectively avoids the tedious multiple manufacturing processes.

The printing results of thin film composited of polymer and metal are demonstrated
in Fig.1g and h. The film with a size of 8 x 8 mm was cured, and half of the film contains a
copper layer. To print the copper layer, the electrical field with the strength of 2.5
mA/mm? was turned on for 15 mins. The boundary of the copper and polymer is obvious,
and it confirms that our developed photocurable electrolyte solution can be solidified to
form the polymer matrix, and it also can be used for bulk copper deposition. The SEM
characterization of the deposited copper layer reveals that the printed copper particles
are attached to the surface of the polymer matrix in the form of coarse grains with a
diameter of about 2 um while the morphology of the polymer matrix is much smoother.

The process planning of EF-HMP is shown in Fig.2a. The printing process starts with
slicing the designed digital CAD model to generate a set of mask images using in-house
software [20]. During the slicing, the material index of each layer is also stored with the
generation of mask images. The layer containing metal will be marked as 1, and the
corresponding area of the mask image will be turned to be black. When the slicing process
is finished, the mask images are loaded into the printing operation software to form a 2D
light beam with the desired pattern. Before the fabrication, the printing platform will
move to the initial position. In order to initialize the position of the printing platform, the
platform is lowered to just touch the upper surface of the top surface of the PDMS coated

on the solution tank. The printing platform is then raised by 200 um, and the initial

12
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exposure time of the 2D light beam is set at 16 mins to obtain the base layer, which helps
eliminate voids or intrusion into the film during initialization. In term of subsequent
printing parameter for the regular polymer layers, the layer thickness and exposure time
of the 2D light beam are set at 200 umm and 12 mins, respectively. After one layer is
completely cured, the platform rises by 2mm and then drops by 1.8mm so that a new
layer of material is formed under the force of vacuum and squeezing. To print metal layer,
the printing platform is moved up and electrical field is turned on so that the copper is
deposited onto the bottom surface of the printed part. Specifically, one layer of polymeric
structure with the same pattern as the metal layer needs to be printed to control the
shape of the metallic layer. When the printed sample is moved up, only the bottom
surface of the preprint layer contacts with the printing solution so that the metal can grow
on the contact area to form the desired shape. The cyclical iteration printing process stops
after the designed model is printed. As shown in Fig.2b, a fork was printed using the

aforementioned process.

3.2 Investigation of curing characteristics

The curing characteristics of the photocurable electrolyte solution with different
percentage of PEDOT:PSS was studied to get a fundamental understanding of the effect
of fillers on the curing of polymer-based solution. As shown in Fig.3a, the fiber-like
PEDOT:PSS are uniformly distributed in the PEGDA matrix. The 2D light pattern is
projected onto the solution’s surface to solidify a particular area. The light beam of each

pixel in the projection light follows the Gaussian function [21]. The curing depth of

13
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photocurable material is determined by the light penetration depth and light exposure
energy. The relationship between the cure depth C; and energy input Emax is defined by

the Beer-Lamber’s equation [22]:

EIHE’LX
Cdeln<E,C> (2)

where D, is the penetration depth of UV light into a photocurable solution until a
reduction in irradiation of 1/e is reached; Emax is the peak exposure of light shining on the
photocurable solution surface at the center area; and E. is the minimum energy for the
photocurable solution to be solidified.

The concentration of the PEDOT:PSS directly influences the curing parameter since
the PEDOT:PSS particles scatter the projected light and further hinder the
photopolymerization process. The characterization of the photocurable electrolyte
solution gives us an intuitive insight to choose the suitable concentration of PEDOT:PSS
for printing. The viscosity of the printing solution rises up dramatically with the increase
of concentration of PEDOT:PSS (Fig.3b). The viscosity of the printing solution jumped to
1933.1 Pa's when the concentration of PEDOT:PSS was increased to 3 wt %. However, if
the viscosity of printing solution is greater than 1000 Pa-s, the material is hard to refill
back to the fabrication area for the next layer fabrication by only using atmosphere
pressure and the material gravity and it requires extra tools to achieve the material
refilling [17]. Moreover, the solution becomes unsuitable for EF-HMP printing because
the low fluidity and high viscosity resistance make the copper cations Cu?* challenging to

transport. Hence, different concentrations of PEDOT:PSS needs to be tried and screened

14
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out a suitable concentration for printing, as the solution must be suitable not only for
curing but also for the electrical assisted deposition.

As shown in Fig.3c, the curing depth decreased gradually as the concentration of
PEDOT:PSS was increased, which was caused by the light-shielding properties of the
increasingly aggregated PEDOT:PSS. For example, the cure depth of the printing solution
decreased from 320 um to 140 um when the concentration of PEDOT:PSS was increased
to 10 wt%. The curing depth of the printing solution after adding the PEDOT:PSS can be

determined by Griffith and Halloran, using the following equation [23, 24]:

2

=) (i) @
where no is the refractive index of the photocurable PEGDA resin, np is the refractive index
of the PEDOT:PSS, A is the wavelength of light in nm, d is diameter of the PEDOT:PSS
particles, t is the exposure time, t.is the critical exposure time, and ¢ is the concentration
of PEDOT:PSS particles.

Furthermore, when the concentration of PEDOT:PSS exceeds 5 wt%, the curing depth
of the solution was reduced but not as drastically as it increased from 1 wt% to 5 wt%. In
contrast, the viscosity of the solution increased sharply (Fig. 3b). This is because 2 wt% of
the PEDOT:PSS can homogeneously suspend inside the PEGDA based solution, and the
printing solution had flowability. While the solution behaved like a slurry when the
concentration of PEDOT:PSS increased to 10 wt%. Since the viscosity of PEDOT:PSS based

printing solution with a proportion larger than 3 wt% has far exceeded 1000 Pa-s, which
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is not easy to fabricate metal layer by using our EF-HMP process, only the solution with a
ratio of PEDOT:PSS less than 3% can be selected as the potential printing materials.

The relationship between the exposure time of the photocurable electrolyte solution
and the concentration of PEDOT:PSS is shown in Fig.3d. For example, the exposure time
increased slightly as the concentration of PEDOT:PSS increased from 1 wt% to 3 wt%.
Once the concentration of PEDOT:PSS exceeded the threshold of 5 wt%, the curing time
of the printing electrolyte solution increased drastically. For example, the exposure time
required 45s to solidify the printing electrolyte solution with 3 wt% PEDOT:PSS while it
takes nearly 8 times longer (350s) to cure the 5 wt% PEDOT:PSS solution. This is because
when the concentration of PEDOT:PSS was larger than 3 wt%, the PEDOT:PSS aggregated

into large particles, which absorbed and scattered most of light.

3.3 Investigation of metallic structures growth

After the curing performance of the printing electrolyte solution was studied, the
growth of the metallic structures was further investigated. To study the feasibility and
effectiveness of the metal deposition under the electrical field using the photocurable
electrolyte solution proposed in this paper, the fabrication performance of metallic
structures using EF-HMP was evaluated quantitatively by calculating the thickness of the
deposition, which is discussed in this section. Theoretically, the thickness of the newly
grown has a linear relationship with the electrical current density (voltage) and the

growth time. The relationship among the growth thickness of metallic structures,
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electrical field parameters, and the deposition area is given by the following theoretical

calculation formula [25]:
Q=JxS (4)

where Q indicates the amount of electricity, which reflects the growth thickness of the
metallic structures on the polymer; J is the current density of the electrical field; and S is
the area of the deposition.

To further simplify the calculation, an empirical formula was used to calculate the growth
thickness of metallic structures [25]:

T = Jxtoxnx0.0202 (5)

where T indicates the layer thickness of the newly deposited copper particles; J is the
current density of the electrical field; to is the deposition time; and n is the deposition
efficiency, 95% used in this work.

According to the Faraday’s law, the weight of material liberated or deposited at the anode
and cathode is proportional to the electrical quantity, and the equation is thus given by

[25]:

m=%L (6)

where m is weight of material liberated at the anode; Q is the electrical quantity passed
through anode; F=96485 C/mol is the Faraday constant; M is the molar mass of material

at the anode; and z is the valence number of ions of the material at the anode.
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The physics-assisted simulation was conducted to study the quality of metallic
structures printed by the EF-HMP process. The simulation results demonstrate that the
copper particles gradually adhere to the pre-cured polymer-based part to form a thin
layer with uniform thickness under the electric field, as visible from the brown area in
Fig.4. The simulation of the forming process of the metallic structures on the flat surface
plating showed that the thickness of the plating layer gradually increases to 0.83 um at
15s, and electrical potential near the surface evenly decreases (Fig.4a). The forming
process of the metallic structures on the complex 3D shape such as a convex surface with
the bump is shown in Fig.4b. The top surface of the bump turned out to be thicker than
the one of other places due to the uneven coating thickness. The unevenness forming of
the metallic structures on the bump will directly affect the distribution of the electric
potential and further strengthen the non-uniformity of the metallic structure’s growth.
Therefore, the uneven growth of the metallic structures needs to be controlled by
adjusting the deposition time during printing of the metal layer. Besides, the geometry of
the model can be optimized to avoid sharp boundary transitions. In addition, the
simulation results show that there is a significant change in the concentration of copper
cations Cu?* in the solution near the deposition area, which is consistent with the amount
of copper particles deposited on the surface.

As depicted in Fig.5a, the growth process of metallic structures occurs because of the
following simplified mechanism. The copper in the anode firstly loses electrons to become
copper cations Cu?* and copper cations Cu?* further move to the cathode surface to

obtain electrons and form the copper particles. For electroplating of copper, oxidation
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and reduction take place at anode and cathode, which can be expressed as the following
equations.

The ionization of copper at anode:

Cu(s) —2e —Cu’(aq) (7)

The deposition of copper at cathode:

Cu’*(aq) +2e¢ —Cu(s) (8)

The newly grown copper particles are attached to the surface of the polymer matrix
in the form of grains, which can be seen by SEM morphology characterization (Fig.1e and
f). The efficiency of the electrical assisted metal deposition is closely related to the
conductivity of the cured polymer. The lower resistance makes the copper cations Cu?*
get electrons and deposit more quickly. The quantitative analysis of the conductivity of
the EH-HMP printed polymer is shown in Fig.5b. The resistivity decreases logarithmically
with the increase of the concentration of PEDOT:PSS. For instance, the resistivity of the
solution with 2 wt% of PEDOT:PSS is 615.4 KQ-mm, which is half of that of the solution
with 1 wt%, but 34 times of that of the solution contains 5 wt% of PEDOT:PSS. Since the
viscosity of the solution with 3 wt% of PEDOT:PSS is too high to print using EF-HMP, the
solution with 2 wt% of PEDOT:PSS was used to print the sample parts.

The electrical field-assisted metal deposition performed by the photocurable
electrolyte solution indicates a high correlation among deposition thickness, electrical
charge and deposition time. To identify the relationship between deposition thickness

and different voltages, a series of voltages ranging from 3V to 30V were used in the
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experiments. After 5 mins, the deposition thickness of copper can be 10 um when the
applied voltage is less than 5V (refer Fig.5c). There was not enough potential difference
to continuously initiate the electron transfer required for electrical field-assisted metal
deposition to obtain a thicker coating. However, once the applied voltage exceeded a
certain threshold, the deposition thickness of copper increased significantly. For example,
the deposition thickness of copper raised from 50 um at 25V to 90 um at 30V when the
deposition time was 5 mins. However, the excessively high voltage will generate side
effects that make the water inside the solution electrolyzed and this reaction plays a
dominant role. This is because the movement speed of the copper cations Cu?*in the high-
viscosity solution is limited. In addition, the heat generated during the electrical field-
assisted metal deposition process will gradually make the cured part lose water and
further reduce its conductivity, which makes it incapable of deposition. In terms of the
deposition time, the deposition thickness of copper at different depositing times under
15V is shown in Fig.5d. The thickness increased from 30 um at 1 min to 90 um at 25 mins.
However, the thickness turned out to be the same after 25 mins and the formed copper
particles were suspended in the printing solution near the deposition area. This is because
the newly deposited copper particles cannot effectively adhere to the surface of the pre-
deposited copper layer on the solidified polymer part.

After the investigation of the printing parameters, three demo parts, including a
pitchfork (Fig.6a), a "polymer-metal-polymer" sandwich structure (Fig.6f), and a circuit
(Fig.6h) were fabricated to show the print capability and accuracy of the proposed EF-

HMP process. As shown in Fig.6b and c, the pitchfork was cured layer by layer on the base
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layer, which was designed to make the cured layer better adhere to the printing platform.
The sharp edges and corners of the printed pitchfork are visible, and the width of the
narrowest area is a few hundred microns. After the fabrication of polymer layers, the light
source was turned off, and the electrical field was turned on for 5 mins at 15V. Using the
same printing solution, a thin layer of copper grew on the surface of the last layer of the
printed pitchfork. The thickness of the deposited copper can be directly seen from Fig.6d,
and it was about 45 um, which is consistent with the previous data summarized in Fig.5d.
With regard to the microscopic morphological distribution of the deposited copper,
numerous copper particles with a size of a few microns are uniformly attached to the
polymer surface, as shown in Fig.6e.

A triangle-shaped "polymer-metal-polymer" sandwich structure was designed and
printed to show the multilayer fabrication capability of the EF-HMP process (Fig.6f and g).
The base triangle of polymeric material was firstly printed using 0.1 mm layer thickness
and 75 s per layer exposure time. Then a layer of middle-sized triangle-shaped polymeric
material was built for the growth of the metal layer. The electrical field (15 V) was applied
to the printing area, and copper particles gradually grew on the surface of the polymeric
material. After 5 mins, the electrical field was turned off and a 50 um copper layer was
successfully printed on the surface of the polymer. Then a smaller triangle light beam was
projected at the printing area. The liquid polymeric material between the PDMS film and
the copper layer was solidified to form the top polymeric layer of the sandwich structure

with a 0.8 mm thickness.
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Furthermore, EF-HMP process can be used to print a flexible circuit. For example, the
conductive circuit consisting of a LED light and copper/polymer-based lines were designed
fabricated using a single step. As shown in Fig.6h, the lower ends of the polymer lines are
connected to the DC power supply (5V). When the two poles of the LED light touched the
upper end of the line without the copper layer, the LED didn’t light up (Fig.6i). When the
circuit line was printed with copper layer, the circuit was turned on, and the LED lighted
up (Fig.6j). Experimental results of conductive circuit show its broad prospects in the
fabrication of polymer/metal devices for the applications such as sensor, antenna, and

integrated circuits with complex shape accuracy.

4 CONCLUSION

In this work, an electrical field-assisted heterogeneous material printing (EF-HMP)
method has been developed to fabricate polymer materials with metallic structures using
PEGDA and PEDOT:PSS polymer-based photocurable and conductive composite. We
successfully prepared photocurable electrolyte composite and further investigated the
printability and electrical field-assisted deposition performance. The influences of the
percentage of the PEDOT:PSS on the curing characteristics, viscosity, resistance, and
metallic structure growth were studied. Based on the experimental results, photocurable
electrolyte composite with 2 wt% of PEDOT:PSS showed superior curing properties, and
it can also promote the metal deposition inside the electrical field. Moreover, the 3D
printed metallic structures exhibit excellent shape accuracy and conductivity. The

proposed EF-HMP process provides a novel manufacturing tool for the fabrication of the
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scaly-foot snail inspired polymer/metal structures at room temperature using a single
process. It enables broad application prospects in manufacturing polymer/metallic
hierarchical structures. We believe the study on the preparation of photocurable
electrolyte composite and the electrical field-assisted printing method gives insights on
the improvement of the manufacturing efficiency and costs in the field of heterogeneous
material manufacturing. In the future, the bonding adhesion between metallic structures
and polymer will be studied and objects with more complex material distribution will be
printed. Moreover, the properties enhancement of bioinspired heterogeneous material

structures will be studied by using the proposed printing method.
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508 NOMENCLATURE

AM

3D

SL

FDM

PLA

DIW

HAE

EF-HMP

MIP-SL

DMD

PEDOT:PSS

PEGDA

2D

SEM

Cy

additive manufacturing

three dimensional

stereolithography

fused deposition modelling

polylactic acid

direct ink writing

hydrogen assisted electroplating

electrical field-assisted heterogeneous material printing
mask image projection-based stereolithography

digital micromirror device
poly(3,4-ethylenedioxythiophene)-poly (styrenesulfonate)
poly(ethylene glycol) diacrylate

two dimensional

scanning electron microscopy

electrical resistivity

resistance

length

cross-sectional area

curing depth

light penetration depth
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Emax

Ec

No

ne

te

to

peak light intensity

energy threshold for photocuring

refractive index of the photocurable PEGDA resin

refractive index of the PEDOT:PSS

wavelength of light

diameter of the PEDOT:PSS particles

exposure time

critical exposure time

concentration of PEDOT:PSS particles

electricity

current density

plating area

copper layer thickness

plating time

plating efficiency

weight of material

electrical quantity

faraday constant

molar mass of material

valence number of ions of the material
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Fig. 1

Fig. 2

Fig. 3

Figure Captions List
Schematic diagram of electrical field-assisted heterogeneous material
printing for the construction of polymeric material with metallic
structures. (a) Photograph of the scaly-foot snail (copyright from [26]); (b)
multi-layer structures of the shell cross section (copyright from [2]); (c)
schematic diagram of the EF-HMP set-up; (d) illustration of optical
projection and electrical field generation in the EF-HMP process; (e)
schematic diagram of the curing process and the crosslinking initiated by
photopolymerization; (f) schematic diagram of the electrical field assisted
metal deposition; (g) optical and scanning electron microscopy (SEM)

images of EF-HMP printed polymer; and (h) metallic structures.

Schematic diagram of the EF-HMP of 3D objects consist of metallic
structures and polymer. (a) process planning of the EF-HMP; and (b)
diagrams of the fabrication process and the result of the ASU pitchfork
including slicing, projection images, 2D light beam, and the fabrication
result.

Curing study of the photocurable plating solution. (a) schematic diagram
of the projection light penetrates the material; (b) viscosity
characterization of the photocurable electrolyte solution with
concentrations of PEDOT:PSS from 1 wt% to 10 wt%; and (c) the

corresponding curing depth; and (d) exposure time. Each error bar
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Fig. 4

Fig. 5

Fig. 6

represents the original data ranges 5% above and below the mean from at

least 5 data points.

Simulation of metal deposition under the electrical field. (a) metal
deposition on the flat surface; and (b) metal deposition on the convex

surface under the electrical field.

Evaluation of the printed metallic structures under the electrical field. (a)
schematic diagram of the metal deposition under the electrical field; (b)
the resistivity of the cured polymer matrix-based part with different
concentrations of PEDOT:PSS; (c) the relation between voltage and the
deposition layer thickness when the deposition time is 5 mins; and (d) the
relation between deposition time and the deposition layer thickness when
the deposition voltage is 15V. Each error bar represents the original data

ranges 5% above and below the mean from at least 5 data points.

Electrical field-assisted heterogeneous material printing (EF-HMP) of
polymeric material with metallic structures for different applications. (a)
Schematic diagram of pitchfork model; (b) the EF-HMP printed polymer
pitchfork; (c) the polymer pitchfork printed with copper layer; (d)
morphology characterization of the cross-section area of (c); (e)
morphology characterization of copper layer; (f) CAD model of a "polymer-

metal-polymer" sandwich structure; (g) microscope images of the printed
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sandwich structure; (h) circuit conductivity demonstration, and the circuit

made by (i) pure polymer; and (j) pure polymer with a copper layer.
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Fig. 1 Schematic diagram of electrical field-assisted heterogeneous material printing for

the construction of polymeric material with metallic structures. (a) photograph of the

scaly-foot snail (copyright from [26]); (b) multi-layer structures of the shell cross section

(copyright from [2]); (c) schematic diagram of the EF-HMP set-up; (d) illustration of optical

projection and electrical field generation in the EF-HMP process; (e) schematic diagram

of the curing process and the crosslinking initiated by photopolymerization; (f) schematic

diagram of the electrical field assisted metal deposition; (g) optical and scanning electron

microscopy (SEM) images of EF-HMP printed polymer; and (h) metallic structures.
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Fig. 2 Schematic diagram of the EF-HMP of 3D objects consist of metallic structures and

polymer. (a) Process planning of the EF-HMP; and (b) diagrams of the fabrication process

and the result of the ASU pitchfork including slicing, projection images, 2D light beam,

and the fabrication result.
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Fig. 3 Curing study of the photocurable plating solution. (a) Schematic diagram of the
projection light penetrates the material; (b) viscosity characterization of the photocurable
electrolyte solution with concentrations of PEDOT:PSS from 1 wt% to 10 wt%; and (c) the
corresponding curing depth; and (d) exposure time. Each error bar represents the original

data ranges 5% above and below the mean from at least 5 data points.

33

220z Jequisydag /g uo sasn Ajisioalun ajels euoziy Aq Jpd-gLEL-gZ-Nuew/gyy0z69/€6.550% LIS L L °0L/1op/pd-ajoie/eousiosBuunioenuew/B10 swse uonos|jodje}bipawse//:dpy woly papeojumoq



Journal of Manufacturing Science and Engineering

(a) Cured film CL(J:red film Cureq film |

Conductive
Polymer
solution

t=0s
(b)
Conductive

Polymer
solution

t=0s
619

620  Fig 4: Simulation of metal deposition under the electrical field. (a) Metal deposition on

621 the flat surface; and (b) metal deposition on the convex surface under the electrical field.
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Fig. 5 Evaluation of the printed metallic structures under the electrical field. (a) Schematic
diagram of the metal deposition under the electrical field; (b) the resistivity of the cured
polymer matrix-based part with different concentrations of PEDOT:PSS; (c) the relation
between voltage and the deposition layer thickness when the deposition time is 5 mins;
and (d) the relation between deposition time and the deposition layer thickness when the
deposition voltage is 15V. Each error bar represents the original data ranges 5% above

and below the mean from at least 5 data points.

35

220z Jequisydag /g uo sasn Ajisioalun ajels euoziy Aq Jpd-gLEL-gZ-Nuew/gyy0z69/€6.550% LIS L L °0L/1op/pd-ajoie/eousiosBuunioenuew/B10 swse uonos|jodje}bipawse//:dpy woly papeojumoq



630

631

632

633

634

635

636

637

638

Journal of Manufacturing Science and Engineering

(d)

Copper

Pure polymer

10 pm
—

Fig. 6 Electrical field-assisted heterogeneous material printing (EF-HMP) of polymeric
material with metallic structures for different applications. (a) Schematic diagram of
pitchfork model; (b) the EF-HMP printed polymer pitchfork; (c) the polymer pitchfork
printed with copper layer; (d) morphology characterization of the cross-section area of
(c); (e) morphology characterization of copper layer; (f) CAD model of a "polymer-metal-
polymer" sandwich structure; (g) microscope images of the printed sandwich structure;
(h) circuit conductivity demonstration, and the circuit made by (i) pure polymer; and (j)

pure polymer with a copper layer.
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