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 25 

ABSTRACT 26 

 27 

Heterogeneous material systems consisting of metallic structures and polymer matrixes are of significance 28 

for applications such as integrated circuits, microelectromechanical devices, antennas, sensors, actuators, 29 

and metamaterials. Scaly-foot snail which lives in the deep ocean exhibits high strength and temperature 30 

resistance due to unique shells made of metal and polymer. Recently, different multi-material structures 31 

have been fabricated with metal deposition using multiple manufacturing processes. However, using these 32 
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complicated hybrid processes is challenging to construct complex 3D structures of heterogeneous material 33 

with enhanced properties, high resolution, and time efficiency. Here, we establish a novel manufacturing  34 

strategy to build bioinspired hierarchical structures with heterogeneous material systems using electrically 35 

assisted stereolithography. The photocurable printing solution that can act as an electrolyte for charge 36 

transfer was developed, and the curing characteristic of the printing solution was further investigated. A 37 

fundamental understanding of the formation mechanism of metallic structures on the polymer matrix was 38 

studied through physics-based multiscale modeling and simulations. The correlation between metallic 39 

structures morphology, printing solution properties, and printing process parameters, and their effects in 40 

building bioinspired hierarchical structures with heterogeneous materials were identified. Demonstrative 41 

test cases were built to verify the printing performance of the proposed approach. This research work will 42 

deliver a scalable AM process that can facilitate various interesting applications based on bioinspired 43 

heterogeneous material and structures. 44 

 45 

INTRODUCTION 46 

 47 

Nature organisms have evolved complex hierarchical architectures with highly 48 

integrated material, structures, and function over millions of years of evolution and 49 

provide guidance for designing high-performance functional devices. Biomimicry opens 50 

up an unprecedented path for the design and manufacture of functional devices with 51 

excellent mechanical, electromagnetic, and hydrodynamic properties. Meantime AM 52 

breaks through the barriers of traditional manufacturing methods and makes bionic 53 

manufacturing possible [1]. For example, a scaly-foot snail that lives in the deep-sea 54 

hydrothermal vent has attracted the attention of scientists because of its metallic outer 55 

surface (Fig.1a). The outer layer of its shell is mainly composed of the iron sulfide-based 56 

layer containing greigite, Fe3S4 with a thickness of about 30 μm, as shown in Fig.1b [2]. 57 
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This substance does not exist in the skeleton of any other species, which gives its shell 58 

extreme hardness and excellent high-temperature resistance. Due to these extraordinary 59 

properties, heterogeneous material systems based on metallic structures and polymer 60 

matrixes have become a promising research field because of their potential applications 61 

in protecting [3], energy dispersion [4], sensing [5, 6], and microelectron-mechanical 62 

systems [7]. However, how to bio-mimic such scaly-foot snail for properties enhancement 63 

remains to be further studied by using current manufacturing technologies. 64 

Benefitting from the proposal of different three-dimensional (3D) printing 65 

technologies and widely available printing materials, additive manufacturing (AM) 66 

expands its function from simple prototype verification to mass production of highly 67 

functional devices [8]. Stereolithography (SL) is one of the most widely used AM 68 

technologies for fabricating multi-material and multi-scale structures [9]. Different from 69 

extrusion-based printing technologies, such as FDM(fused deposition modeling) or 70 

DIW(direct ink writing), photosensitive liquid resin become solid after being irradiated by 71 

a certain wavelength of light in the SL process, and the resin is cured layer by layer to 72 

obtain a three-dimensional structure [9]. Hence, SL is suitable for the production of 73 

microscale complex three-dimensional structure and is characterized by high resolution, 74 

cross-scale processing, high processing efficiency, and low processing cost [1]. However, 75 

there is a main obstacle that how is to print metallic materials with polymer matrix all at 76 

once rather than the normal multiple processes-based manufacturing approach, 77 

especially using electrodepositing to fabricate metallic structures with conductive 78 

polymers.  79 
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   By integrating with AM processes, various hybrid metallization technologies have 80 

recently emerged to solve the challenges as mentioned above. For example, Hudkins et 81 

al. demonstrated that conductive PLA/carbon polymer composites could be used to print 82 

electrodes, and 3D printed objects were then electroplated with nickel [10]. Rosa-Ortis et 83 

al. used the same kind of commercially available composite filament to fabricate 84 

conductive 3D parts and further coated metal layers by employing hydrogen assisted 85 

electroplating (HAE) method [11]. Lazarus et al. utilized dual extruder heads filled with 86 

conductive PLA/copper and nonconductive ABS filament to print 3D objects and then 87 

selectively electroplate the conductive domain to build 3D circuit boards [12]. Similar 88 

research was carried out by using conductive and nonconductive filaments to print 3D 89 

parts, and then 3D metallic structures was selectively electroplated on the conductive 90 

areas of 3D printed objects [13]. Moreover, Ryan et al. printed 3D structures with a 91 

programmable mosaic of surface charge region using mask image projection-based 92 

stereolithography (MIP-SL). It allows selective deposition of single metals for multi-93 

material fabrication of electronic devices [14]. The methods above are multiple processes 94 

that are complicated and time-consuming. Besides, the plated layer is not firmly adhered 95 

on the printed objects, which increases problems associated with hardenability, non-96 

uniform microstructures, as well as cracking. Researchers carried out extensive work to 97 

develop new processes that can print metal/polymer structures in a single step to improve 98 

the fabrication efficiency. For instance, Zhao et al. developed a room temperature 99 

metal/polymer printing process based on polymer-assisted photochemical deposition. In 100 

this process, silver, gold, and platinum can be fabricated on various substrates [15]. 101 
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Similarly, metallic silver was printed on the polymer substrates using visible light 102 

projection lithography at room temperature [16]. However, only certain types of metals 103 

and metal/polymer hybrid structures can be printed using current photochemical 104 

deposition-based 3D printing. 105 

To solve the current challenges in the 3D printing of heterogeneous materials systems 106 

consisting of metal and polymer at room temperature, we put forward a novel process 107 

named electrical field-assisted heterogeneous material printing (EF-HMP) that can control 108 

the metallic structures deposition on the polymer matrix composite for enhanced 109 

functional characteristics. The proposed process aims to fabricate metallic structures in a 110 

single step at room temperature, which is difficult by using currently available techniques. 111 

In this work, a polymer matrix-based composite that can act as an electrolyte was 112 

developed to maintain the metallic ions transport and promote metal deposition on the 113 

photocured polymer matrix. To increase the electrical conductivity of photocurable resin, 114 

poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) were mixed with 115 

poly(ethylene glycol) diacrylate (Mn 700) (PEGDA), which is widely used in the fabrication 116 

of flexible sensors due to its biocompatibility [6, 17]. Besides, the inorganic compounds 117 

were added to provide enough metal ions for the deposition. Then we further investigate 118 

properties of the newly developed printing solution, including exposure time, curing 119 

depth, viscosity, and resistivity. After that, the electrical field generation module was 120 

designed and integrated with MIP-SL for the metal deposition. The metallic structures can 121 

grow on the cured polymer matrix during the printing process by controlling the electrical 122 

field. The deposition of metallic structures is determined by the metal ion concentration, 123 
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electrical field voltage, deposition time. In order to achieve accurate printing of 124 

polymer/metal material system with desired geometric shapes, the process parameters 125 

were optimized based on physics-based modeling, simulation, and testing. The relation 126 

between geometric morphology, material properties, and printing process parameters 127 

was identified to establish a route to build the scaly-foot snail-inspired heterogeneous 128 

materials system with complex 3D shapes. The printing results demonstrate that the 129 

proposed EF-HMP process provides a novel manufacturing tool for heterogeneous 130 

materials fabrication, which show enormous potential in fabricating devices for various 131 

applications in flexible sensor, energy harvest, healthcare, and robotics. 132 

 133 

2 MATERIALS AND METHODS 134 

2.1 Materials 135 

Poly(ethylene glycol) diacrylate (Mn 700) (PEGDA), highly conductive poly (3 , 4-136 

ethylenedioxythiophene)-poly (styrenesulfonate) (PEDOT:PSS) in pure pellet with 3.0-137 

4.0% H2O, and Irgacure 819 photoinitiator were purchased from Sigma-Aldrich, St. Louis, 138 

MO, USA, and used as received. Copper (II) sulfate (CuSO4) in crystal form is purchased 139 

from Factory Direct Chemicals, Copiague, NY, USA. The deionized water was purchased 140 

from DS Services of America, Atlanta, GA, USA. 141 

 142 

2.2 Preparation of photocurable electrolyte solution 143 

The photocurable electrolyte solution is composed of a photocurable matrix and 144 

conductive fillers. Firstly, the photocurable matrix of 3D printable conductive composite 145 
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consisted of PEGDA and PEDOT:PSS used to study curing characteristics, viscosity, and 146 

resistivity was prepared by mixing 45 wt% of PEGDA with 2 wt% Irgacure 819 147 

photoinitiator. Different ratio of pellet formed PEDOT:PSS (1 wt%, 3 wt%, 5 wt%, 6 wt%, 148 

8 wt%, and 10 wt%) was dissolved in the remaining proportion of 1 mol/L CuSO4 solution 149 

by stirring at 200 rpm for 0.5 h at room temperature (25℃). Then, the conductive 150 

PEDOT:PSS fillers and CuSO4 solution were added into the photocurable PEGDA matrix, 151 

and the solution was stirred at 200 rpm for 1.5h at 25℃. Finally, the prepared 152 

photocurable electrolyte solutions were degassed using a vacuum chamber to remove air 153 

bubbles for the fabrication. After testing, the optimized composition of the photocurable 154 

electrolyte solution used for printing and electrodeposition is 32.5 wt% of PEGDA, 2 wt% 155 

of Irgacure 819 photoinitiator, 2 wt% PEDOT:PSS, 35 wt% of 1mol/L CuSO4 solution, and 156 

28.5 wt% of deionized water. The preparation method follows the aforementioned 157 

method, and the deionized water is added when mixing photocurable PEGDA matrix and 158 

conductive PEDOT:PSS fillers. 159 

 160 

2.3 Electrical field-assisted heterogeneous material printing 161 

In the EF-HMP, the photocurable polymer matrix containing copper ion was solidified 162 

to form a two-dimensional (2D) pattern under the light beam projected from the optical 163 

system (refer Fig.1c and d). The digital model designed by SolidWorks was sliced to get a 164 

series of mask images, and then 2D light beam was projected layer by layer onto the 165 

surface of photocurable electrolyte solution to build 3D objects with complex structures. 166 

To fabricate metallic structures, the pre-printed part was lifted to make sure only the 167 
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surface of which required metal deposition was in contact with the solution. Then the 168 

electrical field was turned on, and the whole printed part acted as a cathode. Meanwhile, 169 

two copper electrodes (20×50mm) were placed in the glass tank and energized as anode 170 

for subsequent electrodeposition. During the electrodeposition, the anode continuously 171 

generated copper ions, and the copper ions moved to the surface of the printed polymer 172 

matrix to obtain electrons and form copper particles. To demonstrate the feasibility and 173 

capability of the proposed EF-HMP process, ASU pitchfork and a flexible electrical circuit 174 

were printed out. The layer thickness was 0.2 mm and the exposure time was 12 mins. 175 

The time and voltage of electrodeposition were 5 mins and 15V, respectively. 176 

 177 

2.4 Rheological analysis and morphology characterization 178 

The rheology of the photocurable electrolyte solutions was measured by DISCOVERY 179 

HR-30 rheometer (TA Instruments). The rotating element adopts a parallel plate with a 180 

diameter of 40 mm and a measurement gap of 1000 μm. Viscosity was evaluated based 181 

on Cox-Merz rule and power-law in the frequency shear mode at room temperature 182 

(25℃) with shear rates ranging from 0.1 s-1 to 1000 s-1. The JEOL JXA-8530F electron 183 

microprobe analyzer was used to take morphological images of 3D printed pure polymer 184 

and the metallic deposition of copper.  185 

 186 

2.5 Resistivity Evaluation 187 

The resistivity of the solid part fabricated with developed photocurable electrolyte 188 

solutions at different ratio of PEDOT:PSS were studied by applying Ohm’s law. A series of 189 
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rectangle sheets (15 × 3 × 1mm) was printed using the solation with various percentages 190 

of PEDOT:PSS for the resistivity test. The electrical resistivity ρ were calculated by the 191 

following equation [18]: 192 

  (1) 193 

where R is the resistance between the two endpoints of the solid rectangle; L is the length 194 

of the solid rectangle; A is the cross-sectional area of the solid rectangle. The length and 195 

cross-section area of the printed samples for the test is 15 mm and 3 mm2, respectively. 196 

 197 

2.6 Simulation of metal deposition under electrical field  198 

In order to reduce the influence of proton concentration on copper deposition under 199 

the electrical field, the model chooses to simulate the deposition process at pH 4 using 200 

COMSOL Multiphysics. For this reason, the mass balance of protons does not need to be 201 

modeled, and sulfate is also regarded as a completely free ion. We assumed that the 202 

occurrence rate of deposition at the cathode and the dissolution at the anode is 100%, 203 

where the model completely excludes possible side reactions and there is no charge loss. 204 

A difference in electrolyte density occurs during the metal growth, resulting in a higher 205 

density at the anode than at the cathode. However, the free convection can be ignored 206 

because the change of components is minimal under the conditions of this modeling. The 207 

metal deposition process is inherently time-dependent, as it can be seen from the 208 

simulation results that the cathode boundary will change as the deposition occurs. 209 

Therefore, the Level-Set interface is used to track the cathode surface during the 210 

deposition process and automatically establishes the interface motion equation between 211 
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the liquid electrolyte and the solid electrode. Even PEDOT:PSS exists as conductive fillers 212 

in the form of solid particles, its influence on the movement of copper particles can be 213 

ignored. For simplicity, the composition of the electrolyte solution is a mixture of PEGDA 214 

and 1mol/L CuSO4 solution with a ratio of 1:1. The metal deposition on the flat surfaces 215 

with and without a bump was simulated to evaluate the influences of the geometry of the 216 

printed part on the metal growth and deposition. 217 

 218 

3 RESULTS AND DISCUSSION 219 

3.1 EF-HMP of polymeric material with metallic structures 220 

In EF-HMP, the dynamic electrical field was integrated with microscale mask image 221 

projection-based stereolithography (MIP-SL) (Fig.1c) [19]. The printing system is mainly 222 

composed of the optical projection system, electrical field generation and control 223 

module, material and platform, and linear motion module. To generate 2D patterned light 224 

beam, the white light with intensity of a 2500 lm was reflected by a digital micromirror 225 

device (DMD) comprised of a 1920×1080 array of micromirrors, and the brightness of 226 

each pixel in the projected light beam was controlled by adjusting the angle of the 227 

corresponding micromirror in the DMD. The reflected light was further focused by an 228 

achromatic objective lens (purchased from Thorlabs Inc.) with a focus distance f = 10mm. 229 

The largest projection area in this printing system was 34 × 25.5 mm, and the resolution 230 

of the projected light beam was 23.6 μm/pixel. The printing platform on the Z axis lifted 231 

the solidified part and left space for the solution to refill. The electrical field generation 232 

system consisted of two parallel anode copper sheets and a cathode attached to the 233 
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printing platform (Fig.1d). A DC power source was used to generate an electric field 234 

between anode and cathode for subsequent electrical assisted metal deposition. The 235 

glass tank was coated with PDMS film to get a horizontal flat surface in order to avoid 236 

curing uneven layers. Besides, the PDMS film can reduce the peeling force and increase 237 

the surface roughness of the cured part, which was important for a further metal 238 

deposition because it can improve the adhesion of metal particles and the conductivity of 239 

the surface. 240 

As shown in Fig.1e and f, the polymer and metal structures can be selectively printed 241 

at room temperature by controlling the electric field and light source. Specifically, when 242 

the light source is turned on and the electric field is turned off, photocurable PEGDA is 243 

solidified after UV light exposure. The chain-growth photopolymerization of PEGDA is 244 

initiated by absorption of ultraviolet light, and PEDOT:PSS and copper sulfate are enclosed 245 

during the crosslinking of the polymer chain. In terms of metal fabrication, the preprinted 246 

part is lifted until only the surface where the metal needs to be printed contacts with the 247 

printing solution. Then the light source is turned off, and the electric field is turned on. 248 

Since the electrode we used here is copper, copper particles gradually grew on the surface 249 

of the printed part until the electrical field is turned off. During the metal printing process, 250 

the copper plate at the anode loses two electrons under oxidation and becomes copper 251 

cations Cu2+, which dissolve in the polymer-based electrolyte solution. The copper cations 252 

in the solution are reduced to metallic copper particles at the cathode by gaining two 253 

electrons and accumulating on the surface of the preprinted part. By accumulating the 254 

polymer and metal layer by layer, the 3D shape can be formed. Hence, EF-HMP enables 255 
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the metal and polymer fabrication in the single process with a photocurable conductive 256 

solution at room temperature by controlling the electrical field and light exposure, which 257 

effectively avoids the tedious multiple manufacturing processes. 258 

The printing results of thin film composited of polymer and metal are demonstrated 259 

in Fig.1g and h. The film with a size of 8 × 8 mm was cured, and half of the film contains a 260 

copper layer. To print the copper layer, the electrical field with the strength of 2.5 261 

mA/mm2 was turned on for 15 mins. The boundary of the copper and polymer is obvious, 262 

and it confirms that our developed photocurable electrolyte solution can be solidified to 263 

form the polymer matrix, and it also can be used for bulk copper deposition. The SEM 264 

characterization of the deposited copper layer reveals that the printed copper particles 265 

are attached to the surface of the polymer matrix in the form of coarse grains with a 266 

diameter of about 2 μm while the morphology of the polymer matrix is much smoother.267 

The process planning of EF-HMP is shown in Fig.2a. The printing process starts with 268 

slicing the designed digital CAD model to generate a set of mask images using in-house 269 

software [20]. During the slicing, the material index of each layer is also stored with the 270 

generation of mask images. The layer containing metal will be marked as 1, and the 271 

corresponding area of the mask image will be turned to be black. When the slicing process 272 

is finished, the mask images are loaded into the printing operation software to form a 2D 273 

light beam with the desired pattern. Before the fabrication, the printing platform will 274 

move to the initial position. In order to initialize the position of the printing platform, the 275 

platform is lowered to just touch the upper surface of the top surface of the PDMS coated 276 

on the solution tank. The printing platform is then raised by 200 μm, and the initial 277 
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exposure time of the 2D light beam is set at 16 mins to obtain the base layer, which helps 278 

eliminate voids or intrusion into the film during initialization. In term of subsequent 279 

printing parameter for the regular polymer layers, the layer thickness and exposure time 280 

of the 2D light beam are set at 200 μmm and 12 mins, respectively. After one layer is 281 

completely cured, the platform rises by 2mm and then drops by 1.8mm so that a new 282 

layer of material is formed under the force of vacuum and squeezing. To print metal layer, 283 

the printing platform is moved up and electrical field is turned on so that the copper is 284 

deposited onto the bottom surface of the printed part. Specifically, one layer of polymeric 285 

structure with the same pattern as the metal layer needs to be printed to control the 286 

shape of the metallic layer. When the printed sample is moved up, only the bottom 287 

surface of the preprint layer contacts with the printing solution so that the metal can grow 288 

on the contact area to form the desired shape. The cyclical iteration printing process stops 289 

after the designed model is printed. As shown in Fig.2b, a fork was printed using the 290 

aforementioned process.  291 

 292 

3.2 Investigation of curing characteristics 293 

The curing characteristics of the photocurable electrolyte solution with different 294 

percentage of PEDOT:PSS was studied to get a fundamental understanding of the effect 295 

of fillers on the curing of polymer-based solution. As shown in Fig.3a, the fiber-like 296 

PEDOT:PSS are uniformly distributed in the PEGDA matrix. The 2D light pattern is 297 

projected onto the solution’s surface to solidify a particular area. The light beam of each 298 

pixel in the projection light follows the Gaussian function [21]. The curing depth of 299 
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photocurable material is determined by the light penetration depth and light exposure 300 

energy. The relationship between the cure depth Cd and energy input Emax is defined by 301 

the Beer-Lamber’s equation [22]:  302 

      (2) 303 

where Dp is the penetration depth of UV light into a photocurable solution until a 304 

reduction in irradiation of 1/e is reached; Emax is the peak exposure of light shining on the 305 

photocurable solution surface at the center area; and Ec is the minimum energy for the 306 

photocurable solution to be solidified. 307 

The concentration of the PEDOT:PSS directly influences the curing parameter since 308 

the PEDOT:PSS particles scatter the projected light and further hinder the 309 

photopolymerization process. The characterization of the photocurable electrolyte 310 

solution gives us an intuitive insight to choose the suitable concentration of PEDOT:PSS 311 

for printing. The viscosity of the printing solution rises up dramatically with the increase 312 

of concentration of PEDOT:PSS (Fig.3b). The viscosity of the printing solution jumped to 313 

1933.1 Pa·s when the concentration of PEDOT:PSS was increased to 3 wt %. However, if 314 

the viscosity of printing solution is greater than 1000 Pa·s, the material is hard to refill 315 

back to the fabrication area for the next layer fabrication by only using atmosphere 316 

pressure and the material gravity and it requires extra tools to achieve the material 317 

refilling [17]. Moreover, the solution becomes unsuitable for EF-HMP printing because 318 

the low fluidity and high viscosity resistance make the copper cations Cu2+ challenging to 319 

transport. Hence, different concentrations of PEDOT:PSS needs to be tried and screened 320 
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out a suitable concentration for printing, as the solution must be suitable not only for 321 

curing but also for the electrical assisted deposition. 322 

As shown in Fig.3c, the curing depth decreased gradually as the concentration of 323 

PEDOT:PSS was increased, which was caused by the light-shielding properties of the 324 

increasingly aggregated PEDOT:PSS. For example, the cure depth of the printing solution 325 

decreased from 320 µm to 140 µm	when the concentration of PEDOT:PSS was increased 326 

to 10 wt%. The curing depth of the printing solution after adding the PEDOT:PSS can be 327 

determined by Griffith and Halloran, using the following equation [23, 24]: 328 

      (3) 329 

where η0 is the refractive index of the photocurable PEGDA resin, ηP is the refractive index 330 

of the PEDOT:PSS, λ is the wavelength of light in nm, d is diameter of the PEDOT:PSS 331 

particles, t is the exposure time, tc is the critical exposure time, and φ is the concentration 332 

of PEDOT:PSS particles. 333 

Furthermore, when the concentration of PEDOT:PSS exceeds 5 wt%, the curing depth 334 

of the solution was reduced but not as drastically as it increased from 1 wt% to 5 wt%. In 335 

contrast, the viscosity of the solution increased sharply (Fig. 3b). This is because 2 wt% of 336 

the PEDOT:PSS can homogeneously suspend inside the PEGDA based solution, and the 337 

printing solution had flowability. While the solution behaved like a slurry when the 338 

concentration of PEDOT:PSS increased to 10 wt%. Since the viscosity of PEDOT:PSS based 339 

printing solution with a proportion larger than 3 wt% has far exceeded 1000 Pa·s, which 340 
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is not easy to fabricate metal layer by using our EF-HMP process, only the solution with a 341 

ratio of PEDOT:PSS less than 3% can be selected as the potential printing materials.  342 

The relationship between the exposure time of the photocurable electrolyte solution 343 

and the concentration of PEDOT:PSS is shown in Fig.3d. For example, the exposure time 344 

increased slightly as the concentration of PEDOT:PSS increased from 1 wt% to 3 wt%. 345 

Once the concentration of PEDOT:PSS exceeded the threshold of 5 wt%, the curing time 346 

of the printing electrolyte solution increased drastically. For example, the exposure time 347 

required 45s to solidify the printing electrolyte solution with 3 wt% PEDOT:PSS while it 348 

takes nearly 8 times longer (350s) to cure the 5 wt% PEDOT:PSS solution. This is because 349 

when the concentration of PEDOT:PSS was larger than 3 wt%, the PEDOT:PSS aggregated 350 

into large particles, which absorbed and scattered most of light. 351 

 352 

3.3 Investigation of metallic structures growth 353 

After the curing performance of the printing electrolyte solution was studied, the 354 

growth of the metallic structures was further investigated. To study the feasibility and 355 

effectiveness of the metal deposition under the electrical field using the photocurable 356 

electrolyte solution proposed in this paper, the fabrication performance of metallic 357 

structures using EF-HMP was evaluated quantitatively by calculating the thickness of the 358 

deposition, which is discussed in this section. Theoretically, the thickness of the newly 359 

grown has a linear relationship with the electrical current density (voltage) and the 360 

growth time. The relationship among the growth thickness of metallic structures, 361 
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electrical field parameters, and the deposition area is given by the following theoretical 362 

calculation formula [25]: 363 

                                                                          (4) 364 

where Q indicates the amount of electricity, which reflects the growth thickness of the 365 

metallic structures on the polymer; J is the current density of the electrical field; and S is 366 

the area of the deposition. 367 

To further simplify the calculation, an empirical formula was used to calculate the growth 368 

thickness of metallic structures [25]: 369 

      (5) 370 

where T indicates the layer thickness of the newly deposited copper particles; J is the 371 

current density of the electrical field; t0 is the deposition time; and η is the deposition 372 

efficiency, 95% used in this work. 373 

According to the Faraday’s law, the weight of material liberated or deposited at the anode 374 

and cathode is proportional to the electrical quantity, and the equation is thus given by 375 

[25]: 376 

                                                                           (6) 377 

where m is weight of material liberated at the anode; Q is the electrical quantity passed 378 

through anode; F=96485 C/mol is the Faraday constant; M is the molar mass of material 379 

at the anode; and z is the valence number of ions of the material at the anode. 380 
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The physics-assisted simulation was conducted to study the quality of metallic 381 

structures printed by the EF-HMP process. The simulation results demonstrate that the 382 

copper particles gradually adhere to the pre-cured polymer-based part to form a thin 383 

layer with uniform thickness under the electric field, as visible from the brown area in 384 

Fig.4. The simulation of the forming process of the metallic structures on the flat surface 385 

plating showed that the thickness of the plating layer gradually increases to 0.83 μm at 386 

15s, and electrical potential near the surface evenly decreases (Fig.4a). The forming 387 

process of the metallic structures on the complex 3D shape such as a convex surface with 388 

the bump is shown in Fig.4b. The top surface of the bump turned out to be thicker than 389 

the one of other places due to the uneven coating thickness. The unevenness forming of 390 

the metallic structures on the bump will directly affect the distribution of the electric 391 

potential and further strengthen the non-uniformity of the metallic structure’s growth. 392 

Therefore, the uneven growth of the metallic structures needs to be controlled by 393 

adjusting the deposition time during printing of the metal layer. Besides, the geometry of 394 

the model can be optimized to avoid sharp boundary transitions. In addition, the 395 

simulation results show that there is a significant change in the concentration of copper 396 

cations Cu2+ in the solution near the deposition area, which is consistent with the amount 397 

of copper particles deposited on the surface.398 

As depicted in Fig.5a, the growth process of metallic structures occurs because of the 399 

following simplified mechanism. The copper in the anode firstly loses electrons to become 400 

copper cations Cu2+ and copper cations Cu2+ further move to the cathode surface to 401 

obtain electrons and form the copper particles. For electroplating of copper, oxidation 402 
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and reduction take place at anode and cathode, which can be expressed as the following 403 

equations. 404 

The ionization of copper at anode: 405 

      (7) 406 

The deposition of copper at cathode: 407 

        (8) 408 

The newly grown copper particles are attached to the surface of the polymer matrix 409 

in the form of grains, which can be seen by SEM morphology characterization (Fig.1e and 410 

f). The efficiency of the electrical assisted metal deposition is closely related to the 411 

conductivity of the cured polymer. The lower resistance makes the copper cations Cu2+ 412 

get electrons and deposit more quickly. The quantitative analysis of the conductivity of 413 

the EH-HMP printed polymer is shown in Fig.5b. The resistivity decreases logarithmically 414 

with the increase of the concentration of PEDOT:PSS. For instance, the resistivity of the 415 

solution with 2 wt% of PEDOT:PSS is 615.4 KΩ·mm, which is half of that of the solution 416 

with 1 wt%, but 34 times of that of the solution contains 5 wt% of PEDOT:PSS. Since the 417 

viscosity of the solution with 3 wt% of PEDOT:PSS is too high to print using EF-HMP, the 418 

solution with 2 wt% of PEDOT:PSS was used to print the sample parts. 419 

The electrical field-assisted metal deposition performed by the photocurable 420 

electrolyte solution indicates a high correlation among deposition thickness, electrical 421 

charge and deposition time. To identify the relationship between deposition thickness 422 

and different voltages, a series of voltages ranging from 3V to 30V were used in the 423 
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experiments. After 5 mins, the deposition thickness of copper can be 10 μm when the 424 

applied voltage is less than 5V (refer Fig.5c). There was not enough potential difference 425 

to continuously initiate the electron transfer required for electrical field-assisted metal 426 

deposition to obtain a thicker coating. However, once the applied voltage exceeded a 427 

certain threshold, the deposition thickness of copper increased significantly. For example, 428 

the deposition thickness of copper raised from 50 μm at 25V to 90 μm at 30V when the 429 

deposition time was 5 mins. However, the excessively high voltage will generate side 430 

effects that make the water inside the solution electrolyzed and this reaction plays a 431 

dominant role. This is because the movement speed of the copper cations Cu2+ in the high-432 

viscosity solution is limited. In addition, the heat generated during the electrical field-433 

assisted metal deposition process will gradually make the cured part lose water and 434 

further reduce its conductivity, which makes it incapable of deposition. In terms of the 435 

deposition time, the deposition thickness of copper at different depositing times under 436 

15V is shown in Fig.5d. The thickness increased from 30 μm at 1 min to 90 μm at 25 mins. 437 

However, the thickness turned out to be the same after 25 mins and the formed copper 438 

particles were suspended in the printing solution near the deposition area. This is because 439 

the newly deposited copper particles cannot effectively adhere to the surface of the pre-440 

deposited copper layer on the solidified polymer part.   441 

After the investigation of the printing parameters, three demo parts, including a 442 

pitchfork (Fig.6a), a "polymer-metal-polymer" sandwich structure (Fig.6f), and a circuit 443 

(Fig.6h) were fabricated to show the print capability and accuracy of the proposed EF-444 

HMP process. As shown in Fig.6b and c, the pitchfork was cured layer by layer on the base 445 
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layer, which was designed to make the cured layer better adhere to the printing platform. 446 

The sharp edges and corners of the printed pitchfork are visible, and the width of the 447 

narrowest area is a few hundred microns. After the fabrication of polymer layers, the light 448 

source was turned off, and the electrical field was turned on for 5 mins at 15V. Using the 449 

same printing solution, a thin layer of copper grew on the surface of the last layer of the 450 

printed pitchfork. The thickness of the deposited copper can be directly seen from Fig.6d, 451 

and it was about 45 μm, which is consistent with the previous data summarized in Fig.5d. 452 

With regard to the microscopic morphological distribution of the deposited copper, 453 

numerous copper particles with a size of a few microns are uniformly attached to the 454 

polymer surface, as shown in Fig.6e.  455 

A triangle-shaped "polymer-metal-polymer" sandwich structure was designed and 456 

printed to show the multilayer fabrication capability of the EF-HMP process (Fig.6f and g). 457 

The base triangle of polymeric material was firstly printed using 0.1 mm layer thickness 458 

and 75 s per layer exposure time. Then a layer of middle-sized triangle-shaped polymeric 459 

material was built for the growth of the metal layer. The electrical field (15 V) was applied 460 

to the printing area, and copper particles gradually grew on the surface of the polymeric 461 

material. After 5 mins, the electrical field was turned off and a 50 μm copper layer was 462 

successfully printed on the surface of the polymer. Then a smaller triangle light beam was 463 

projected at the printing area. The liquid polymeric material between the PDMS film and 464 

the copper layer was solidified to form the top polymeric layer of the sandwich structure 465 

with a 0.8 mm thickness.   466 
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Furthermore, EF-HMP process can be used to print a flexible circuit. For example, the 467 

conductive circuit consisting of a LED light and copper/polymer-based lines were designed 468 

fabricated using a single step. As shown in Fig.6h, the lower ends of the polymer lines are 469 

connected to the DC power supply (5V). When the two poles of the LED light touched the 470 

upper end of the line without the copper layer, the LED didn’t light up (Fig.6i). When the 471 

circuit line was printed with copper layer, the circuit was turned on, and the LED lighted 472 

up (Fig.6j). Experimental results of conductive circuit show its broad prospects in the 473 

fabrication of polymer/metal devices for the applications such as sensor, antenna, and 474 

integrated circuits with complex shape accuracy.475 

 476 

4 CONCLUSION 477 

In this work, an electrical field-assisted heterogeneous material printing (EF-HMP) 478 

method has been developed to fabricate polymer materials with metallic structures using 479 

PEGDA and PEDOT:PSS polymer-based photocurable and conductive composite. We 480 

successfully prepared photocurable electrolyte composite and further investigated the 481 

printability and electrical field-assisted deposition performance. The influences of the 482 

percentage of the PEDOT:PSS on the curing characteristics, viscosity, resistance, and 483 

metallic structure growth were studied. Based on the experimental results, photocurable 484 

electrolyte composite with 2 wt% of PEDOT:PSS showed superior curing properties, and 485 

it can also promote the metal deposition inside the electrical field. Moreover, the 3D 486 

printed metallic structures exhibit excellent shape accuracy and conductivity. The 487 

proposed EF-HMP process provides a novel manufacturing tool for the fabrication of the 488 
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scaly-foot snail inspired polymer/metal structures at room temperature using a single 489 

process. It enables broad application prospects in manufacturing polymer/metallic 490 

hierarchical structures. We believe the study on the preparation of photocurable 491 

electrolyte composite and the electrical field-assisted printing method gives insights on 492 

the improvement of the manufacturing efficiency and costs in the field of heterogeneous 493 

material manufacturing. In the future, the bonding adhesion between metallic structures 494 

and polymer will be studied and objects with more complex material distribution will be 495 

printed. Moreover, the properties enhancement of bioinspired heterogeneous material 496 

structures will be studied by using the proposed printing method. 497 

 498 

ACKNOWLEDGMENT 499 

 500 

The authors acknowledge the ASU core research facilities for the use of SEM electron 501 

microprobe analyzer, and Prof. Kailong Jin’s Lab for the use of the viscosity testing 502 

machine. 503 

 504 

FUNDING 505 

The authors acknowledge ASU startup funding, and National Science Foundation (NSF 506 

grant No. CMMI-2114119).   507 

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Manufacturing Science and Engineering. Received June 24, 2022;
Accepted manuscript posted September 13, 2022. doi:10.1115/1.4055793
Copyright © 2022 by ASME

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

s
m

e
d
ig

ita
lc

o
lle

c
tio

n
.a

s
m

e
.o

rg
/m

a
n
u
fa

c
tu

rin
g
s
c
ie

n
c
e
/a

rtic
le

-p
d
f/d

o
i/1

0
.1

1
1
5
/1

.4
0
5
5
7
9
3
/6

9
2
0
4
4
8
/m

a
n
u
-2

2
-1

3
1
3
.p

d
f b

y
 A

riz
o
n
a
 S

ta
te

 U
n

iv
e
rs

ity
 u

s
e
r o

n
 2

7
 S

e
p
te

m
b
e
r 2

0
2
2



Journal of Manufacturing Science and Engineering 

24 

 

NOMENCLATURE 508 

AM  additive manufacturing 

3D        three dimensional 

SL        stereolithography 

FDM  fused deposition modelling 

PLA        polylactic acid 

DIW  direct ink writing 

HAE  hydrogen assisted electroplating 

EF-HMP  electrical field-assisted heterogeneous material printing 

MIP-SL  mask image projection-based stereolithography 

DMD  digital micromirror device 

PEDOT:PSS poly(3,4-ethylenedioxythiophene)-poly (styrenesulfonate) 

PEGDA  poly(ethylene glycol) diacrylate 

2D        two dimensional 

SEM       scanning electron microscopy 

ρ   electrical resistivity 

R  resistance 

L  length 

A  cross-sectional area 

Cd  curing depth 

Dp  light penetration depth 
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Emax  peak light intensity 

Ec  energy threshold for photocuring 

η0  refractive index of the photocurable PEGDA resin 

ηP  refractive index of the PEDOT:PSS 

λ  wavelength of light 

d   diameter of the PEDOT:PSS particles 

t   exposure time 

tc  critical exposure time 

φ  concentration of PEDOT:PSS particles 

Q  electricity 

J  current density 

S  plating area 

T  copper layer thickness 

t0  plating time 

η  plating efficiency 

m  weight of material 

Q  electrical quantity 

F  faraday constant 

M  molar mass of material 

z  valence number of ions of the material 

 509 
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Figure Captions List 596 

 597 

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. 

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. 

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

least 5 data points. 

Fig. 4 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. 

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. 

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 Acc
ep
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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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 599 

Fig. 1  Schematic diagram of electrical field-assisted heterogeneous material printing for 600 

the construction of polymeric material with metallic structures. (a) photograph of the 601 

scaly-foot snail (copyright from [26]); (b) multi-layer structures of the shell cross section 602 

(copyright from [2]); (c) schematic diagram of the EF-HMP set-up; (d) illustration of optical 603 

projection and electrical field generation in the EF-HMP process; (e) schematic diagram 604 

of the curing process and the crosslinking initiated by photopolymerization; (f) schematic 605 

diagram of the electrical field assisted metal deposition; (g) optical and scanning electron 606 

microscopy (SEM) images of EF-HMP printed polymer; and (h) metallic structures. 607 
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 608 

Fig. 2  Schematic diagram of the EF-HMP of 3D objects consist of metallic structures and 609 

polymer. (a) Process planning of the EF-HMP; and (b) diagrams of the fabrication process 610 

and the result of the ASU pitchfork including slicing, projection images, 2D light beam, 611 

and the fabrication result.  612 
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 613 

Fig. 3  Curing study of the photocurable plating solution. (a) Schematic diagram of the 614 

projection light penetrates the material; (b) viscosity characterization of the photocurable 615 

electrolyte solution with concentrations of PEDOT:PSS from 1 wt% to 10 wt%; and (c) the 616 

corresponding curing depth; and (d) exposure time. Each error bar represents the original 617 

data ranges 5% above and below the mean from at least 5 data points.  618 
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 619 

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

the flat surface; and (b) metal deposition on the convex surface under the electrical field. 621 
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 622 

Fig. 5  Evaluation of the printed metallic structures under the electrical field. (a) Schematic 623 

diagram of the metal deposition under the electrical field; (b) the resistivity of the cured 624 

polymer matrix-based part with different concentrations of PEDOT:PSS; (c) the relation 625 

between voltage and the deposition layer thickness when the deposition time is 5 mins; 626 

and (d) the relation between deposition time and the deposition layer thickness when the 627 

deposition voltage is 15V. Each error bar represents the original data ranges 5% above 628 

and below the mean from at least 5 data points.  629 
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 630 

Fig. 6 Electrical field-assisted heterogeneous material printing (EF-HMP) of polymeric 631 

material with metallic structures for different applications. (a) Schematic diagram of 632 

pitchfork model; (b) the EF-HMP printed polymer pitchfork; (c) the polymer pitchfork 633 

printed with copper layer; (d) morphology characterization of the cross-section area of 634 

(c); (e) morphology characterization of copper layer; (f) CAD model of a "polymer-metal-635 

polymer" sandwich structure; (g) microscope images of the printed sandwich structure; 636 

(h) circuit conductivity demonstration, and the circuit made by (i) pure polymer; and (j) 637 

pure polymer with a copper layer. 638 
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