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Multimaterial 3D Printing Technique for Electronic
Circuitry Using Photopolymer and Selective Metallization

Assel Ryspayeva, Adilet Zhakeyev, Marc P. Y. Desmulliez, and Jose Marques-Hueso*

1. Introduction

Additive manufacturing (AM), or 3D printing, offers several
advantages over traditional fabrication methods, such as the
ability to fabricate complex designs, rapid prototyping, and the
potential to be integrated with other digital technologies
(machine learning and machine vision) to automate fabrication
processes.[1–4] As a result, AM was utilized in recent years to
manufacture electrodes,[2] radio frequency devices,[5] electro-
chemical devices,[6,7] sensors,[1,8] and robotics.[9]

AM techniques based on polymer processing, such as fused
deposition modeling (FDM), inkjet printing (Polyjet), digital light
processing (DLP), liquid crystal display (LCD), and stereolithog-
raphy (SLA), are commonly used due to their availability,

affordability, ease of processing, and low
cost of polymeric materials. Out of the
aforementioned commercial techniques,
only FDM[10,11] and Polyjet[12] are capable
of mutlimaterial printing. However, both
FDM and Polyjet are limited to polymeric
materials, and incorporation of different
types of materials (metals, ceramics, etc.)
into a single part remains challenging.
However, in a hybrid manufacturing strat-
egy, direct ink writing (DIW) was com-
bined with SLA[13] and DLP[14,15] to
enable printing of functional materials on
the 3D-printed photopolymers. Increasing
the electrical conductivity of polymers is
also known to be challenging, so their
use has been mostly as insulating compo-
nents in electronic applications.[16] As a
result, metallization of 3D-printed plastic
has recently become popular due to several
advantages such as lightweight, design flex-
ibility, and reduction of manufacturing
costs. Several techniques have been used

for metallization of AM-printed polymers, such as physical vapor
deposition,[17,18] electroless plating,[19–23] and incorporation of
conductive components to a 3D-printable polymer matrix.[15,24,25]

Despite this, there is a growing need for selective metallization of
3D-printed polymers to allow for fabrication of customized and
complex designs of fully functional electronic components. In
recent years, several postprocessing methods were used to
achieve selective metallization of polymer substrates, such as
direct laser writing (DLW),[26,27] laser-induced forward transfer
(LIFT),[28] surface-conformal laser writing,[29] selective laser writ-
ing and photopatterning[20,21,30] and the use of conductive FDM
filaments, followed by either electroless plating[31–33] or
electroplating.[34,35]

Lithography-based AM technologies, such as SLA, DLP, LCD,
and two-photon polymerization (2PP), exhibit the highest
resolution and the lowest feature size, ranging from 100 nm
to 50 μm.[36] This stems from the fact that temporal and spatial
resolution of light significantly outperforms AM techniques that
use heat to process polymers, such as FDM.[37] This high reso-
lution makes lithography-based AM systems promising for the
fabrication of electronic microcircuitry. However, photopolymers
have inherent disadvantages, such as inferior mechanical
properties due to the limited choice of photocurable materials
(vinyl- or epoxy-functional oligomers),[38] as well as degradation
induced by prolonged exposure to UV light[39] and hydrolysis.[38]

Moreover, curing of photopolymers results in thermosets, which
are currently not recyclable and not biodegradable.[40] Another
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Herein, a 3D printing technique to enable the manufacturing of selectively plated
polymer objects by photopolymer printing and copper metallization is presented.
Metallized plastic has become popular in a number of industries due to its
lightweight, flexibility of design, and cost-effective fabrication. Common metal-
lization techniques require multiple pretreatment steps, such as surface etching,
sensitization/activation, and acceleration. The proposed method, by eliminating
the sensitization step, allows selective metallization of 3D-printed samples by
direct plating. The method relies on the inclusion of silver seeds into a mixture of
acrylate- and methacrylate-based monomers and oligomers, which enables direct
electroless copper metallization following 3D printing. Ag(I) ions act as catalytic
sites for copper deposition. Copper films grown with embedded 2 and 4 wt%
Ag(I) seeds reach thicknesses of 5.7� 1.2 and 7.7� 1.3 μm, respectively.
Furthermore, printing with pristine and silver-modified resins on the same
sample allows selective plating: only the modified resin is plated leaving the
pristine resin unaffected. A proof-of-concept temperature sensor is manufactured
to demonstrate the performance of the printed interconnects.
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disadvantage of photopolymer-based methods is that they do not
allow multimaterial printing in one sample because the layer-by-
layer printing locks the possibility to print with a different resin,
although this could change, thanks to newly developed resins
that allow selective crosslinking at any depth inside the resin
vat.[41] Several methods were developed recently to increase
the electrical conductivity of 3D-printed photopolymers. The
widely used approach involves the incorporation of conductive
fillers, such as silver nanoparticles (Ag NPs),[24,42,43] carbon
nanotubes (CNTs),[15,44] and poly(3,4-ethylenedioxythiophene)
(PEDOT) particles,[25,45–47] into photoresin formulations.
However, it is still challenging to obtain a conductivity value
comparable with that of the bulk metals. To alleviate this issue,
metallization of 3D-printed photopolymers was recently demon-
strated using electroless plating of copper (Cu),[48] gold (Au),[49]

nickel–phosphorous (NiP),[19,22] and cobalt–nickel–phosphorus
(CoNiP).[50] This method requires multiple pretreatment steps
that originated at the plating industry, such as surface etching,
sensitization/activation, and acceleration. Moreover, a limitation

is the inability to selectively metallize patterns, which is neces-
sary for fabrication of conductive circuitry. There are promising
alternative strategies that were utilized in 2D manufacturing
processes for selective metallization via electroless deposition.
For instance, photoresist formulation, containing silver (Ag(I))
salt as the NP precursor, was patterned via UV exposure,
followed by the thermal development process for in situ
synthesis of Ag NPs inside the polymer matrix, which provides
a reliable seeding layer for electroless plating.[51]

To address the aforementioned lack of selective metallization
of polymers fabricated using lithography-based AM, this work
proposes an approach to selectively metallize lightweight
3D-printed photopolymers. Specifically, the photosensitive resin
was sensitized with silver perchlorate salt (AgClO4) and polymer-
ized with UV irradiation using a low-cost commercial LCD
printer. It was subsequently metallized with electroless copper,
as shown in Figure 1a. For comparison purposes, other
3D-printed parts were also treated with palladium chloride
(PdCl2) and copper plated (Figure 1b). This second method does

Figure 1. Schematic illustration of two different processes used for the metallization of 3D-printed parts: a) Ag(I) acting as seeding sites for electroless
copper plating. The process involves mixing AgClO4 silver salt with the photosensitive resin, printing the modified resin with a LCD printer and electroless
plating the printed part and b) Pd(II) as seeding sites for electroless copper plating. The process includes the printing of the pristine resin with the LCD
printer, treatment of the printed part with KOH and immersion of the part into the PdCl2 salt prior to the electroless copper plating, and c) images of
square parts printed with the photosensitive resin mixed with different AgClO4 silver salt concentrations (1, 2, 4, 6 wt%) and the image of the pristine resin
treated with PdCl2 (last image).
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not require the use of any reducing agents (e.g., sodium borohy-
dride), since electroless plating performs well with palladium
ions as catalysts. The resultant copper thickness, electrical prop-
erties, and metal adhesion behavior were compared with those
achieved in the silver-modified printed parts. The plating of
the silver-modified printed parts has significantly reduced the
number of processing steps, while yielding conductivity values
comparable with those of bulk copper. Moreover, selective
metallization has been achieved via interchanging the silver-
modified resin with the pristine resin during 3D printing,
followed by electroless copper plating. A temperature sensor
is displayed as a proof-of-concept demonstrator.

During the electroless or autocatalytic deposition, copper ions
contained in the copper plating bath are reduced in the presence
of a catalyst, in this case a metal layer on the surface of the
nonconductive substrate, and are subsequently deposited on
the surface of the substrate.[52] Catalysts play a major role in this
electroless plating process as reduction reaction occurs only in
the presence of catalytic seeds.[52]

2. Results and Discussion

2.1. Modification of the Methacrylate Photosensitive Resin

Silver perchlorate, AgClO4, is a useful source of Agþ due to its
great solubility both in organic solvents and in water.[51,53,54]

Figure 1c shows 3D-printed square samples where the resin
was mixed with the different silver salt concentrations (wt%)
prior to printing, as well as an image of the printed pristine resin
that was treated with palladium salt after printing. Increase in the
concentration of silver salt resulted in the modified photopoly-
mer becoming more yellow. The square sample printed with
the pristine resin and treated with the palladium salt, on the
other hand, appears brown. The Agþ ions embedded into the
resin matrix serve as seeding sites for the adsorption of copper
ions during the immersion of these samples into the electroless
copper bath.[55] Meanwhile, the Pdþ ions that are bound on the
surface of the photopolymer act as catalytic sites for copper ion
adsorption during the plating stage. Dispersing silver salt in the
resin changes its optical properties from clear to slightly opaque,
influencing its transmittance properties.[15] Therefore, structures
with 2 and 4 wt% Ag(I) were printed with an increased exposure
dose of 11.4 and 14.3mJ cm�2, respectively.

2.2. Electroless Copper Deposition

Once samples are immersed into the copper bath, the copper
ions will start adsorbing on the surface of the silver or palladium
catalysts sites. After some time, more copper will be deposited
and form a continuous layer.[56] The concentration of the seed
catalytic sites inside the photopolymer influences the adsorption
rate of the copper ions during the plating.[55] A high reaction rate
may result in the formation of a dark rough porous copper with
low quality.[57] Consequently, it is important to identify the favor-
able concentration of the Ag(I) inside the photopolymer to form a
high-quality copper film. The resin mixed with 1 wt% Ag(I)
exhibited a slow reaction rate and was not fully covered with cop-
per after 8 min of electroless plating (Figure 2a). On the other

hand, the resin mixed with 6 wt% Ag(I) shows fast and uncon-
trollable copper deposition rate. This resulted in a dark brittle
copper layer with low quality, as shown in Figure 2b. Finally,
2 and 4 wt% Ag(I) resulted in a well deposited electroless copper
film on the photopolymer within 8min of plating time
(Figure 2d,e). In addition, Pd(II)-treated pristine photopolymer
was also successfully metalized by electroless copper plating
(Figure 2c).

The adhesion strength of the metallic film to the polymer sub-
strate is critical to ensure durability. Figure 3 illustrates the
results of the scotch-tape test, which shows copper delamination
of 0.07%, 0.68%, and 0.11% in copper layers deposited on
samples containing 2, 4 wt% Ag(I) and Pd(II) catalytic seeds,

Figure 2. Images of square-printed samples modified with Ag and Pd salts
before and after electroless copper plating at different plating times:
a) 1 wt% Ag(I), plated for 8 min, b) 6 wt% Ag(I), plated for 2 min,
c) Pd(II)-treated pristine photopolymer plated for 8 min, d) 2 wt%
Ag(I), plated for 8 min, and e) 4 wt% Ag(I), plated for 8 min.

Figure 3. Scotch-tape tests: a) copper film prepared with 2 wt% Ag(I),
b) copper film fabricated with 4 wt% Ag(I), and c) copper film grown
on the Pd(II) treated substrate.
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respectively. These metallic films exhibit acceptable adhesion
behavior, as demonstrated by only a small amount of the copper
coating removed by the scotch tape. In order to better identify the
copper flakes, the scanned scotch tape image is converted to a
black-and-white (BW) image.

2.3. Study of the Copper Thickness and Its Electrical Properties

Figure 4a shows an optical image of copper film mounted onto
the acrylic mounting compound. Figure 4b displays copper thick-
ness as a function of electroless plating time. Copper thickness
grows linearly with immersion time. Copper plating was stopped
at 8 min after the start of bath aging. Copper thickness grown on
the Pd(II) seeds reached 12.2� 0.9 μm after 8 min of plating.
Copper films grown on photopolymer embedded with 2 and
4 wt% Ag(I) seeds on the other hand reached 5.7� 1.2 and
7.7� 1.3 μm, respectively. The concentration of catalytic seeds
influences the rate of copper adsorption, as more densely packed
metal catalyst seeds create more sites for copper-ion deposi-
tion.[55] Moreover, copper layer deposited on the sample
pretreated with the palladium salt exhibits larger thickness.
Palladium ions deposited on the surface of the substrate may
have higher surface coverage compared with the silver ions that
are embedded into the photopolymer, resulting in an increase in
reaction rate.

Figure 4c shows the conductivity of electroless copper versus
plating time. The former grows with the copper thickness and
reaches (0.74� 0.06)� 107 Sm�1, (0.29� 0.05)� 107 Sm�1 ,
and (0.008� 0.001)� 107 Sm�1 for copper prepared with
Pd(II), 4, and 2 wt% Ag(I) catalytic seeds, respectively. While
the measured conductivity of the electroless deposited copper
is lower than that of bulk copper (5.96� 107 Sm�1), it is high
enough to allow electroplating.

Copper films fabricated with Pd(II) and with 4 wt% Ag(I)
seeds were further electroplated to increase copper thickness.
Figure 4d shows thickness of the electroplated copper as a
function of its plating time. All samples were electroplated with
a current of 44mA, resulting in a current density of 15mA cm�2.
After 90min of electroplating, copper film thickness increased to
11.4� 0.3 and 10.6� 0.6 μm for samples fabricated with Pd(II)
and 4 wt% Ag(I) seeds, respectively.

2.4. Metallization of 3D-Printed Complex Structures

During the printing of a complex structure with multiple
materials such as unmodified resin and silver-modified resin,
crosscontaminations may occur. This affects the further selectiv-
ity in the metallization. The contamination may come after the
printing has stopped and printed objects are collected from the
building plate. Liquid silver-modified resin can, for instance,

Figure 4. a) An optical image of the cross section of the electroless plated sample embedded into the acrylic polymer, b) electroless copper thickness as a
function of plating time, c) conductivity of electroless copper as a function of plating time for copper film fabricated with Pd(II), 2, and 4 wt% Ag(I)
catalytic seeds, and d) electroplated copper thickness versus plating time for copper fabricated with Pd(II) and 4 wt% Ag(I) catalytic seeds.
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drop onto the underlying substrate that was printed from
the pristine resin. If a sample is immersed into the plating
bath without removing the contamination, it will lead to
nonselective plating. It is consequently important to rinse the
sample thoroughly with alcohol before electroless plating
is carried out.

Complex 3D structures were printed with single and multiple
materials, as illustrated in Figure 5. Selective printing was per-
formed by pausing printing, exchanging a vat containing pristine
resin with the vat containing modified resin and resuming print-
ing. The resistance of the copper plated structures was measured
with a two-point probe technique. Pd(II)-treated spool adapter

structure showed a resistance of 0.6� 0.2Ω (Figure 5a).
A gear structure printed with the resin modified with 2 wt%
Ag(I) exhibited resistance value of 1.2� 0.4Ω (Figure 5b), while
a knob structure modified with 4 wt% Ag(I) showed resistance
of 0.8� 0.2Ω (Figure 5c). Samples printed with multiple resins
and plated selectively resulted in resistance values of 0.4� 0.1Ω
(Figure 5d), 1.4� 0.1Ω (Figure 5e), and 2.3� 0.3Ω
(Figure 5f ). Final dimensions of plated 3D objects are in the
agreement with computer-aided design (CAD) models.

To establish the minimum feature size achievable using
Ag(I)-modified photopolymer resin in the LCD printer used in
this work, several lines with different widths were printed with
2 wt% Ag(I)-modified resin and subsequently metalized via
electroless Cu plating, as shown in Figure 5g. The smallest
achievable width was established to be 197� 10 μm. It is worth
mentioning that further optimization could result in a higher res-
olution (closer to the 50 μm resolution of the LCD printer),
because the seeding method happens at NP level. It is, however,
outside of the scope of this study to obtain the ultimate
resolution.

2.5. Temperature Sensor Demonstrator

As a proof-of-concept demonstrator, a temperature sensor was
fabricated using metallization of the modified resin.
Interconnections were printed with the resin modified with
4 wt% Ag(I), then electroless plated, and electroplated for
10min (Figure 6a). The electroplating step can be carried out,
thanks to the conductive film created by electroless plating,
and it helps to improve the conductivity and metallic finishing.
The size of the substrate is 35.5 mm by 22.0mm and the width of
the interconnects is 2.0 mm. The circuit consists of Arduino
Nano 3.0 (ATmega328) microcontroller, DS18B20 sensor, and
4.7 kΩ resistor, as shown in Figure 6b. Figure 6c shows the
microcontroller and sensor soldered to the fabricated intercon-
nects. The hot tip of the soldering iron pen was manually brought
near the sensor for around a minute to increase the sensing
temperature (Figure 6d). Once the tip of the soldering iron
pen was removed, the temperature went back to room tempera-
ture, that is, 24 °C. The motion was repeated three times.
Afterward, a water droplet was placed onto the sensor and the
temperature decreased to �22 °C. The water drop was dried after
one and half minute and the temperature returned to 24 °C.

This method is not only limited to the planar circuits but can
also be extended to 3D circuits. This has a potential for reduction
of overall package sizes, where more functionalities can fit into a
smaller space. A demonstrator of a 3D circuit with two selectively
plated tracks was printed with 2 wt% Ag(I)-modified resin and is
shown in Figure 6e.

3. Conclusion

In this work, a technique for the production of conductor/isolator
multimaterial samples by photopolymer 3D printing is
demonstrated, using a modified photosensitive resin. Direct
metallization of the silver- and palladium-modified UV resin
was performed using electroless copper. The proposed method
allows obtaining 3D complex objects with electrical properties

Figure 5. Different types of 3D-printed structures printed according to
CAD models: a) a spool adapter printed with pristine photopolymer,
treated with PdCl2, and electroless plated, b) a gear printed with 2 wt%
Ag(I)-modified photopolymer, and c) a knob printed with 4% wt. Ag(I)
modified resin. Selective printing and metallization: d) a lego, substrate—
pristine resin, circles—4 wt% Ag(I)-modified resin, e) a coil, substrate—
pristine resin and a spiral—4 wt% Ag(I)-modified resin, the width of the
spiral is 1.4 mm, and f ) 2 wt% Ag(I)-modified resin interconnects on the
pristine resin substrate. The width of the interconnects is 1.1 mm.
g) Strucures with different widths printed with 2 wt% Ag(I)-modified resin.
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comparable with that of bulk copper. An additional electrodepo-
sition step was applied to increase the overall copper thickness.
Electroless copper films demonstrate strong adhesion to the
substrate. This fabrication approach is fast and cost effective,
which paves the way to a competitive alternative for producing
metallized plastics.

4. Experimental Section
All samples were printed using a colorless Photocentric UV hard resin

(BR3DCL01-UV-HARD) for DLP printers. An LCD-based 3D printer
(Anycubic Photon) was used for printing. The layer thickness was set
to 50 μm, the normal exposure dose for pristine resin was set to
8.6mJ cm�2, off time was 3 s, and the bottom exposure dose was set
to 28.5 mJ cm�2 with eight bottom layers.

Pd-Ion Seeding: Samples with the dimensions of 15mm� 15mm were
immersed into 95% sulfuric acid (H2SO4, Fisher Scientific, UK) for 30 s for
degreasing and then rinsed with deionised (DI) water. Samples were then
immersed into a 15 M potassium hydroxide (KOH, Fisher Scientific, UK)

solution at 50 °C for 20min while stirring. After rinsing, samples were
treated with 0.1 M PdCl2 (59%, Acros Organics) for 20min at room
temperature.

Ag-Ion Seeding: Silver perchlorate (AgClO4, Sigma Aldrich, 97%) was
mixed with the photocurable resin in desired concentrations. The concen-
tration of AgClO4 was varied between 1, 2, 4, and 6% wt. After printing,
samples (15mm� 15mm size) were additionally cured in the UV curing
chamber for 5 min to strengthen bonding.

Electroless Copper: An electroless copper bath was prepared by dissolv-
ing 6 g of copper sulfate (98%, Sigma Aldrich), 8 g of sodium hydroxide
(98.5%, Acros Organics), and 28 g of potassium tartrate (99%, Fisher
Scientific) into 200mL of DI water. Before electroless plating, 12mL of
the concentrated solution was diluted with DI water in the ratio of 1:1
and 2mL of formaldehyde (37%, Acros Organics) was added.
Electroless copper plating was performed at 30 °C.

Electrodeposition: An electrodeposition setup consisted of a plating
bath, a DC power supply, two electrodes, and a pure copper sheet as a
copper-ion source. The plating solution consisted of 125mL of DI water,
15 g of copper sulfate (98%, Sigma Aldrich) and 10mL of sulfuric acid
(95%, Fisher Scientific, UK). Electroless copper-plated samples were
connected to the negative electrode and a pure copper sheet was

Figure 6. The fabrication of interconnections: a) interconnects printed from the modified resin on the pristine resin, interconnects were selectively plated
with electroless copper. Electroless copper interconnects were then electroplated. Temperature sensor realization: b) a schematic diagram of the tempera-
ture sensor circuit and c) the temperature sensor and microcontroller were soldered to the copper interconnects. Temperature sensor response:
d) temperature was recorded every second. The heat was applied and removed. Water was dropped onto the sensor, which led to a decrease in temperature.
The water droplet was dried afterward and the temperature returned to room temperature. e) 3D circuit demontrator printed with 2 wt%Ag(I)-modified resin.
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connected to the positive electrode. Plating was performed at room
temperature.

Characterization: Sheet resistance measurement was performed on
square samples (15mm� 15mm) using the Jandel Model RM3000
four-point probe station (England). Conductivity was calculated as an
inverse of the resistivity, ρ. Resistivity was calculated from the measured
sheet resistance, Rs, and copper thickness, t, using the following formula

ρ ¼ Rs � t (1)

Electroless copper thickness was studied and measured through a
LEICA CTR 6500 optical microscope. Samples were immersed vertically
into the mold container and a transparent acrylic mounting compound
(acri-kleer) was poured in. The acrylic compound was prepared by mixing
acri-kleer cold mounting powder (MetPrep Ltd.) and acri-kleer (MetPrep
Ltd.) cold mounting liquid in a 2:1 ratio. The mixture was left to cure for
30min. The hardened polymer with samples was then machined and
polished for an ideal viewing of the mounted samples under the optical
microscope. The electroplated copper thickness was measured using the
Dektak3 Stylus profilometer.

Adhesion Test: IPC-TM-650 2.4.1 scotch tape test[58] was performed on
copper films plated for 8 min. Scotch tape was used to analyze the
adhesion strength between the copper film and the substrate. The
pressure-sensitive tape was pressed across the square 1.5 cm� 1.5 cm
samples and pulled rapidly at the right angle to the test area. The percent-
age of the removed copper was analyzed digitally using an earlier reported
method.[20] Images of the tape with the peeled-off copper were converted
to 8-bit type and segmented by thresholding to locate the regions of
the removed copper using Fiji. BW) images were assessed in MATLAB
(The MathWorks Inc.) by counting all the dark pixels and estimating
the percentage of peeled copper.
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