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Abstract
A novel 3D fabrication technique called digital LIGA is proposed, integrating functional digital
printing with 3D microfabrication via electrodeposition. This allows for the realization of
complex multilevel metallic structures without problems associated with merging growth fronts.
To achieve this, we developed a gold nanoparticle ink, compatible with a SU-8 photoresist, for
printing the digitally-defined seed layers. Using this ink, selective printing of a conductive seed
layer on a multi-level photoresist was used along with subsequent electrodeposition. Defect-free
complex multilevel metallic 3D structures were successfully prepared via this method.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

Electroforming of precision metallic parts is important
for a range of industries that depend on micromechanics
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or micromotors, including the watch industry and other
industries [1–3].

LIGA (German acronym for Lithographie, Galvanofor-
mung, Abformung) is a well-known photolithography-based
process, widely used in the industry for such microfabrication
[4]. UV-LIGA is a particular variation of LIGA in which a UV
illumination source is used in the lithographic process, typic-
ally with a thick UV-sensitive photoresist. In UV-LIGA, a deep
pattern is made in the photoresist on top of a metallic seed
layer. Electroforming is then used to fill the resulting pattern,
forming the precision part. The fabrication process produces
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metallic structures with thicknesses from a few micrometers
to several hundreds of micrometers [5, 6]. A thick photoresist
is required to fabricate large-aspect-ratio microstructures with
well-defined sidewalls; thick SU-8 is one of the most com-
monly used photoresists for this application [7].

Currently the LIGAprocess is limited to fabrication of 2.5D
microstructures, producing only single level pieces. How-
ever, the demand for more complex, multilevel metallic parts
increases for applications like micro gears, miniature med-
ical components or microelectromechanical systems (MEMS)
[1, 8–10]. Therefore, there is a need for innovations in the
LIGA process to enable multilevel part fabrication.

2. LIGA process overview

Most LIGA processes to date are focused on single level parts,
though there have been some demonstrations of multilevel
LIGA as well. The comparison between single and multilevel
LIGA is shown in figure 1. Traditional UV-LIGA is a res-
ult of a series of patterning and deposition steps. Thick SU-8
photoresist is deposited on a conductive layer and patterned
using photolithography. A developer is used to dissolve the
uncrosslinked photoresist and produce a patterned mold.

Next, the substrate is immersed in an electroplating bath
for electroforming in the patterned photoresist to produce the
desired metallic pieces. These pieces are released by removal
of the photoresist, resulting in single level structures.

Several methods have been studied to develop a LIGA pro-
cess for more complex multilevel structures; however, sig-
nificant drawbacks are observed depending on the method
chosen.

Multilevel LIGA based on the traditional process has previ-
ously been achieved by repeated electrodeposition. Here, the
process is repeated using two steps, where the electroformed
piece formed during a first step is used as a base substrate for a
second electroforming step. This technique however is limited
by the overlay accuracy and stress between the metal layers
[11]. As such, micrometer-scale precision has been difficult to
achieve [12–14].

Non-traditional multilevel LIGA using multi-step resists
begins with a very similar procedure to that used in single
layer fabrication. Photoresist deposition and lithography res-
ult in a patterned photoresist. Next, a second photoresist layer
is deposited and patterned, resulting in a two-level photoresist
pattern. Electroforming using this template results in two level
metallic pieces.

Figure 2(a) depicts the electroformed single (upper) and
multi-level (lower) metallic structures after release of the
photoresist structure.

To improve the quality and structural integrity of the
electroformed pieces in multilevel LIGA, an additional seed
layer is required on the multi-level photoresist structure.
(figure 2(b)) Physical vapor deposition of seed layers often res-
ults in defects, in particular voids or keyholes that reduces the
overall mechanical strength of the formed part. (figure 2(c))
Evaporated seed layers coat both horizontal and vertical sides

of the photoresist, resulting in multiple growing fronts. When
multiple growing fronts during electrodeposition meet, the
final electroformed pieces often include keyholes. This effect
can be enhanced due to higher local current density and faster
electrodeposition rate at the edges of trenches, better known
as the edge effect [16].

These effects limits the complexity of parts currently pro-
duced. Although optimization of plating on sputtered seed lay-
ers (multi-front) has been studied [15, 17], alternative methods
should be considered, since the control of complex 3D growth
fronts from a single seed layer is ultimately highly limiting.

Here, a novel 3D fabrication technique called digital LIGA
is proposed, integrating functional digital printing with 3D
microfabrication that allows for the formation of multilevel
structures with independent control of growth fronts dur-
ing electroforming. The compatibility of inkjet printing and
electrodeposition has been evaluated before, and is exploited
herein to enable the formation of multilevel parts without
the disadvantages of previously proposed multilevel LIGA
processes [18, 19].

The concept of digital LIGA is to selectively print a con-
ductive seed layer on a multi-level photoresist, such as SU-8.
This eliminates seed layers on the sidewalls of the photores-
ist and therefore contains only one growing front during elec-
trodeposition. As the growth front progress, it connects to the
printed seed layers on upper levels and brings them into the
circuit, thus offering the ability to control growth fronts in a
highly customizedmanner based on the needs of the part being
electroformed. Electroplating of the first level from the base
layer continues to the printed seed layer and a complex two-
level structure can be formed. (Figure 2)

Developing this technique requires optimization of sev-
eral materials and investigation of their compatibility. Here,
we report on the overall technology, including materials and
printing optimization, process optimization, and on the real-
ization of 3D mechanical parts using digital LIGA-based
electroforming.

Digital LIGA depends on the use of a printed seed layer
formed by printing ink via inkjet printing in controlled pat-
terns, which in turn are used to direct the growth front. The
ink formulation and printing conditions are optimized through
choice of solvent and surface modification of the SU8 via
oxygen plasma to ensure that the printed ink adequately wets
the structures to form continuous layers within the wells of
the SU8 pattern. To convert the printed ink into a conduct-
ive seed layer, a curing process is required. SU-8 is a well-
known negative photoresist which has an onset of thermally
induced cross-linking at 150 ◦C. The hard bake that completes
cross-linking of SU-8 is usually executed between 150 ◦C–
250 ◦C [20]. Hard baking increases the long-term stability
and higher chemical resistance of the material, however the
cured SU-8 is usually intended for applications where the res-
ist is to be left as part of the final device. In addition, the
stress build-up inside the photoresist after curing makes it
more likely to peel off from the substrate during electroplat-
ing. Therefore, a process using a lower temperature range is
needed.
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Figure 1. Comparison of single and multi-level LIGA processes.

Figure 2. Single and multi-level metallic structures after electroforming (a), seed layer deposition and edge effect (b) and void formation
[15] (c). After the void is sealed, growth continues as a unified growth front, deleteriously integrating voids into the released structure.
Reproduced from [15]. © The Author(s). Published by IOP Publishing Ltd. CC BY 4.0.
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Metal nanoparticles, in comparison to their bulk counter-
parts, are known to have a significantly lower melting temper-
ature. Several groups have utilized this characteristic to their
benefit [21, 22]. We have previously investigated the sinter-
ing behavior of silver and gold nanoparticles thoroughly and
observed a conversion of the nanoparticles at temperatures as
low as 120 ◦C [23]. The exposure to heat during the conver-
sion process results in out-diffusion of the protecting ligands
inside the sintered film, delivering a final film with the requis-
ite conductivity to serve as a seed layer [24].

Integration of these metal nanoparticles in printable inks
allows their incorporation in MEMS devices [22, 25–27].
Ligand-protected metal nanoparticles have shown extremely
high ink stability. Stability is essential for inkjet printing
since unstable and aggregated nanoparticle inks can result in
clogged printing nozzles and therefore failure of the printing
system. The significant role of the protecting ligands in stabil-
ity, solubility and curing temperature should be carefully stud-
ied and therefore requires optimization in the ink formulation
process, as performed herein.

To demonstrate the technique, a seed layer containing gold
nanoparticles was printed onto a two level SU-8 structure. The
complete structure was sintered and applied in an electrode-
position process. Two level metallic 3D structures were suc-
cessfully prepared via this method.

3. Experimental details

3.1. Materials

Tetrachloroauric acid trihydrate (Sigma-Aldrich, 99.9%),
sodium borohydride (Acros, >98%), Hexanethiol (Sigma-
Aldrich, 99%), methanol, dichloromethodane and toluene
(Fisher scientific, for analysis grade), were used as purchased.
Nanopure water (>18 MΩ) was used. All other commer-
cial chemicals were used as received. A copper electroplat-
ing bath (H2SO4, 10 ± 5 g l−1 and CuSO4, 15 ± 5 g l−1)
was developed. SU-8 3000 (Kayaku Advanced Materials) was
used as photoresist.

3.2. Instrumental

TEManalysis was performed on anOsiris Technai (FEI), TGA
was performed on a Linseis TGA PT1600; SEM analysis was
recorded on a Gemini SEM 450 (Zeiss), confocal imaging and
thickness measurements were performed on a 3D-laser micro-
scope VK-X3000 (Keyence).

A Discovery HR-2 rheometer (TA Instruments) was used
to determine the viscosity of the inks at 25 ◦C, varying
shear rate between 1–200 1 s−1. All pure solvent systems
were considered to be Newtonian. Addition of nanoparticles
can increase an ink’s low shear rate viscosity and lead to
non-Newtonian behavior at sufficiently high particle loading
(∼60%) [28, 29]. However non-Newtonian behavior was not
observed during jetting (at shear rates of∼105 1 s−1), and thus
viscosity values measured at low shear rates were used.

3.3. Mold formation

Two level SU-8 was used to form the mold, similar to pro-
cesses previously reported. The layer thicknesses of the mold
were approximately 200 µm for each layer, resulting in an
overall mold depth of approximately 400 µm. A 3D profile of
an example mold is shown in figure 10(A). Single layer molds
were also prepared [30–32].

3.4. Nanoparticle optimization and ink formulation

Thiolate protected gold nanoparticles have a high stability
due to the strong gold–sulfur bond and the alkalic chain pro-
tecting the particles. There are several types of thiolate lig-
ands with various lengths and bulkiness. Increasing the length
of the ligands increases the stability of the particles, how-
ever this also increases the quantity of organic material in the
ink, resulting in a higher sintering temperature. Hexanethiol
(CH3(CH2)5SH) protected gold nanoparticles are ideal can-
didates that match the temperature requirements for compat-
ible seed layer material.

Therefore, hexanethiol gold nanoparticles (3–5 nm) were
synthesized following the Brust method and characterized;
see supporting information. Characterization of particle size
homogeneity was performed by transmission electron micro-
scope (TEM) (figure 3(a)).

TGA analysis in figure 3(b) monitors the onset temper-
ature at which the organic ligands start to leave the system.
This indicates a conversion temperature of the hexanethiol-
encapsulated particles of around 150 ◦C. Themaximum allow-
able temperature is set by the SU-8 cross linking temperature
as mentioned before, and therefore these particles are attract-
ive for use in seed layer formation.

Next a suitable ink formulation to incorporate the nano-
particles and be compatible with inkjet printing is required.
Therefore, rheometrical studies were performed using com-
binations of toluene and terpineol with a 15 w% nanoparticle
loading. A solvent mixture of 10 w% toluene and 90 w% α-
terpineol matched the required viscosity range (15 mPa s) and
was able to disperse the nanoparticles well. The ink was also
suitable for printing on the SU-8, with adequate wetting to
ensure continuous printed patterns.

Printing was performed using a custom-built printer with
dimatix DMP piezoelectric inkjet heads. The fly height of
the head above the substrate is maintained at approximately
0.5 mm to ensure compatibility with the topography of the
substrate. The droplet size on the substrate is found to pro-
duce pixels of 20 µm diameter, which is a sufficient resolution
for the parts produced herein. The cone of dispersion of the
droplets at this fly height are sufficient to meet pattern accur-
acy needs herein. We observe that the placement error of indi-
vidual drops is generally less than 5 µm, so a printing pattern
is selected to ensure an appropriate guard band relative to the
mold sidewalls to prevent seed layer encroachment onto the
sidewalls. An optical vision system using a digital camera is
used to align the inkjet head to the SU-8 pattern.
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Figure 3. (a) TEM and (b) TGA of hexanethiol protected gold
nanoparticles.

3.5. Electroforming

Electrodeposition or electroplating of the optimized printed
seed layers was studied using a copper electroplating bath.
We note that Nickel and Copper electroplating are both used
in such LIGA processes and they can show different growth
behaviors depending on the specific bath conditions; here, we
focus on production of copper parts. Copper electroplating has
been well established and is often used for preliminary elec-
trodeposition studies. Electroplating is a reduction–oxidation
(redox) reaction that converts the ions in the plating bath to
metal. The reaction is completed by the transfer of electrons
from the oxidized to the reduced species. Herein the plating
solution consisted of a copper bath (H2SO4, 10 ± 5 g l−1

and CuSO4, 15 ± 5 g l−1), a copper anode and the printed
seed layer functioning as cathode. The reaction was carried
out under constant stirring at room temperature.

Electrodeposition was achieved by applying a constant cur-
rent to the sample immersed in the copper bath. An electro-
plating rectifier (Galvamat) was used to control the plating
current. In order to have the best plating results, well defined

current densities were applied to the samples and increased
every 5 min (0.5 A dm−2, 1 A dm−2, 2 A dm−2, 3 A dm−2,
4 A dm−2 and 6 A dm−2). In between each increase of current,
the sample was removed from the bath, rinsed and deposition
was verified.

It was found that all substrates required plasma treatment
(3 min, 150 W, O2 plasma) to remove any remaining encap-
sulant from the surface and increase surface wettability of the
gold seed layer.

The sintered gold layers on partially cured photoresist
showed good adhesion to the substrate, even when exposed to
the highly acidic copper electroplating bath. A height variation
of less than 10% was achieved on the plated squares.

4. Results and discussion

To convert the printed ink into a conductive seed layer, a cur-
ing process is required. Thermal exposure of SU-8 results in
cross-linking of the photoresist, which can lead to delamina-
tion during the LIGA process. Therefore, the compatibility of
the photoresist was tested at several thermal cycles.

To confirm the compatibility of the photoresist to these
thermal cycles, patterned SU-8 samples were exposed to
175 ◦C for 30 min, analyzed by optical profilometry and elec-
troplated. A 10 nm gold layer was sputtered over the sample
to avoid any interference.

Analysis by optical profilometry revealed no real height
change (figure 4). In addition, no significant delamination
could be observed after electroplating of the samples. It can
therefore be concluded that a process temperature below
175 ◦C is imposed for our future sintering studies.

The combination of the SU8 temperature constraints and
the sintering requirements of the nanoparticles restricts the
temperature range to 150 ◦C–175 ◦C. To obtain the exact con-
version temperatures of hexanethiol gold particles, a system-
atic study varying both exposure temperature and time was
performed.

A gold nanoparticle ink (15 w%, 90–10 α-terpineol-
toluene) was inkjet printed on a full SU-8 layer with a film
thickness of 0.2 µm.

The samples were heated at a specific temperature on a
hotplate in air, with temperatures varying from 145 ◦C to
165 ◦Cwith 10min intervals tomeasure the resistance by four-
point probemeasurements (figure 5). Themissing points in the
graph showed a resistance higher than 50Ω/□ and were there-
fore omitted. It can be observed that at 145 ◦C the printed pat-
terns convert into conductive films after approximately 40min.
Since the printed patterns are subsequently used for electro-
plating, it is desirable to maximize conductivity to reduce
non-uniform electroplating due to Ohmic losses in the seed
layer.

Increasing the temperature reduces the time needed for con-
version; at 165 ◦C the sample is converted after less than
10 min. These values are in the temperature compatibility
range of the photoresist.
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Figure 4. Confocal microscopy images and height profile of the patterned reference sample SU-8 before (A) and after (B) exposure to
increased temperatures (175 ◦C). The samples were sputtered with 10 nm gold to avoid optical interference.

Figure 5. Sintering profile hexanethiol (n = 6) gold nanoparticles
on SU-8. All samples were sintered on a hotplate in air.

All samples reach around 10% of bulk gold conductiv-
ity after full conversion, which is acceptable for electrode-
position and has been found to entirely eliminate Ohmic
loss-induced electroplating nonuniformity in the structures
fabricated herein.

Once the gold nanoparticles were optimized to be compat-
ible with the photoresist, printing optimization is required to
produce good printed seed structures on SU-8. Printing res-
olution and wetting properties are important to achieve good
printing quality inside the SU-8 channels without wetting of
the sidewalls. By means of design of experiments (DoE), a
systematic study was performed to obtain the ideal printing
conditions.

The printing optimization was performed using a Dimatix
materials printer (DMP-2800, Dimatix-Fujifilm). The
nominal ejection volume of the printhead (DMC-11610,
Dimatix-Fujifilm) is 10 pL. The nozzle for ink ejection was

controlled by a bipolar waveform. The nozzle and ink chamber
were heated to 40 ◦C and the printing stage was set at 58 ◦C.

During this study, the number of layers (2, 3, 4 or 5 prin-
ted layers), the drop spacing (15, 20 or 25 µm drop spacing)
and the drying methods (every printed layer, every two prin-
ted layers or at the end of printing) were varied using a mul-
tifactorial DoE. The details of the DOE are included in the
supplemental information. After printing and sintering on a
hot plate in air, the sample thickness, the sheet resistance and
the sintering temperature of the printed film were measured
and analyzed. The experimental results were fitted to a second
order polynomial using JMP, a commercial DOE tool, and the
results were used to select the optimum printing conditions
(figure 6). Verification runs were performed at the optimum
conditions to validate the predictions; these were then used in
the subsequent electroplating work.

No significant influence can be observed by changing the
drying method in the printing process. In addition, an increase
in the number of printed layers also increases the film thick-
ness while an increasing drop spacing decreases the film thick-
ness, as expected. For these thin films (<1 µm) the film thick-
ness greatly affects the sheet resistance of the printed pattern.
Therefore, increased drop spacing increases the sheet resist-
ance of the printed pattern and similarly, an increasing num-
ber of layers decreases the sheet resistance slightly. It should
be mentioned that the calculated resistivity (Ω m) is very sim-
ilar for all patterns.

In order to have a sufficiently thick seed layer to meet the
conductivity needs of electrodeposition, three printed layers
with a drop spacing of 20 µm are selected as parameters for
printing these gold nanoparticle inks. These parameters resul-
ted in a continuous layer without defects and sufficient con-
ductance for electrodeposition [33–35].

The edge definition of the printed patterns shows some line
edge roughness, but this is not problematic for the LIGA pro-
cess since the main focus is the wetting of the ink on the
surface reaching the edges of the SU-8 sidewalls. Hence the
final structure is defined by the SU-8 structure, not the printed
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Figure 6. Design of experiments printing conditions overview: the printing optimization varying the number of layers (2, 3, 4 or 5 printed
layers), the drop spacing (15, 20 or 25 µm drop spacing) and the drying methods (every printed layer, every two printed layers or at the end
of printing). The experimental design is a reduced multifactorial design, and the fitting equation is a second order polynomial. The samples
were all dried and sintered on a hotplate in air.

pattern. Note that the minimum feature size of parts produced
herein is 200 µm, so the 20 µm inkjet resolution is more than
adequate since it is simply necessary to maintain the seed pat-
tern away from the sidewalls to prevent sidewall encroachment
of the seed layer. To produce finer features than supported by
the 20 µm resolution herein, inkjet heads with higher resolu-
tion can be used, along with commensurate alignment accur-
acy of the printer. As shown in the supporting information,
good wetting on the SU-8 can be achieved, resulting in well-
defined structures.

4.1. Electroplating of seed layer

Before investigating a multi-level LIGA process, the homo-
geneity and thickness variation of electrodeposition on the
printed seed layers should be studied carefully. Therefore,
spiral features of gold seed layers were printed onto full lay-
ers (partially cured) SU-8, followed by sintering, plating and
evaluation.

The printed spiral samples were exposed to different tem-
peratures (145 ◦C–175 ◦C) for 10 and 30min and electroplated
using similar conditions as before. In general, a sheet resist-
ance below 50 Ω/□ is needed for successful plating.

Analysis of the thickness variation on the successfully
plated samples was performed via optical profilometry.

Figure 7 shows a homogeneous sintered seed layer with
a thickness of 0.35 µm on a full layer of SU-8. The spirals
were electroplated 6 times for 5 min, gradually increasing

Figure 7. Thickness variation over electroplated spiral.

the current density from 0.5 A dm−2 to 6 A dm−2 result-
ing in an average deposition of 26 µm. Figure 8 indicates
the thickness variation between the outer part of the spiral,
middle and inner part. A height variation of less than 10% was
achieved. It can thus be concluded that a printed gold layer on
SU-8 is able to act as a seed layer for electroplating without
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Figure 8. Thickness variation over electroplated spiral on the outer ring (O) to the inner ring (I) of the sintered (upper) and plated (lower)
spirals.

Figure 9. Schematic representation of the two-level structure formation as a series of images representing the progression with time. Step 1
shows the initial mold and seed structure and the subsequent steps show the progress with electrodeposition. The seed layer is only printed
on top of the first SU8 level (Step 1). As the electrodeposition progresses (Steps 2–3), the seed layer stays electrically disconnected until the
growth front touches it (Step 4). At that point, the seed layer is connected into the circuit and growth proceeds over the entire structure (Step
5) to fill the mold (step 6).

significant Ohmic losses, and can thus deliver good seeding
uniformity.

4.2. Two-level structure formation

A demonstrator for the Digital LIGA process is achieved by
integrating the optimized printing process into a multilevel
photoresist pattern. Figure 9 shows a schematic representation
of the two-level structure formation.

A two-level photoresist pattern, with each level approxim-
ately 200 µm in height, was sequentially deposited via litho-
graphy onto a gold coated silica wafer. The gold coating serves
as an initial seed layer in the electrodeposition process. The
optimized gold nanoparticle ink was printed as a second seed
layer onto a finalized two-level structure photoresist, more
specifically on the surface of the first layer of SU-8 (figure 9).

Deposition of the printed seed layer is optimized to pre-
vent sidewall encroachment of the printed pattern since over-
flow of ink onto the sidewalls of SU-8 will result in formation
of multiple growing fronts. By reducing the printed pattern,

calculating for a drop size of 20 µm and a droplet placement
precision of 5 µm, successful printing of gold nanoparticles
on the SU-8 is observed. Specifically, the patterns are pulled
back from the mold edges by one pixel width to ensure no
sidewall encroachment. These samples were sintered to con-
vert the gold ink into a seed layer.

The sintered samples were immersed inside a copper elec-
trodeposition bath and connected to the set-up. Once a current
is applied, copper is deposited onto the base gold layer. The
deposited copper ideally grows inside the SU-8 channel until
it reaches the printed gold layer at the second level. If no ink is
spilled on the sidewall during printing, homogeneous growth
of copper can be achieved.

Figure 10 shows the height profile during this deposition
process. It should be noted that the step height of every layer
is approximately 200 µm, however due to the interaction of the
optical profilometer with transparent SU-8 this height can vary
slightly. After 25min immersion in the copper bath, deposition
of a few micrometers is observed only on the gold base layer.
Increasing deposition time, continued gradual deposition on

8
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Figure 10. Cross sections during electroplating.

the gold base layer proceeds, which translates into a decrease
in the observed step height. After 4.5 h of deposition, cop-
per reaches the printed seed layer. Copper deposition on the
seed layer only commences when copper of the gold base
layer reached the same level and establishes an electrical
connection.

Further deposition for 9 h results in a plated structure of
400 µm, filling the complete multi-level photoresist structure.
We note that there is still some non-uniformity of the final
piece due to incomplete optimization of the electrodeposition
conditions; it is known that uniformity and growth quality is
influenced by the electrodeposition conditions such a voltage
and stirring speed [16]. Note the complete absence of prob-
lems with merging growth fronts, etc, attesting to the bene-
fits of designed seed layers delivered by the digital LIGA pro-
cess herein. Specifically, since the LIGA process here elimates
sidewall seed layers, we do not see any problems with merging
due to sidewall growth fronts; specifically, SEM analysis in
figure 11 does not show keyholes. We note that this structure,
with a base width of 200 µm and a height of 200 µm in the
lower level would be expected to show a keyhole due to any
potential merging of sidewall fronts beginning at approxim-
ately 50% of the way through the growth. This is not observed
herein, attesting to the presence of single growth front, as fur-
ther evidenced by the time sequence of the cross-sections in
figure 10.

4.3. Release of structure

Once the electroforming process is completed and the pieces
are plated completely up to the top of the structure, the elec-
trodeposition is stopped and the structures are released.

The release of the structures is achieved by dissolution of
the Si substrate in a KOH bath. The SU-8mold was thenmech-
anically separated from the metal microstructures.

To inspect the quality of the plated structure and
the interface of the gold seed layer, the structures were
mechanically polished and SEM analysis was performed
(figure 11).

Cross-sectional images of the electrodeposited structures
indicate that copper electrodeposition was successful and no
voids or seams are observed. The interface where the first elec-
troplating front reaches the printed layer on the SU-8 layer,
does not show any defects in the structure.

The quality of the copper formed on the printed seed layer
is comparable to that formed on the sputtered seed layer. In
addition, the edges of the electroplated piece follow exactly
the pattern of the SU-8; no defects are observed. Therefore,
the final electroplated structure matches the expected structure
as depicted in figure 11.

It can therefore be concluded that the digital LIGA pro-
cess was successful, resulting in a high quality electroplated
structure.

9
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Figure 11. Optical microscope (upper, left) and SEM images of cross-section of the features electrodeposited. Note that all the images are
inverted relative to the donut schematic of figures 9 and 10. The optical micrograph shows a cross-section out of plane of the central post as
indicated in the inset, and show the formation of continuous copper on the second level of the pattern. The SEM micrographs show a
cross-section including the central post. A detailed (zoomed) image of the final piece (upper, right) confirms the absence of voids or seams.

5. Conclusion

By combining UV-LIGA and inkjet printing of a digitally-
defined seed layer formed from printed gold nanoparticles, we
have demonstrated a straightforward microfabrication method
resulting in high-quality complex multilevel metallic parts.

A low temperature sintering gold nanoparticle ink, com-
patible with the curing of a photoresist, was developed. Print-
ing optimization of this ink onto SU-8 was achieved. Inkjet
printing of the seed layer allows control of the growth fronts
during electroplating by connecting portions of the seed layer
into the electrodeposition circuit mid-growth to prevent the
merging of competing growth fronts, which are the cause of
common defects during electroplating such as the keyhole
problem. This process has thus allowed for realization of two-
level metallic structures.

This technique is thus a good candidate for production of
complex multi-level metallic parts, especially for microfabric-
ation of precision mechanical components.

Data availability statement
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