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Abstract

Microscale metallic structures enhanced by additive manufacturing technology have attracted
extensive attention especially in microelectronics and electromechanical devices.
Meniscus-confined electrodeposition (MCED) advances microscale 3D metal printing, enabling
simpler fabrication of superior metallic microstructures in air without complex equipment or
post-processing. However, accurately predicting growth rates with current MCED techniques
remain challenging, which is essential for precise structure fabrication and preventing nozzle
clogging. In this work, we present a novel approach to electrochemical 3D printing that utilizes
a self-adjusting, voxelated method for fabricating metallic microstructures. Diverging from
conventional voxelated printing which focuses on monitoring voxel thickness for structure
control, this technique adopts a holistic strategy. It ensures each voxel’s position is in alignment
with the final structure by synchronizing the micropipette’s trajectory during deposition with the
intended design, thus facilitating self-regulation of voxel position and reducing errors associated
with environmental fluctuations in deposition parameters. The method’s ability to print
micropillars with various tilt angles, high density, and helical arrays demonstrates its refined
control over the deposition process. Transmission electron microscopy analysis reveals that the
deposited structures, which are fabricated through layer-by-layer (voxel) printing, contain
nanotwins that are widely known to enhance the material’s mechanical and electrical properties.
Correspondingly, in situ scanning electron microscopy (SEM) microcompression tests confirm
this enhancement, showing these structures exhibit a compressive yield strength exceeding

1 GPa. The indentation tests provided an average hardness of 3.71 GPa, which is the highest
value reported in previous work using MCED. The resistivity measured by the four-point probe
method was (1.95 £ 0.01) x 10~7 Q-m, nearly 11 times that of bulk copper. These findings
demonstrate the considerable advantage of this technique in fabricating complex metallic
microstructures with enhanced mechanical properties, making it suitable for advanced
applications in microsensors, microelectronics, and micro-electromechanical systems.
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1. Introduction

Additive manufacturing (AM) has always been a focus of
interest and significantly changes the way we design and pro-
cess structures at the microscale. A standout technique in this
domain is nonlinear laser lithography, which leverages non-
linear light absorption for nanoscale precision in photochem-
ical processes [1, 2]. This approach has enabled the creation
of complex and intricate structures, ranging from microscale
multi-lens [3] to chiral mechanical metamaterials [4] and soft
microrobots with picoforce springs [5]. However, the AM of
polymers, primarily relying on photocurable materials, faces
limitations in electrical and mechanical properties. These con-
straints have spurred a shift towards the AM of metals, seek-
ing to leverage their high conductivity, density, and strength
for more demanding applications such as microsensors [6,
7], microelectronics [8], and microelectromechanical systems
[9, 10].

For metals, many 3D microscale manufacturing methods
have been proposed. Among these, electron beam melting
(EBM) and selective laser melting are the most established,
allowing for selectively melting metal particles with a focused
electron or laser beam, which then form into a solid structure
[11]. Focused ion beams (FIB) are also extensively used in
manufacturing applications, and similar in principle, focused
electron beam induced deposition and FIB induced depos-
ition (FIBID) have achieved further reduction in the scale
of manufacture to less than 10 nm [12, 13]. However, the
need for special conditions like vacuum and precursor gas
in these methods, coupled with the difficulty in obtaining
ideal precursors, often leads to contamination and diminished
mechanical and electrical properties in the produced metal
structures [14].

Furthermore, recent advancements such as direct ink
writing [15-17], electrohydrodynamic printing [18, 19], and
laser-induced forward transfer [20, 21] have emerged. These
techniques typically use pressure or laser jetting of metal nano-
particle inks to form structures with a looser internal configur-
ation, often requiring high-temperature annealing to enhance
their mechanical and electrical properties. Additionally, while
the adaptation of these techniques for metals, through two-
photon induced metal ion reduction [22, 23] and surface
functionalization [24], including physical or chemical copper
plating [25], is complex. The aggregation of metal particles
and non-uniform particle distribution contribute to surfaces
that are not smooth and structures that are not dense, result-
ing in poor mechanical properties.

Another approach, which enables high-throughput and
high-resolution fabrication of magnetic polymers or metals, is

achieved by combining stereolithography with template elec-
trodeposition, where the template is fabricated by direct laser
writing [26, 27]. However, this method involves complex pre-
processing and post-processing steps, and maskless fabrica-
tion has not yet been achieved.

Electrochemical AM provides an advantageous alternat-
ive to conventional methods, enabling the production of pure
metals without the need for complex post-processing. The
meniscus-confined electrodeposition (MCED) technique sim-
plifies experimental setups by employing a metal wire as
the anode within a micropipette filled with electrolyte, posi-
tioned in contact with a cathodic metal substrate. This tech-
nique is particularly effective for interconnecting 3D micro-
device components [28]. Furthermore, this continuous MCED
method has successfully produced metal wires as thin as
~150 nm in an air environment [29].

Building on this technology, another advancement involved
the creation of hollow structures using pulsed voltages with
variable duty cycles. It was found that the evaporation-induced
convective flow during nonpotential periods leads to prefer-
ential deposition at the edges of structures [30]. Moreover,
in the continuous MCED process of fabricating copper struc-
tures, the application of pulsed voltage has been shown to
result in the formation of nanotwinned (nt) metals [31, 32],
thereby enhancing both the mechanical and electrical proper-
ties of these metals [33].

Although continuous electrochemical deposition can pro-
duce a variety of shapes, it faces challenges in creating densely
packed structures and requires precise control over the nozzle
withdrawal rate to prevent clogging. The integration of an
atomic force microscopy (AFM) closed-loop control system
can help mitigate the clogging issue [34]. However, it intro-
duces additional complexity to the equipment and control
mechanisms.

A different method, layer-by-layer (voxel) printing, utilizes
a FluidFM tip, which is an AFM tip featuring an integrated
fluid microchannel. This technique identifies contact with the
structure being fabricated by the bending of the AFM canti-
lever, leading to laser beam deflection and the formation of
thin layers [35]. This process enables the creation of intric-
ate structures and dense metal arrays [36, 37]. However, it
necessitates operation within a liquid electrolyte environment
to function effectively.

A subsequent advancement involved a method for voxel
printing in air, enabling the fabrication of high-density and
high aspect ratio metal micro- and nano-arrays using current
feedback. This process involves monitoring the deposition cur-
rent to dynamically control the contact and detachment of
the micropipette from the substrate. Once a single layer is
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completed, the nozzle moves to the next position for continued
printing. Moreover, the intermittent nature of layer-by-layer
printing enhances evaporation, leading to faster deposition
rates than continuous deposition [38]. This approach also
achieved a significant reduction in the minimum deposition
size possible with the MCED method, down to 25 nm [39].
While voxel printing permits the creation of complex and
array structures with MCED, the decreasing scale of depos-
ition makes it increasingly challenging to accurately estimate
the thickness of individual voxel, complicating the determin-
ation of the exact shape and size of the final deposition. Thus,
there is a clear need for development of a novel MCED strategy
based on voxelated electrochemical 3D printing to address the
issue where the final structure’s shape depends on the estim-
ated voxel thickness, which is inevitably subject to errors due
to experimental disturbances.

In this work, we present a novel electrochemical voxelated
AM approach for fabricating three-dimensional metallic struc-
tures, which eliminates the need to estimate voxel thickness
for the control of the printing process. The dimensions of the
deposited features are primarily determined by the trajectory
of the micropipette, which is precisely controlled and aligned
with the predetermined printing structures through a high-
precision motion system. As a consequence of this alignment,
the voxel position automatically adjusts in response to the
micropipette’s movement, offering compensation for uncon-
trollable environmental fluctuations. We demonstrate the fab-
rication of microscale copper structures, including straight,
inclined, helical, and their combined or arrayed geometries.
Our experimental studies indicate that accurately estimating
layer thickness through current measurement is challenging,
and we also provide the first evidence that nanotwins can form
in structures deposited using this voxelated MCED technique.
This discovery extends the advantages of continuous pulsed
voltage MCED to voxelated MCED, enhancing its potential
for advanced applications involving more complex structures
with enhanced mechanical properties.

2. Results and discussion

2.1. Printing principle

The schematic in figure 1(a) shows the setup of our voxel
MCED system, which contains a micropipette filled with elec-
trolyte positioned above a conductive substrate, both in a
humidity-controlled environment. Precise micropipette move-
ments are enabled by an XYZ nanopositioning stage, aug-
mented by an XYZ coarse stage for larger substrate adjust-
ments. The current amplifier provides instant ionic current
feedback to a control unit based on a field-programmable gate
array (FPGA). This unit adjusts the voltage between the anode
and cathode and manages the movement of the micropipette
during the printing process. In this process (figure 1(b)), the
microp ipette approaches the substrate until a spike of ionic
current indicates contact. Subsequently, upon the formation of
a meniscus, a bias voltage is applied to initiate the deposition.

The voltage drives the cations in the electrolyte to migrate
towards the meniscus and get reduced, creating a metal voxel
on the conductive substrate. After completing a voxel, the
micropipette is withdrawn to break the meniscus and reori-
ented to the next deposition site according to the designed
structure.

In voxelated MCED for 3D printing, the precise place-
ment of each voxel is crucial for the formation of the inten-
ded structure. The conventional voxelated MCED process
involves a sequence of steps for each voxel: first complet-
ing its deposition, then vertically retracting the micropipette,
horizontally moving it to a predetermined position above
the next voxel location with a biased distance Ax;, and
finally vertically approaching the substrate for the subsequent
deposition. This process is illustrated by the movement tra-
jectory of the micropipette to fabricate tilted features in
figure 1(c). In an ideal scenario, if every voxel possesses
uniform thickness, the biased distance between each depos-
ition would be constant, thereby establishing a consistent tilt
angle a.

However, due to the variability in experimental factors such
as humidity, temperature, electrical noise, and meniscus form-
ation state, it is challenging to ensure uniform thickness for
each voxel. Therefore, positioning the next voxel based solely
on a constant biased distance Axg can introduce deviations.
Even using the ionic current magnitude to estimate the voxel
thickness according to Faraday’s law may not yield accur-
ate measurements [39], leading to errors in adjusting the sub-
sequent positioning biased distance Ax;.

These errors can cause the deposited structure to diverge
from the originally intended design. This is demonstrated
by the misalignment of the line connecting the voxel cen-
ters with the preset tilt angle in figure 1(c). The conventional
approach adheres to a standard 3D printing method of ver-
tical withdrawal, horizontal displacement, and vertical con-
tact. This necessitates that the position of each subsequent
voxel be determined based on the thickness and placement
of the preceding one. Consequently, errors in estimating the
thickness and position of the voxels can impact the final prin-
ted structure.

To address these challenges, we propose the self-adjusting
voxelated MCED method. Unlike conventional methods that
focus on the thickness of each deposited voxel and the neces-
sary biased distance (Ax;) based on it, our approach con-
centrates on aligning the micropipette’s movement trajectory
with the intended final structure of the print. As demonstrated
in figure 1(d), the micropipette follows the trajectory of the
desired structure (indicated by the red line in figure 1(d)),
deposits material, and then vertically retracts, realigning itself
back to the deposition pathway. This ensures that each voxel
is precisely deposited along the predetermined path, regardless
of any variations in voxel thickness, aligning accurately with
the initially planned structure. In other words, instead of cal-
culating Ax; for each voxel position, our method ensures each
voxel is located directly on the intended trajectory, resulting
in a self-regulation of the voxel positioning.
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Figure 1. Principle of self-adjusting voxelated MCED method. (a) Schematic of the self-adjusting voxelated MCED setup. The setup
includes a micropipette filled with electrolyte, a conductive substrate, linear platforms for coarse and precise positioning, a control unit
(FPGA), and a sideview vision system. (b) Schematic of input and output signals during the printing process of a voxel. The ionic current is
amplified and used as an input to the FPGA for real-time adjustment of the voltage between anode and cathode. (¢) Schematic of
conventional voxelated electrodeposition for tilted features with variable voxel thickness due to experimental conditions and estimated
biased distance. (d) Schematic of self-adjusting voxelated electrodeposition for tilted features with adjustable biased distance to ensure the

precision of the deposition.

2.2. Self-adjusting voxelated metallic structures fabrication

The fabrication process of metallic structures using the self-
adjusting voxelated MCED method, exemplified by the man-
ufacturing of helical structure arrays, is illustrated in figure 2.
The fabrication process involves a patterned deposition of indi-
vidual voxels, where each helical structure receives a voxel in
turn. This pattern repeats, sequentially adding voxels to each
structure in a series—first to helix 1, then to helix 2, followed
by helix 3, and back to helix 1, and so on. This cyclical process
continues until the array of three parallel helical structures is
fully constructed, as depicted in figures 2(a) and (b).

In the process of depositing a single voxel, the micropipette
is initially set on a specific trajectory. As it moves along

this path, the electrolyte at the tip of the micropipette comes
into contact with the substrate, forming a meniscus. During
this movement, the motion direction of the micropipette’s
tip is continuously aligned with the tangential direction of
the initial trajectory, as illustrated in the first and second
steps of figure 2(c). Upon this contact, a pulsed current
is detected, reaching a predetermined threshold. To prevent
further electrochemical reactions and avoid clogging of the
micropipette, a reverse voltage is applied between the cath-
ode and anode. This halts the reaction until a stable menis-
cus is formed. This stage includes a post-contact retraction of
the tip by 200 nm-500 nm to ensure this stability (figure 2(c-
iii)). Subsequently, a voxel is formed on the substrate after
a brief period of deposition. To terminate the deposition, the
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Electrodeposition Separation Translation

Figure 2. Parallel fabrication process of helical structures using the self-adjusting voxelated MCED method. (a) Deposition sequence. (b)
The completed helical structures, produced by sequentially depositing voxels in a cyclical manner, starting with helical structure 1, then
proceeding to 2 and 3, and repeating this sequence as depicted in (a). (c) The detailed procedure for the deposition of a single voxel within
the second helical structure by the self-adjusting voxelated MCED method.

reverse voltage is applied again, and the micropipette is care-
fully detached from the substrate in a specified direction, as
depicted in figure 2(c-v). Finally, the substrate is moved to the
next planned position for the fabrication of the helical struc-
ture, repeating the steps described above, as shown in the last
step of figure 2(c-vi).

The initial trajectory, representing the desired deposited
structure and the motion path of the micropipette, is formu-
lated as a function in an xyz coordinate system. It is dis-
cretized by scattering it over specific steps, converting the
continuous path into discrete points. After each deposition,
the micropipette retracts to break the meniscus. For com-
plex structures, the substrate’s separation from the nozzle is
executed vertically to avoid any collision with the already
deposited structure. The micropipette then automatically
realigns with the planned trajectory, continuing its movement
until the next contact. This cycle repeats until the entire struc-
ture is printed.

Figure 3 showcases a series of microstructures fabricated
via the self-adjusting voxelated MCED method. Figures 3(a)
and (b) illustrate a helical array, with each helix reach-
ing a height of 25 um, a radius of 2.5 um, and a pitch
of 25 pum, as viewed from both front and top perspect-
ives. The top view shows the overlapping projections of the
structures, highlighting a complexity unattainable through
conventional continuous electrochemical deposition, where

depositing one structure after another can result in interference
(also evident from figure 2(c-iii)). These results demonstrate
the precise control afforded by the self-adjusting voxelated
MCED method in fabricating complex array and helical struc-
tures. Figure 3(c) displays structures at various tilt angles, with
the actual measurements aligning closely with the targeted
angles. Figure 3(d) presents an array organized in a 3 x 3
grid, with a uniform tilt angle of 30 degrees and side spacing
of 6 um. In figure 3(e), the array is presented with each unit
composed of a few voxels, featuring a size to edge-to-edge
spacing ratio of approximately 6.4, evidencing the capabil-
ity of our fabrication process to achieve highly dense pack-
ing of the microstructures. The characters ‘H’, ‘I’, and ‘T,
shown in figure 3(f), demonstrate the method’s effectiveness
in creating lateral structures. Altogether, these structures illus-
trate the method’s capability for accurate deposition on curves,
inclines, overhangs, and in array formations.

2.3. Characterization of metallic microstructures

The sequence of voltage application during the printing pro-
cess is depicted in figure 4(a). The pulsed nature of the depos-
ition current, due to the intermittent contact between the nozzle
and substrate, not only mitigates concentration polarization
by allowing time for ion replenishment but also facilitates
high current density that suppresses the hydrogen evolution
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Figure 3. SEM images of microstructures fabricated using self-adjusting voxelated MCED. (a) Side view of an array of three helical
structures, each with a diameter of 2.5 yum, a pitch of 25 pm, and an array spacing of 5 um. (b) Top view of the helix array. (c) Structures
with varying tilt angles: 90°, 80°, 70°, 65°, 50°. (d) A 3 x 3 array of tilted structures, uniformly set at a 30° angle. (¢) A 4 x 4 voxel array,

top view. (f) The letters ‘H’, ‘I’, and “T’, printed using this method.

reaction [40]. This allows for a higher reduction voltage
of 1 V, enabling the formation of dense structures without
porosity, as evidenced by the experimental results (like
figure 7(c)).

As the micropipette approaches the substrate, the current
increases due to the formation of the meniscus. Once the cur-
rent exceeds a predefined threshold, the voltage is adjusted
to —0.2 V, a transition that corresponds to the formation of a
stable meniscus (stage b). After this, the voltage is reverted to
1V for a designated duration to deposit copper (stage c). At the
conclusion of voxel printing (stage d), the voltage is set back to
—0.2 V. Subsequently, the micropipette is withdrawn, breaking
the meniscus and leading to the disappearance of the current

(returning to stage a). These stages are in alignment with the
changes in ionic current observed in figure 4(b). The peak
duration of the current differs with varying deposition times, as
illustrated in figures 4(b-i) and (b-ii). Furthermore, even when
the deposition time for voxels is identical, variations in peak
current can be observed, as shown in figure S1. These vari-
ations in instantaneous current at each stage of deposition con-
tribute to inconsistencies in voxel thickness. The red dashed
line in the figure represents the current threshold, set here at
100 nA. In our self-adjusting voxelated MCED method, there
is no need to estimate voxel thickness based on ionic current
measurements during deposition. Instead, the ionic current
primarily serves as an indicator for detecting contact between
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Figure 4. Time control in electrochemical deposition processes and voxel thickness analysis. (a) Voltage profile for a single voxel
deposition, with ‘a’ to ‘d” indicating the specific stages of the process that correspond to the deposition steps (i) to (iv) in figure 1(b).

(b) Ionic currents for a single voxel were recorded at various deposition times, specifically at (i) 100 ms and (ii) 25 ms, with the threshold of
100 nA marked. (c) Surface morphology of deposited structures was characterized at several deposition intervals: (i) 100 ms, (ii) 50 ms, (iii)
25 ms, and (iv) 12.5 ms, with the threshold of 500 pA. (d) Height variation of micropillars across different deposition layers, with each layer
deposited for 25 ms. (e) Voxel thickness variation with deposition time as indicated by measurements via AFM (green bars) compared with
thickness estimated using the nozzle area (blue bars) and the actual pillar area (red bars) according to Faraday’s law. The dashed lines
indicate the positive correlation between voxel thickness and deposition time. The inset shows the areas used for estimation in

electrodeposition setup.

the micropipette and the substrate. To enhance sensitivity in
practical applications, we increased the amplifier’s gain and
set the current threshold at 500 pA. Although the peak depos-
ition current exceeds the amplifier’s range at this gain setting,
this approach is beneficial for facilitating more precise contact
detection.

To further quantify the relationship between single voxel
deposition time and deposition thickness, we examined ver-
tical structures with varying deposition times to investigate the
impact of deposition duration on structural morphology and
voxel thickness. Figure 4(c) displays the surface morphology

of structures at deposition times of 100 ms, 50 ms, 25 ms,
and 12.5 ms. It is observed that with decreasing deposition
time, the layering of the printed structure becomes less dis-
tinct, and the surface morphology appears smoother, albeit at
the expense of increased printing times.

Following this analysis, we further evaluated the accur-
acy of Faraday’s law in estimating voxel heights under var-
ied deposition durations. Micropillar arrays with 1, 2, 4, and
6 layers were characterized using AFM to obtain their topo-
graphy (figure S2). The first layer exhibited greater thick-
ness compared to subsequent layers, as shown in figure 4(d).
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This discrepancy arises due to the initial layer being depos-
ited on the Au substrate, in contrast to subsequent layers
which are deposited on Cu. Thus, the average thickness of
layers for different deposition times was calculated by sub-
tracting the thickness of the first layer from the total thick-
ness of the stacked layers, as indicated by the green bars
in figure 4(e). Estimations of deposition thickness using
Faraday’s law require knowledge of both the cross-sectional
area of the micropillars and the total charge transfer dur-
ing deposition, which is the integral of the current over
time. Figure 4(e) illustrates the comparison between thickness
estimates using both the nozzle and actual pillar areas against
the actual AFM measurements. Although the trends align, not-
able differences exist between the estimated and actual val-
ues, particularly when estimating using the nozzle area, which
at 100 ms can exceed the actual values by over twice (as
shown by the blue and green bars). In contrast, estimates using
the actual pillar area closely match the AFM measurements
(red and green bars). Table S2 highlights the discrepancies
in the actual areas of pillars at different deposition durations.
These discrepancies are likely a result of environmental and
process-related factors. Changes in ambient humidity, tem-
perature fluctuations, and variations in the position where the
nozzle contacts the substrate can all alter the meniscus shape
formed during each voxel deposition, leading to variations
in the deposited area. Notably, such variations in the menis-
cus shape are not limited to vertical structures but can also
occur in tilted, lateral, and curved structures. In these cases,
the non-parallel orientation of the growth front relative to the
pipette tip can cause adaptive changes in the meniscus shape,
potentially amplifying the variations in the deposited area.
Currently, accurately determining the deposition area during
the process is a challenge, making the use of this area for estim-
ating the quantity of deposited metal nearly impossible.

Moreover, analysis of AFM topography images has determ-
ined the actual layer thickness of copper pillars under the con-
ditions of 1 V voltage and 0.6 mol-1~" electrolyte concentra-
tion (table S3), which achieves a growth rate of approximately
2.82 um-s~! (table S4). Our method significantly outperforms
reported traditional direct current, pulsed, and voxel MCED
techniques in terms of deposition speed and volume rate (table
S5). This is due to the use of higher voltages and electro-
lyte concentrations, which results in higher current density
and deposition volume rate without compromising the depos-
ition surface quality. The comprehensive printing speed of
our method, considering both deposition speed and necessary
nozzle movements, is approximately 10.8 nm-s~!, comparable
to existing techniques [31, 32]. However, optimizing the con-
trol methods could reduce the time required for nozzle move-
ments, further enhancing the overall printing speed and taking
full advantage of the high deposition speed of our approach.
Our printing resolution is currently limited by the nozzle
diameter (~3 pum) and the precision of our nanopositioning
stage (1 nm). Employing smaller nozzles and higher-precision
positioning stages has the potential to significantly improve
the printing resolution, enabling the fabrication of nanoscale
features.

To showcase the versatility of the self-adjusting voxelated
MCED technique, we fabricated a series of structures with
varying tilt angles. As shown in figure 3(c), the structures were
deposited at angles of 90°, 80°, 70°, 65°, and 50° relative
to the horizontal axis. The process parameters for deposition
were set to an applied voltage of 1 V, a current threshold of
500 pA, with each voxel deposited over a period of 25 ms.
Figure 5(a) illustrates the development of a structure at a
70° tilt, where the micropipette’s motion—approaching and
retracting from the substrate—is governed by the angle of
deposition, facilitating a voxel formation upon contact and
then detaching at either the same inclined angle or vertically.
This method ensures the micropipette’s trajectory is always
tangent to the growth path, enabling a self-adaptive deposition.
Altering parameters such as the deposition time or the applied
voltage can adjust the voxel thickness while leaving the struc-
ture’s final angle unaffected. As depicted in figure 5(c), the
deposition surface maintains a perpendicular orientation to
the growth direction at all times. Horizontal structures are
achieved through a process of horizontal contact and sub-
sequent separation, as shown in figures 5(d)—(f). The hori-
zontal segments of the letter ‘H’ are printed layer by layer
using this horizontal approach (figure 5(e)), as demonstrated
in figure 5(d). In the lateral deposition of these structures, the
deposition plane is maintained perpendicular to the growth dir-
ection, consistent with the formation of the tilted structures, as
evidenced in figure 5(f).

Transmission electron microscopy (TEM) was utilized to
characterize the cross-section of the copper pillar printed using
the voxelated electrochemical deposition method. Prepared at
1V with a deposition time of 25 ms, the sample was thinned to
100 nm using FIB milling. High-resolution imaging was then
conducted with a Talos F200X TEM operating at 200 keV.
In figure 6, the longitudinal section of the deposited cop-
per pillar is displayed, showing that the transverse structures
have nanotwins. A low magnification view of the sample in
figure 6(a) includes an inset of the selected area diffraction
pattern (SADP), highlighting many differently oriented crys-
tallites. An enhanced view of nanotwins, which align with
the grain growth direction, is featured in figure 6(b). The dis-
tribution of twin lamella thickness is presented in a histo-
gram in figure 6(c), with an average thickness around 8.5 nm.
High-resolution TEM images in figures 6(d)—(f) reveal the
lattice planes, with the inset SADP in figure 6(d) confirm-
ing the twinning with its characteristic double-spot pattern.
The intersection of twin boundaries (TB) and grain boundaries
(GB) on the plane is evident in figure 6(e). Lastly, figure 6(f)
details the symmetrical lattice orientation around a TB, where
mirrored dashed lines illustrate the symmetry, and variations
in d-spacing are consistent with (111) planes, further elabor-
ated in figure S3.

The ability of the self-adjusting voxelated deposition pro-
cess to generate nanotwins can be attributed to the short
intervals of meniscus contact between the micropipette and
the substrate. During these brief contact periods, a high
current density is achieved, similar to the ‘on’ phases in
pulsed electrodeposition (PED) [31-33]. This leads to a rapid
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Figure 5. Printed tilted and lateral structures. (a) Schematic diagram of deposition principle of a tilted structure. (b) SEM image of the
microstructure with a tilt angle of 70°. (c) Close-up view of the microstructure in (b), highlighting the deposition plane and growth
direction. (d) Schematic diagram of deposition principle of a lateral structure. (¢) SEM image of the printed letter ‘H’. (f) Zoomed-in SEM
image of the lateral structure in (e), showing the deposition plane and direction of growth.

deposition rate and an increased density of nucleation sites,
which are favorable for nanotwins formation. After each
deposition period, the retraction of the micropipette interrupts
the grain growth, allowing for the relaxation and renucleation
of the deposited ions. This interruption is crucial for replenish-
ing the metal ions in the diffusion layer, thereby maintaining a
high peak current density at the cathode (~9.5 A-cm~2). Thus,
the intermittent contact inherent in the voxelated deposition
process mirrors the effects of 7, observed in PED, playing
a key role in the emergence of nanotwins by allowing for ion
relaxation and maintaining a high ion concentration within the
meniscus [31].

Interestingly, even though we used a layer-by-layer depos-
ition method to print the copper pillar, no significant delamin-
ation was observed at the interfaces, as shown in figure 7.
Despite not deliberately controlling the thickness of each
deposited layer, we estimated the thickness of a voxel (depos-
ited over a period of 25 ms) to be between 45 nm and
70 nm based on figure 4(e). In figure 7(a), the low magni-
fication TEM images reveal no noticeable interlayer within
the observed field. Furthermore, the high magnification TEM
images in figure 7(b), marked with arrows, show that some
regions containing nanotwins exceed 200 nm, far larger than
the thickness of a single deposited layer, suggesting continu-
ous grain growth. The energy dispersive x-ray spectroscopy
(EDS) analysis in figure S4 confirms the high purity of cop-
per. Figure 7(c), after FIB milling, shows areas selected for
the EDS analysis, and the EDS maps in figures 7(d) and (e)

indicate continuous copper distribution without oxygen inter-
layers, implying that the voxelated deposition does not com-
promise the mechanical and electrical properties of the struc-
ture by creating delamination interfaces.

Nanotwins produced by voxelated deposition share sim-
ilarities with those obtained from PED. In both techniques,
high current densities are achieved rapidly, and ion concentra-
tions are replenished during the non-deposition phases. The
key difference lies in the meniscus dynamics: PED main-
tains continuous contact between the nozzle and the sub-
strate, keeping the meniscus constant even in ‘off’ periods.
In contrast, voxelated deposition involves intermittent con-
tact, repeatedly forming and breaking the meniscus. Despite
this difference, voxelated deposition upholds structural integ-
rity comparable to PED, as demonstrated by TEM and EDS
analyses in figure 7. The advantages of voxelated deposition
include minimizing the risk of micropipette clogging, allowing
the use of higher voltages and electrolyte concentrations, and
offering the capability to create complex patterns and arrays.
These features collectively enhance the flexibility in designing
printed structures.

Grain refinement is known to result in the hardening of
materials, including metals and alloys. This phenomenon is
described by the empirical Hall-Petch relation at the micron
to submicron scale, which states that material strength is
inversely proportional to grain size [41, 42]. GB enhance
material strength by impeding the glide of dislocations,
with a reduction in grain size leading to an increased
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Figure 6. TEM images of structures deposited by self-adjusting voxelated MCED method. (a) Low magnification view shows a dense
population of nanoscale grains, with the SADP inset indicating their crystalline orientations. (b) Localized nanotwins along the growth
direction. (c) Histogram of twin lamella thickness with an average value of 8.5 nm. (d) High-resolution imaging of lattice planes, with
SADP inset confirming the double-spot diffraction patterns. (e) Intersection of twin boundaries (TB) and grain boundaries (GB).

(f) Symmetrical lattice orientation of nanotwins.
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Figure 7. Microstructure and elemental analysis of the deposited copper pillar. (a) TEM image at low magnification showing the
cross-section of the copper pillar with no visible interlayer structures. (b) High magnification TEM image revealing nanotwins; in some
regions, these nanotwins are observed to be thicker than the average layer thickness. (c) SEM image displaying the sample after FIB milling
for cross-sectional analysis, with an inset depicting the structure prior to milling. (d) and (e) EDS maps of copper and oxygen, respectively,
corresponding to the milled area highlighted in (c), showcasing the elemental distribution.
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grain boundary area that further impedes dislocation motion. the case of electrodeposited copper, the formation of nan-
Similarly, TB, akin to conventional GB, obstruct disloca- otwins plays a crucial role in enhancing its mechanical
tion motion, contributing to material strength [43, 44]. In properties.
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Figure 8. In-situ SEM microcompression experiment on voxelated copper pillar. (a) Stress—strain curve of a voxelated copper pillar during
in-situ SEM microcompression testing, with an inset showing the copper pillar and indenter at the point of contact. (b) Initial SEM image of
the copper pillar before compression, showing the height measurements. (c) SEM image of the undeformed top area of the copper pillar,
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Figure 9. Hardness and resistivity measurements of the deposited Cu pillars. (a) Load-displacement curves for the indentation tests
performed on eight micropillars, with an inset showing a representative indented micropillar. (b) Experimental setup and results for Cu
micropillar resistivity measurements. (b-i) illustrates the overall setup used for electrical resistivity measurements, known as the four-point
probe method. Detailed views in (b-ii) and (b-iii) show the micropillar before and after separation from the substrate, respectively. In (b-iv),
the micropillar is shown mounted on the resistance testing chip, with the FIBID technique applied to connect it to the chip’s terminals. The

electrical resistance over time for the micropillar is captured in (b-v).

The printing direction can potentially affect the orient-
ation of nanotwins in the electrodeposited copper due to
changes in the meniscus shape and the resulting growth dir-
ection (figure 5). While the nanotwins orientation may affect
the strain rate sensitivity, its impact on the overall hardness
is expected to be limited [45]. The formation of nanotwins,
regardless of their orientation, is the primary factor contribut-
ing to the enhanced mechanical properties of the electrodepos-
ited copper.

In-situ SEM microcompression experiments on the
voxelated deposition copper pillar (figures 8(b) and (c)), as
described in the SI (figure S5), revealed a compressive yield
strength of 1.1 GPa at point b and an ultimate strength of
1.3 GPa at point c (figure 8(a)). The yield strength slightly
exceeds those from PED ((962 £ 26) MPa) and is signific-
antly higher than DC electrodeposition ((656 4= 46) MPa) [32].
The indentation tests, as illustrated in figure 9(a), provided an

average hardness of 3.71 GPa for the pillars, with a maximum
value reaching 4.27 GPa. This hardness is significantly greater
than that observed in copper devoid of nanotwins, typically
ranging between 1.4 GPa and 1.6 GPa, and surpasses even
copper with a high density of nanotwins, which has been pre-
viously reported to possess hardness values between 2.0 GPa
and 2.6 GPa [46]. These results, demonstrating superior mech-
anical properties, can be attributed to the dynamic menis-
cus formation and breakage during the voxelated deposition
process. This mechanism leads to the formation of smaller
nanotwins, consequently enhancing structural strength and
hardness. TEM observations provide corroborating evidence,
confirming the presence of these nanotwin structures within
the material. The electrical properties of the deposited struc-
ture were evaluated by employing FIB milling to separate the
micropillars from their substrate (figure 9(b-ii)) and transfer-
ring them to a resistance testing chip (figure 9(b-iii)). FIBID
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was used to connect both ends and the central measuring
point of the micropillars to corresponding pins on the chip
(figure 9(b-iv)). A four-point probe method (figure 9(b-i)) was
employed to measure a mid-section resistance of 138.5 mf).
The resistivity of the deposited structures was determined to
be approximately (1.95 + 0.01) x 10~7 {2-m, nearly 11 times
that of bulk copper ((1.69 x 10~%) Q-m) about half that of the
pulsed MCED method [31].

The increased resistivity observed in the deposited struc-
tures, compared to bulk copper and larger-scale nanotwin
structures [33], is hypothesized to be due to the micron
scale of the sample length and cross-sectional area. This
leads to significant Joule heating, which elevates the res-
istivity measurements. Despite the increase in resistivity,
this analysis indicates that while mechanical properties can
be significantly enhanced through the introduction of nan-
otwins, conductivity does not drastically decrease. Table S6
compares the electrical conductivity, hardness, and yield
strength of structures fabricated by various advanced meth-
ods. The analysis of structures fabricated by our method
indicates that while the introduction of nanotwins by our
method can significantly enhance strength, it does not drastic-
ally decrease conductivity. This finding offers a promising
avenue for optimizing material properties in microscale prin-
ted metallic structures, such as microsensors, microelectron-
ics, and micro-electromechanical systems (see SI section 9 for
details).

3. Conclusion

In summary, this study introduces a novel self-adjusting
voxelated MCED method for the precision 3D printing
of metallic microstructures. By focusing on aligning the
micropipette’s trajectory with the intended final structure,
rather than relying on the thickness of each voxel, our
approach elegantly improves the accuracy and reliability of
the printing process. This method effectively overcomes the
challenges posed by variability in experimental factors, such
as humidity and temperature, which previously led to incon-
sistencies in voxel thickness and misalignments in the depos-
ited structure. The fabrication of intricate helical structures and
arrays with varying tilt angles demonstrates the method’s cap-
ability to precisely control deposition along desired traject-
ories, ensuring accurate realization of complex designs. The
presence of nanotwins in the structure was confirmed by TEM
analysis, and extremely high strength and hardness as well
as low resistivity were obtained. This advancement further
emphasizes its potential in material science, offering new pos-
sibilities for developing microstructures with enhanced mech-
anical and electrical properties. Our self-adjusting voxelated
MCED method advances the fabrication of metallic micro-
structures, enabling more accurate, diverse, and improved per-
formance structures, beneficial for micro-electromechanical
systems and other applications.

4. Experimental section

4.1. Micropipette

The micropipette was fabricated using a commercial
laser-based micropipette puller (P-2000, Sutter Instruments).
We produced nozzles with different opening areas, pulled from
borosilicate glass tubing of 1.2 mm outer diameter and 0.9 mm
inner diameter (TF120F-6, WPI). Details of the pulling pro-
cess are showcased in figure S6, and the specific parameters
used are provided in the supporting information, table S7.

4.2. Electrochemical printing setup

The electrochemical printing system depicted in figure 1
comprises a glass nozzle (micropipette), a conductive sub-
strate, a high-precision motion stage, a microscopic vision sys-
tem, and a control unit. The micropipette, filled with 0.6 M
CuSOQy - SH,0 electrolyte, houses a copper wire anode, while a
gold-plated substrate serves as the cathode. Coarse positioning
of the substrate, the CCD camera (acA2040-120uc, Basler),
and the micropipette holder is independently achieved by their
respective xyz-axis coarse positioning stages (LD-60, SELN).
Precise micropipette positioning utilizes a linear piezo nano-
positioning system (SLC-1720, Smaract) with sub-nanometer
resolution. A current amplifier (DLPCA-200, Femto) con-
nected to the substrate acts as an ammeter. An FPGA card-
equipped computer (PXI-7852R, National Instruments) with
a LABVIEW program controls input signal acquisition and
voltage output. During deposition, a controllable bias voltage
from the FPGA card is applied between the copper wire and
substrate. The current amplifier, with a gain setting of 10°,
enhances the signal for accurate detection and feeds this amp-
lified signal to the data acquisition card. Initial settings include
a 1 V bias voltage and a 500 pA current threshold.

When the nanostage controls the micropipette’s tip to
approach the substrate, the forward step distance is 100 nm.
The electrolyte inside the micropipette’s tip is slightly higher
than the edge of the pipette due to surface tension. Once
the micropipette contacts the gold-plated substrate, a menis-
cus is formed between the internal electrolyte and the sub-
strate. Upon threshold exceedance, a —(0.2 V reverse voltage
is applied, and the micropipette retracts from the substrate by
200—500 nm (200 nm for deposition times less than 25 ms,
and 500 nm for deposition times greater than 25 ms). This
retraction distance is less than 1/4 of the pipette’s diameter
(a meniscus less than 1/2 of the pipette’s diameter can main-
tain stability) and is also higher than the deposited voxel layer
thickness at different times, as shown in table S3. Therefore,
the meniscus can remain stable during the deposition process
without causing clogging of the pipette. Finally, the voltage is
reset to 1 V. This process, crucial for avoiding nozzle clogging,
is precisely managed by the FPGA-equipped computer.

The printing area, including the substrate and micropipette
nozzle, is enclosed in a transparent, humidity-controlled
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chamber. Humidity is regulated using a water vapor gener-
ator and monitored with a humidity sensor (DHT22, HAIGU),
maintaining levels between 55%—60%. The chamber is
equipped with glass viewing windows on two sides for micro-
scopic observation. Furthermore, the entire deposition sys-
tem is encased in a Faraday cage to eliminate electromagnetic
interference from external devices, ensuring the accuracy of
the electrochemical printing process.

4.3. Characterization and instruments

The morphology of the metal deposits was analyzed using a
dual beam FIB scanning electron microscopy system (FIB-
SEM, TESCAN AMBER). EDS analyses and TEM sample
preparation were also performed using this equipment. The
microscopic nanotwin grains in the deposited metals were ana-
lyzed via TEM (Talos F200X, Thermo Scientific).

The strength of the deposited metal structures was
characterized using in-situ SEM microcompression exper-
iments (Scios™ 2, Thermo Scientific). Indentation tests
were conducted using a KLA (formerly Agilent, Keysight)
G200 Nanoindenter to explore the impact of nanotwins
on the mechanical properties of the printed structures. A
manufacturer-calibrated Berkovich tip was employed to indent
eight deposited micropillars. The continuous stiffness meas-
urement technique was utilized with a constant strain rate of
0.05 s~! until a depth of 200 nm was reached, and load and
displacement curves were recorded.

The electrical resistivity measurement was performed
using the four-point probe method with a Keithley Source
Measurement Unit-2636B. The micropillar transfer process,
including FIB milling and FIBID, was conducted using a dual
beam FIB scanning electron microscopy system (FIB-SEM,
TESCAN AMBER).
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