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Abstract
The fabrication of pure copper microstructures with submicron resolution has found a host of
applications, such as 5G communications and highly sensitive detection. The tiny and complex
features of these structures can enhance device performance during high-frequency operation.
However, manufacturing pure copper microstructures remain challenging. In this paper, we
present localized electrochemical deposition micro additive manufacturing (LECD-µAM). This
method combines localized electrochemical deposition (LECD) and closed-loop control of
atomic force servo technology, which can effectively print helical springs and hollow tubes. We
further demonstrate an overall model based on pulsed microfluidics from a hollow cantilever
LECD process and closed-loop control of an atomic force servo. The printing state of the
micro-helical springs can be assessed by simultaneously detecting the Z-axis displacement and
the deflection of the atomic force probe cantilever. The results showed that it took 361 s to print
a helical spring with a wire length of 320.11 µm at a deposition rate of 0.887 µm s−1, which can
be changed on the fly by simply tuning the extrusion pressure and the applied voltage.
Moreover, the in situ nanoindenter was used to measure the compressive mechanical properties
of the helical spring. The shear modulus of the helical spring material was about 60.8 GPa,
much higher than that of bulk copper (∼44.2 GPa). Additionally, the microscopic morphology
and chemical composition of the spring were characterized. These results delineate a new way
of fabricating terahertz transmitter components and micro-helical antennas with LECD-µAM
technology.

Supplementary material for this article is available online
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1. Introduction

The rapid application of pure copper microstructures and
devices in the field of 5G communications and highly sensitive
detections serves as a driving force for the continuous develop-
ment of relatedmicromanufacturing technologies.Microstruc-
tures have played an irreplaceable role in signal and data trans-
mission between electrical devices and device units. In the last
two decades, major efforts have resulted in superior micro-
structure manufacturing capabilities. Recently, two important
frontiers of microstructure manufacturing include the integ-
ration of microfabrication and micro additive manufacturing
(µAM). In microfabrication, although both focused ion beams
and electron beam lithography have very high micromachin-
ing resolutions, these methods usually have expensive and
difficult-to-upgrade steps [1]. A technology combining the
two methods of micro-milling and micro electrical discharge
machining has been proposed for manufacturing micro-cavity
arrays [2]. This technique can achieve a size feature of a
few hundred microns. It is technically difficult to apply this
technique to micron or even sub-micron accuracy. In µAM,
ultraviolet-assisted direct writing technology was utilized to
generate a three-dimensional (3D) independent helical spring-
shaped as a strain sensor [3, 4], but this technology is lim-
ited to manufacturing non-metallic structures. In comparison,
direct ink writing (DIW) has overcome the challenge of man-
ufacturing metal structures, such as 3D electronic and opto-
electronic microstructures, and it has proven to be a useful
approach inmanufacturing freestanding spiral architectures on
flexible and rigid substrates at the scale of tens of micron by
further combining laser and DIW technologies [5, 6]. How-
ever, such methods remain limited in fabricating pure metal
structures. Additionally, although laser-induced forward trans-
fer and chemical etching for pure metal have been proven to be
effective methods [7], the processing quality requires further
improvement. Atomic layer deposition can generate micro-
structures, but the constraints of reactants and deposition con-
ditions limit its use for a wide range of applications [8, 9].
Additionally, focused ion beam induced deposition has been
used to grow a 105 nm diameter carbon spring and a 25 nm
thick gold layer deposited on an outer surface. The spring was
used to transfer the direction of wave propagation [10]. How-
ever, this process cannot achieve the one-step metallization
manufacturing of micro-springs.

Electrochemical deposition is a cost-effective and
environment-efficient technology that can provide an altern-
ative and powerful method of fabricating 3D microstruc-
tures [11–15]. The use of the micro electroforming process
has important applications in manufacturing microfluidic
chip molds, but this electrochemical deposition method still
depends on a mask [16]. In terms of localized deposition,
two major efforts have been focused on localization abilities,
which can improve manufacturing resolution significantly.
One effort involves continuously reducing the cross-sectional
area of the fine metal anode in localized electrochemical
deposition (LECD) [17, 18]. Another effort involves setting an
ultra-fine hollow glass tube as a mass transfer pipette in men-
iscus confined electrochemical deposition (MCED) [19–21].

To improve the printing capabilities of 3D structures, an asym-
metric anode or a five-axis motion platform must be attached
to ordinary LECD technology [22], but this step is cumber-
some and has costly upgrades. Although MCED technology
can print high-resolution independent 3D tiny coil springs
[23], ultra-low printing speed and manufacturing based on a
linear structure limits the large-scale promotion of this tech-
nology.

However, people have not yet seen AM technology fully
demonstrate its potential for fabricating pure copper metal
structures. As one new frontier of advanced electrodeposition
technology, LECD-µAM, which can effectively print pure
copper microstructure, is the integration of LECD and the
closed-loop control of an atomic force servo. In this techno-
logy, a hollow atomic force probe (AFP) with mature tech-
nology applications in the biological and cellular fields is
introduced as a liquid mass transfer tool (named FluidFM)
[24–26], achieving a breakthrough in localized mass transfer.
This technology is based on FluidFM and LECD as LECD-
µAM. FluidFM plays two important roles in LECD-µAM.
One role is to successfully detect the formation of sub-micron
voxels as a force sensor. Furthermore, adjusting the posi-
tion of the probe tip and changing the probe’s bending shape
solves the problem of high-quality combination between sub-
micron voxels. FluidFM also acts as an electrolyte mass trans-
fer pipette [27–29]. This role involves pumping due to the
extrusion pressure at the end of the AFP cantilever, which
solves the problem of high local mass transfer in the micro
area. These two roles guarantee the maskless manufacturing
of tiny pure copper structures with sub-micron resolution.
Compared with microfabrication technology, the LECD-µAM
operation process does not require high-energy particle beams,
vacuum, an inert gas environment, or post-processing opera-
tions to manufacture pure copper microstructure. Compared
with electrodeposition technology, the LECD-µAM operation
process does not require a mask, it is more environmentally
friendly (copper sulfate solution 0.7 µl), and possesses signi-
ficantly improved localization. There is no need to control the
humidity of the external environment, and there is no need to
control the probe retreat speed, ensuring high-quality integra-
tion between voxels. These advantages provide a broad applic-
ation space for LECD-µAM in microstructure manufacturing.

2. Experiment setup

As shown in figure 1(a), the entire printing system consisted of
four parts: TheAFP system, extrusion pressure control system,
electrolytic cell system, and X/Y/Z microscale moving sys-
tem. There were three key technologies applied in this system:
(a) closed-loop control system of the atomic force servo, (b)
micro-liquid flow, and (c) LECD. A hollow AFP was used to
form an electrolyte channel and an extrusion pressure control
system was arranged at the end of the cantilever of the AFP to
precisely control the extrusion pressure of the electrolyte. The
position sensitive detector was used to monitor the deflection
of the AFP in order to determine in real-time whether the tip
of the AFP perceived successful deposition. The electrolytic
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Figure 1. Scheme of the LECD-µAM. (a) The three electrodes system in the electrolytic cell. (b) The lattice monomer, pillar array and a
thin wall. (c) A high aspect ratio (about 500) wire.

cell included a working electrode (WE), a counter electrode
(CE) and a reference electrode (RE), and all of the electrodes
were connected to the potentiostat. The substrate was attached
to the WE. The CE was a graphite electrode with excellent
conductivity that encircled the electrolytic cell. An Ag/AgCl
electrode was used as the RE. Insulation was achieved by pla-
cing a Teflon bracket between any electrodes. TheX/Y/Z three-
axis movement direction was precisely controlled by a preci-
sion servo motor. The minimum positioning accuracy of the
X/Y two directions was 500 nm, and the minimum position-
ing accuracy of the Z direction was 10 nm, which was guar-
anteed by the dual control of the servo motor and the piezo-
electric ceramic. Additionally, a numerical model was formed
with 3D software, and 3D slice software was used to convert
the 3D structure into a data point cloud file. Then, the point
cloud data was exported into a (.csv) file and delivered to the
printing system. Figure 1(b) displays three different structures
including a lattice monomer, pillar array, and thin wall. A
high aspect ratio (about 500) wire was printed, as shown in
figure 1(c).

The parameters used in this experiment are listed in table 1.
For the electrolyte parameters, a CuSO4 solution (0.5 M)
was used for the LECD-µAM. The supporting solution was
mixed with an H2SO4 solution (54 mM) and an HCl solu-
tion (0.5 mM). The support solution played an important
role as the flexible support and increased the conductiv-
ity of the solution. For the fabrication parameters, about
−0.5 V was applied to the substrate, and the AFP approach-
ing threshold was set to 0.4 V. The approaching voltage was
the voltage threshold of an AFP sensing substrate or a depos-
ited voxel. This voltage threshold represented the degree of
deformation of the cantilever of the AFP when the piezo-
electric ceramic was triggered to drive the AFP. Simultan-
eously the extrusion pressure was changed from 20 mbar to
120 mbar ‘on the fly’ and the interelectrode gap was set to
0.5 µm.

Table 1. The parameters used in this experiment.

Parameter Value

Copper ion solution CuSO4 (0.5 M)
Supporting solution H2SO4 (54 mM); HCl (0.5 mM)
Substrate voltage: E (V) −0.46 to −0.56
Approaching voltage (V) 0.4
Extrusion pressure: P (mbar) 20–120
Interelectrode gap: (µm) 0.5

2.1. Establishment of the model

Establishing a model for the LECD-µAM involved the closed-
loop control theory, fluid flow theory of microfluidic system,
and electro-deposition theory. In fact, among the three theor-
ies, the atomic force servo was the core link of the entire sys-
tem. For the first section, microliquid flow, driven by the pulse
extrusion pressure, the active electrolyte was replenished in a
localized manner because the electrolyte was sprayed from the
storage tank along the internal channel of the AFP to be depos-
ited in the micro area. For the second section, electrochemical
deposition, all fundamental kinetics parameters of ion move-
ment in the material flux were obtained through electrochem-
ical experiments. For the third section, the closed-loop con-
trol system of the atomic force servo as well as the mass and
volume of the cantilever of the AFP were significantly greater
than those of the tip of the AFP, so the mechanical property of
the AFP depended on the cantilever instead of the tip, which
merely served as a point of action for the cantilever. The can-
tilever of the AFP was a force-feedback device that measured
the successful growth of metal deposits, and its hollow channel
provided an opportunity to achieve electrolyte booster injec-
tion technology as a channel of the microfluidic system. The
mechanism of action is described in more detail in support-
ing information, section 1 (available online at stacks.iop.org/
IJEM/4/015101/mmedia).
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Figure 2. Flow of the substrate preparation.

2.2. Substrate preparation

A wafer with a thickness of 0.5 mm was selected as the sub-
strate. It was cut into 15 × 15 mm squares with a diamond
dicing machine. One of the sides was selected to plate a 15 nm
titanium layer and then a 100 nm copper layer. The prepared
substrate was placed in an acetone solution for ultrasonic
cleaning for 60 s. And then the substrate was rinsed with isop-
ropanol and deionized water to remove organic and inorganic
impurities. Nitrogen stream was used to dry the rinsed sub-
strate. This preparation flow is shown in figure 2.

2.3. Characterizations

The dimensions of the AFP are displayed in figure S3 (sup-
porting information, section 2). The length of the microcanti-
lever was 200 µm, the width was 40 µm, and the opening dia-
meter of the pyramid-shaped tip was 300 nm. In order to better
understand the printed structures fabricated by LECD-µAM,
the following advanced instruments were used to further char-
acterize the performance of the structures. Scanning electron
microscope (SEM) was used to characterize the morphology
of the 3D structures (Zeiss, EVO 20, Germany). Height detail
was captured by a laser scanning confocal microscope (ZEISS,
LSM700, Germany). Furthermore, a quantitative analysis of
the chemical elements was conducted using a field emis-
sion electron probe microanalyzer with x-ray spectrometer
(JEOL, JXA-8530F Plus, Japan) with a high wavelength res-
olution. The in-situ nanoindenter (Alemnis, Indenter, Switzer-
land) installed in the high resolution field emission SEM (TES-
CAN, MAIA3 XMU, Czech Republic) was used to charac-
terize the mechanical properties of the printed micro-helical
springs.

3. Results and discussion

3.1. Printing rate and structures performance analysis

In this work, the deposition rate of the microstructures, the
shape of the deposits and the morphology of the large-area

Table 2. Deposition parameters of helical spring structure.

Parameter Value

Helical spring structure diameter: D (µm) 20
Helical spring structure height: H (µm) 50
Helical spring structure pitch: s1 (µm) 10
Number of coils: n (No.) 5
Helical spring wire diameter: d (µm) 2
Mean time for single voxel (ms) 553
Extrusion pressure P (mbar) 60
Deposition voltage: E (V) −0.55
Total print time (s) 361
Total voxels (No.) 637

structures were analyzed. The deposition parameters corres-
ponding to the deposition rate research process are shown in
table 2.

The LECD-µAM simultaneously monitored the coordin-
ate position of the Z-axis probe and the deflection of the AFP
cantilever. The deposition process data for the entire cycle of
a structure were recorded through real-time data processing.
We took a five-turn spiral spring as an example. The paramet-
ers such as the diameter, height, pitch, and the wire diameter of
the printed helical spring are listed in table 2. The SEM picture
of the deposited structure morphology is shown in figure 3(c),
with P = 60 mbar and E = −0.55 V. As shown in figure 3(a),
the green curve represents the real-time position of the Z-axis
probe, and the red curve denotes the real-time deflection of the
AFP cantilever. Compared with the deflection information and
the electrodeposition current of the simultaneous non-contact
measurement probe [30], themeasuring results obtained in this
research were intuitive. More specifically, the deposition pro-
cess can be directly reproduced by observing the green and red
curves, and the deposition state can be effectively analyzed.
Both the mechanics and current information were obtained
in a single measurement [31], and force feedback identified
the mechanical contact between the tip and the sample [32].
Therefore, the above two technologies provided the basis for
this research.
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Figure 3. Simultaneous measurement of the actual position of the Z axis and the bending of the AFP cantilever. The blue line represents the
real-time position of the Z-axis motor in the vertical direction, and the red line represents the cantilever deflection curve of the AFP. In the
enlarged view inside, it can be clearly seen that the deposition rate in the gray shaded area is significantly higher than the subsequent
deposition rate.

It can be seen that as the time (x-axis) increased, the posi-
tion of the Z-axis of the green curve gradually increased and
the slope remained almost unchanged. The slope of the curve
represents the deposition rate of the vertical height from the
top of the spring to the substrate instead of the wire length.
However, the actual deposition rate of the wire structures was
much higher. The actual deposition rate can be calculated
from the printing time and the length of the deposition wire.
As shown in figure 3(b), the micro-spiral spring deposited at
this time contained a spiral structure of 637 voxels, and the
total deposition time was 361 s. Theoretically, the deposition
rate could be solved with Faraday’s law, but it was difficult
to determine its local current density. Therefore, we used the
ratio of growth length to time to calculate the actual deposition
rate. After calculation, the length of the helical spring wire (L)
was 320.11 µm. The calculation method is shown in figure S4
in supporting information, section 2, equation (14). In sum-
mary, we obtained the helical spring wire deposition rate (v)
with the following formula:

v=
L
t
. (1)

The deposition rate (v) was 0.887 µm s−1, and the average
printing time for a voxel was about 0.567 s. The volume depos-
ition rate (vV) was 11.137 µm3 s−1 according to supporting
information, section 2, equation (15). The deposition rate was
about 78.4 times greater than that of the copper wire fabricated
withMCED in the evaporation state, which achieved a volume

deposition rate of 0.142 µm3 s−1 in the dynamic scanning
mode [33].

For the same deposition file, the extrusion pressure changed
in the range of 20 mbar to 70 mbar. The deposition result
is shown in figure 4(a). When the extrusion pressure was
P < 50 mbar, the deposition structure maintained the shape of
the spiral spring by showing a certain gap between each coil
layer. When P⩾ 50 mbar, each spiral of the spring was in con-
tact with the other spirals, forming a hollow cylinder structure.
Although the spring presented a hollow cylindrical structure,
surface textures were still clearly observed both inside and out-
side (P = 50 or 60 mbar). This observation may have resul-
ted because an increase in the extrusion pressure increased the
diameters of the current deposition voxels, and the enlarged
voxels were in contact with the side and bottom deposition
voxels at the same time, forming multidirectional deposition.
However, as the extrusion pressure further increased, the sur-
face texture of the deposit gradually disappeared and became
be smooth (P = 70 mbar). In order to explore the influence of
the surface texture on the inside of the structure, a focused ion
beam (FIB) was used to mill the side of the hollow cylinder
to observe its cross-sectional shape. As shown in figure 4(b),
there were no macroscopic defects, such as blisters or voids,
and the voxels were fused at the atomic level during the depos-
ition process. Figures 4(c) and (d) display FIB milling graphs
when the extrusion pressures were 60 mbar and 70 mbar,
respectively. These two pictures fully demonstrated the high-
quality deposition behavior of the LECD-µAM technology. It
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Figure 4. Print information of the deposited spiral springs. The cathode (working electrode) was applied voltage as −0.5 V, the total
number of the single eight-turn close-packed spring including 986 voxels for each. (a) The morphological characteristics of the spiral
microstructure under different extrusion pressures (20 mbar to 70 mbar with a 10 mbar interval) of the same printed file. (b) The side view
and top view of the spiral spring milled by FIB printed in 30 mbar. (c) The side view and top view of the spiral spring milled by FIB printed
in 50 mbar. (d) The side view and top view of the spiral spring milled by FIB printed in 70 mbar. (e) The deposition time of a single voxel
for the whole printed period in extrusion pressure of 30 mbar, 50 mbar and 70 mbar respectively. And the 8-turn was separated by vertical
lines clearly. The scale bar is equal to 10 µm in (a)–(d).

can be seen from the side view of figure 4(c) that the profile of
the deposit was relatively flat, the internal material was dense,
and the cross section was smooth. At the same time, as shown
in the top view of figure 4(c), a few deposited particles were
observed at the bottom of the hollow cylinder. This was due to
the fact that a small part of the electrolyte spilled outside of the
deposition area during the spraying process, generating stray
deposition. For the deposition of the hollow cylindrical struc-
ture, rotating electrode LECD technology could also be useful,
but a nickel tube with a diameter of up to 125 µm is required
[34]. In fact, by adjusting parameters, such as the pulse poten-
tial and duty cycle, MCED could also be used to manufacture
hollow cylinders with a diameter of 15 µm and a wall thick-
ness of 1.5 µm, but the manufacturing accuracy and the outer
wall surface roughness values did not meet expectations [35].

The three curves shown in figure 4(e) recorded the indi-
vidual deposition time of all voxels, corresponding to the
extrusion pressures of P = 30 mbar, 50 mbar, and 70 mbar.
Figure 4(e) clearly shows that higher extrusion pressure the
shortened the time required for the deposition of a single voxel.
The curves at 50 mbar and 70 mbar showed roughly the same

trend but at different amplitudes. The deposition time required
for a single voxel was longer at P = 50 mbar. However, the
time required for a single voxel was longest P = 30 mbar,
as determined by its position as the top of the three curves.
This was because the low extrusion pressure caused a low
initial electrolyte velocity at the probe port, which reduced
the convection velocity and decreased the number of metal
ions reaching the deposition zone. Therefore, the time con-
sumed to deposit a single voxel became longer. Correspond-
ingly, for a higher extrusion pressure (P ⩾ 50 mbar), the
structure became a hollow cylindrical structure. The increased
extrusion pressure not only increased the convection velo-
city, but also increased the diameter of a single voxel. As
a result, the contact area between the voxel and the depos-
ited voxel increased significantly. The simultaneous contact
between the side and bottom surfaces increased the access path
for electric charges. According to Faraday’s law, the amount of
chemically changed substances on the electrode was propor-
tional to the amount of electricity that passed through it, which
increased the access path for electric charges and thereby,
increased the local current density. Therefore, the deposition
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Figure 5. Large scale area three-step cuboid. (a) The SEM morphology on the top surface of the three steps. (b) The height information of
the three-step cuboid. (c) The entire visible spectrum reflectivity test on three different top surfaces of the three-step cuboid.

time of a single voxel was significantly reduced. Moreover,
the curve shape was significantly different from the other two
curves at P= 30mbar, as shown in figure 4(e). It can be clearly
observed that the curve had a certain periodicity. Consider-
ing the fact that an eight-turn spring was to be deposited, we
divided the X-axis into eight parts with an equal number of
voxels. Except for the fact that the first coil of the foundation
was slightly different, the recorded curves of the deposition
times from the other seven coils showed a similar trend. It
appears that the deposited spiral spring had strong repeatabil-
ity for low extrusion pressure, and the intercept of each spiral
point of the spring and the projection distance of the consolid-
ation point was fixed on the substrate. This cantilever depos-
ition characteristic was achieved by the mutual force balance
between gravity and the lateral deposition of the metal atoms.
In figure 4(e), the orange arrows present the longest points
of the cantilever, and thus, the time was also the longest for
depositing such a single voxel.

In fact, the short-time deposition process did not prove
the repeatability or uniformity of the LECD-µAM technology
in deposition. Therefore, we turned to a large-scale regional
structure by depositing a cuboid with three steps. As shown
in figure 5(a), there were some differences in the top sur-
face morphology. Specifically, the crystals on the top sur-
face of the left part of the steps were relatively large and a

uniform micro-pit surface had formed. The top surfaces of
the middle part and the right part were smoother. In order to
obtain accurate height details for the deposit, a laser confocal
microscope was employed to obtain the height profile of the
cuboid, as shown in figure 5(b). The height details are shown
in figure 5(b1). It was found that the heights of the left part and
the right part were both 45 µm, and the height of the middle
part was about 15 µm. Furthermore, the sides of the three steps
were flat, and their steepness met the requirements. To fur-
ther evaluate the influence of the top surface morphology of
the three-step cuboid on the interface, an entire visible spec-
trum reflectivity test was carried out on its surface, as shown in
figure 5(c). The three curves in the figure denote the reflectiv-
ity of different positions of the top surfaces at different steps.
The results showed that the reflectivity over the entire visible
spectrum did not exceed 60%. In particular, in the wavelength
range of less than 550 nm, the reflectivity of the three surfaces
was less than 15%. For the principle of anti-reflection, when
the microstructure scale of the incident surface had the same
order of magnitude as the wavelength of the light wave, the
internal transmittance of the material affected the reflectivity,
changing the light propagation path and increasing the degree
of light absorption. Since the wavelength of the incident light
was in the range of 400 nm to 800 nm, the diameter of the sur-
face deposit was about 2.5 µm. Therefore, the diameter of the
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Table 3. Chemical element composition of three different structures.

Item Cu (%) Si (%) O (%) Subtotal (%)

Micro-copper pillar 99.672 0.167 0.161 100
Hollow cylinder 99.85 0.073 0.076 100
Wall-shaped structure 99.595 0.072 0.332 100

deposited particles on the surface of the deposited body had
almost the same order of magnitude as the wavelength of the
incident light, thus increasing the absorption of light. Fortu-
nately, we found that although the morphology was slightly
different, the interface did not significantly influence the light
reflection performance. This was very important for printing
consistency and maintaining the accuracy of the continuous
printing process.

3.2. Chemical element in deposit

Next, the chemical composition in the deposit manufactured
with LECD-µAM technology was further explored. A JEOL
JXA-8530F Plus field emission electron probe microanalyzer
with the x-ray spectrum was used to measure the chem-
ical composition of the deposit. The measurement results are
shown in table 3. The content of metallic copper in all of
the deposits exceeded 99.5%, achieving almost pure copper
AM. The individual test results for each structure are shown
in figure S5 (supporting information, section 3). The results
show that the copper content was much higher than that in the
preparation of suppressed oxide [36]. The same was true for
the oxidation-resistant copper nanowire manufacturing pro-
cess, and the deposition results proved the existence of carbon
[37].

It could be seen from the above results that using hollow
AFPs for deposition in the supporting solution prevented the
chemical elements in the air from influencing the deposits. In
the LECD-µAM process, including the metal salt solution and
the supporting solution, the cations were only copper ions and
hydrogen ions, so other metal elements were not reduced at the
WE. Hydroxide oxidized at the CE to generate oxygen, which
was also the main reason the chemical composition contained
oxygen. The main impact occurred after deposition, and it was
unavoidable that the sample was in contact with the air during
transportation. If the LECD-µAM structure was transferred to
an x-ray spectrometer in an oxygen-free environment, the oxy-
gen content would have been less than that in the above res-
ult. In addition, it is necessary to explain the source of silicon.
Since all of the deposition experiments were carried out on a
wafer substrate, each structure contained a small amount of
silicon. Therefore, it was concluded that we had confidence in
achieving a nearly pure metal preparation process with LECD-
µAM technology and that these pure copper metal structures
were expected to have great potential in signal and data trans-
mission.

3.3. Mechanical properties

In order to further explore the basic characteristics of the
LECD-µAM-printed structures, themechanical properties of a

five-turn micro-spring were analyzed. As shown in figure 6(a),
a punch with a diameter of 200 µm was used to perform com-
pression tests on tiny springs. Figure 6(b) shows the force-
position curves of the springs under different extrusion pres-
sures. With the same applied voltage, an increase in the extru-
sion pressure inevitably led to an increased diameter of the
spring wire, as shown in figure S7 (supporting information,
section 4, figure S7). Additionally, the increasing diameter
caused the slope of the curve in figure 6(b) to increase sig-
nificantly, and hence, the coil spring stiffness (cspring) also
increased (supporting information, section 4, table S1). The
reason for this was that the increase in the diameter of the
deposited spring wire enhanced the ability of the spring to res-
ist deformation, and thus, the spring stiffness increased accord-
ingly. cspring was obtained from the data in the middle stable
stage of the force–displacement curve shown in figure 6(b).
According to the calculation formula of the spring stiffness,
the shear modulus (G) of the spring material was deduced. The
formula is as follows:

cspring =
Fload

l
=

G× d1
4

8×D3
1 × n1

(2)

where Fload represents the load on the spring, l is the deforma-
tion of the spring under load Fload, d1 represents the diameter
of the spring wire, 2.51 µm (corresponding to the extrusion
pressure of 60 mbar), D1 is the spring diameter, 40 µm, cspring
is equal to 9.425 N m−1, and n1 is the effective turn number
of the springs.

The whole experiment process is shown in supporting
information, movie 1. The shear modulus of the helical spring
material was about 60.8 GPa based on the formula, much
higher than that of bulk copper (∼44.2 GPa). The reason for
the high shear modulus was that the deposit had a micron-level
size. The single-crystal grain structure was not generated for
the condition of local high current density, and the crystal grain
size had to be at the nanometer level. As a result, a high shear
modulus was produced. Although the mechanical test meth-
ods were different, the previous results also showed extremely
high strength characteristics. The yield strength of the cop-
per wire, which was 1.5 µm in diameter, reached 317 MPa
[38], and the yield strength of the copper microstructure with
nanocrystalline-nanotwinned crystals exceeded 960MPa [39].

3.4. Printing of microstructures

The AM of complex/array microstructures can be achieved
using LECD-µAM technology. This technology has highman-
ufacturing precision, good quality, high deposition rates, and
high repeat positioning accuracy. The manufacturable struc-
ture does not require masks or cantilevers, and there is a

8
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Figure 6. Mechanical performance analysis of printed microscale springs. (a) The force of the spring structure deposited by localized
electrochemical deposition; (b) the spring stiffness of four springs deposited by different deposition pressures were tested.

Figure 7. Different tiny structures designed and manufactured based on the main body of the spring structure. (a) Larger hollow tube, (b) a
single five coil spring, (c) three array micro-spring structure, (d) a single spiral flat-top structure, (e) a tiny hollow cylinder formed by
close-packed springs array.

high aspect ratio. Furthermore, this technology is suitable for
many types of structures, including micro-cylinders, hollow
cylinders, flat-top springs, spring arrays, and hollow cylinder
arrays. The results after using LECD-µAM micro-deposition
to fabricate metal micro-pillars for the parametric experiments
are displayed in figures S6 and S7 (supporting information,
section 4). It was found that the smallest deposition wire
diameter reached about 800 nm when −0.56 V voltage was
applied to the substrate atP= 10mbar using a 300 nm opening
tip. As shown in figure 7, the voltages chosen for the deposition
ranged between −0.46 V and −0.56 V. Figure 7 shows the
different microstructures designed and manufactured based
on the main body of the spring structure. Figure 7(a) shows
a hollow tube with a larger diameter, figure 7(b) displays a
high-quality five-coil spring, figure 7(c) illustrates a five-coil
spring array structure, figure 7(d) shows a single flat-topped
coil spring support structure, and figure 7(e) shows an array of

tiny hollow cylinders formed by tightly packed coil springs.
Therefore, LECD-µAM technology was proven an effective
method to fabricate these high-quality structures.

4. Conclusions

In this work, LECD-µAM technology with atomic force servo
closed-loop control was used to manufacture tiny pure cop-
per structures in a single step. Firstly, by simultaneously mon-
itoring the Z-axis coordinates and the deflection of the AFP
cantilever, the deposition voxel moved automatically to the
next position for deposition after formation. The entire process
was automatic and efficient. Secondly, the deposition experi-
ment was carried out using the same print file and varying the
applied pressure from 20 to 70 mbar. The wire diameter of the
deposited micro-helical structure also changed, as determined
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through SEM image analysis. When the spring wire was close
enough, the structure formed a hollow cylinder. The results of
the deposition experiment suggest that the extrusion pressure
had a close relationship with the deposition time of a single
voxel. As the extrusion pressure increased, the time it took to
deposit a single voxel gradually decreased. Furthermore, the
field emission electron probe spectrometer was used to test the
chemical composition of the deposited structures. The exper-
imental results of the LECD-µAM based on the AFP techno-
logy and the copper content, which exceeded 99.5%, proved
that the deposited structure was an almost pure metal printing.
Finally, the in-situ nanoindenter integrated in the field emis-
sion electron microscope was used to test the stiffness of the
deposited spring, and the shear modulus of the copper spring
structure was calculated. The obtained shear modulus value
was significantly higher than that of the bulk copper mater-
ial. By changing and combining different spring structures,
the manufacture of the hollow ring structures, micro-springs,
micro-spring array structures, springs with flat top, and hollow
cylindrical large-area array structures was achieved. Although
LECD-µAM technology can be used to manufacture pure cop-
per microchip bridges, micro-antennas, micro-sensors, and
other small structures without masks and supporting materi-
als, the technology still has a low deposition rate and is prone
to a probe clogging problem. The next step of the research is to
introduce a parallel manufacturing method for multiple probes
to increase the deposition rate while applying a reverse voltage
to avoid probe clogging.
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