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Abstract: It is difficult to fabricate three-dimensional structures using semiconductor-process technol-
ogy, because it is based on two-dimensional layered structure fabrication and the etching of thin films.
In this study, we fabricated metal structures that can be dynamically deformed from two-dimensional
to three-dimensional shapes by combining patterning using photolithography with electroforming
technology. First, a resist structure was formed on a Cu substrate. Then, using a Ni sulfamate
electroforming bath, a Ni structure was formed by electroforming the fabricated resist structure.
Finally, the resist structure was removed to release the Ni structure fabricated on the substrate, and
electroforming was used to Au-plate the entire surface. Scanning-electron microscopy revealed that
the structure presented a high aspect ratio (thickness/resist width = 3.5), and metal structures could
be fabricated without defects across the entire surface, including a high aspect ratio. The metallic
structures had an average film thickness of 12.9 µm with σ = 0.49 µm, hardness of 600 HV, and slit
width of 7.9 µm with σ = 0.25 µm. This microfabrication enables the fabrication of metal structures
that deform dynamically in response to hydrodynamic forces in liquid and can be applied to fields
such as environmental science, agriculture, and medicine.

Keywords: precision processing; electroforming; MEMS; metal structures; deformation

1. Introduction

In fields such as electronic-equipment manufacturing, biotechnology, and medicine,
miniaturization and large-scale integration of systems are advancing, and process technol-
ogy is being used to upgrade the functions of materials, substrates, and microdevices [1–6].
This development includes the demand for various structures with complex shapes, such
as three-dimensional structures for realizing effective microregional chemical reactions,
mixing, and analyses in various fields, including biological microelectromechanical systems
(bioMEMSs) and micro total analysis systems (µTASs) [7–11]. Studies on the fabrication of
simple 2.5-dimensional structures with metals have been conducted, by devising methods
for laminating and tapering to achieve these structures. However, these metal structures are
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static. Dynamic devices include structures in which polymers such as polydimethylsiloxane
deform upon the application of pressure [12] and movable structures such as propellers that
employ photopolymerization reactions [13]. However, although resin materials deform dy-
namically, it is impossible to perform various chemical modifications on structural surfaces.
Single-crystal silicon can be combined with multiple materials to form a three-dimensional
structure, but it is brittle. Although three-dimensionally deformable materials include
comb actuators used in silicon material, chemical modification of the surfaces cannot be
performed. In contrast, precision processing, such as cutting and grinding, may be used to
produce free three-dimensional shapes for metal materials. However, such processing can
cause variations by as much as 10 µm [14–16], which is unsuitable when the required preci-
sion is on the order of microns. One option for processing that can be realized with high
precision and a high aspect ratio is deep reactive ion etching (DRIE) of silicon [17–20], used
in anisotropic processing. DRIE is widely employed for producing dynamic random-access
memories (DRAMs) and other devices. However, the cost of fabrication is a problem, as
expensive equipment and time are required to achieve the necessary degree of vacuum. In
comparison, high aspect ratios can be fabricated easily, as the combined photolithographic
patterning and electroforming technique does not require a high vacuum or expensive
equipment. However, the use of electroforming technology requires a seed-layer-forming
process, which poses problems for productivity. The Lithographie, Galvanoformung,
and Abformung (LIGA) process [21,22] is utilized when microelectromechanical system
(MEMS)-level microfabrication techniques are required. However, X-ray equipment is
expensive, posing problems for productivity and simplicity [23]. Precision electroforming
technology, which combines photolithography and electroforming technology, has the
advantages of better dimensional accuracy and higher productivity, compared with ma-
chining approaches such as cutting and grinding, and enables high-speed replication of the
parent mold [24]. However, most extant studies on robust structures for miniaturization
and precision improvement are concerned with fabricated structures [25–28], whereas
those on structures with three-dimensional deformability are lacking. The microstructure
accuracy has been reported to be limited to a 10% variation in a 50 µm design [29]. If
a method with a higher aspect ratio and accuracy could be developed, microfabrication
technology could be improved, and precision components could be produced. There are
some examples of using precision electroforming technology to fabricate electric-shaver
blades, but the structures are robust, require a hand-pushing force, and do not exhibit
chemical modification. If a structure that deforms from a two-dimensional shape into
a three-dimensional shape due to the hydrodynamic force could be produced via precision
electroforming, the scope of the microdevice application (adaptation) would be expanded
in a useful manner. µTAS has the advantage of reducing the amount of liquid required and
shortening the analysis time by using a small amount of liquid. In microfluidic systems, the
flow rate is approximately 1 µL/min−1 mL/min [30–32]. The device must be agitated be-
cause it is difficult to mix the liquid when the width and depth of the flow channel decrease,
the Reynolds number decreases, and the flow becomes laminar. For example, it would be
advantageous to create a structure that dynamically agitates the inside of a microchannel to
enable effective mixing. Furthermore, if it can dynamically deform into a three-dimensional
structure or agitate, it can be applied to cases in which the liquid is fed in fixed quantities
or filtered according to the flow rate. Therefore, in this study, we focused on the use of
precision electroforming technology to investigate a method of fabricating an original metal
structure capable of three-dimensional elastic deformation in response to a hydrodynamic
force. Although flat-shaped structures can be fabricated using semiconductor processes,
this method can produce structures that deform three-dimensionally by a hydrodynamic
force. Furthermore, we evaluated its physical properties and basic operations.
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2. Experimental Method
2.1. Design of a Three-Dimensional Elastically Deformable Metal Structure

Figure 1 presents the designs of the eight types of fabricated metallic structures. Types
A and E consist of multiple slits arranged in comb-like shapes. The total length of the
slits is approximately 6 mm, and the slit widths in Types A and E are 10 µm and 20 µm,
respectively. In these structures, the root portion of the comb teeth is deformed at its origin
by hydrodynamic forces, and plate-like structures mutually intersect. Types B and C are
structures in which multiple slits are arranged in an arc shape, the slit width is 10 µm,
and the pitches are 250 µm and 500 µm, respectively. Types F and G are similar structures
wherein multiple slits are arranged in an arc shape, the slit width is 20 µm, and the pitches
are 250 µm and 500 µm, respectively. In structures with these arc-shaped slits, the slit
portions are deflected by the fluid force received and deform into shapes similar to that of
an insect net. Metallic structures that deform into three-dimensional shapes of Types A–C
and E–G have elastic structures and are designed to return to their original shapes when
the hydrodynamic force is unloaded, even when deformed in response to hydrodynamic
forces. Types D and H are structures with fine pores on flat plates, having diameters of
10 µm and 20 µm and pitches of 20 µm and 40 µm, respectively. These structures were
fabricated to demonstrate that the three-dimensional deformation of a metal structure
requires machining and design ingenuity.
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Figure 1. Overview of metal structure designs. The metal structures were designed with diameters
of 15 mm and slit widths of 10 µm and 20 µm. Types A and E are comb-shaped, and Types B, C, F,
and G are structures with multiple slits arranged in an arc shape. Types A–C and E–G have elastic
structures and are designed to deform into three-dimensional shapes due to hydrodynamic force.
The reason for utilizing different slit widths of 10 µm and 20 µm was to confirm that the thin film
could be fabricated as the designed structure. The structures with fine pores on flat plates in Types D
and H were fabricated to demonstrate the designs that needed to be devised.

2.2. Methods for Evaluating Physical Properties of Metal Structures

The stiffness of the fabricated material must be adjusted to fabricate a three-dimensionally
deformable metal structure. It is important to consider the stiffness of the Ni structure
for device design and performance, as it changes the shape maintenance and deformation
capacities of the Ni structure. In addition, the film thickness, hardness, and slit width must
be homogeneous. In Ni electroforming, the current is concentrated at the edge and outer
peripheral portion of the substrate, owing to the current distribution problem, resulting in
a thicker film [33]. Therefore, the film-thickness variation within the substrate plane was
evaluated with four different distances, d = 24, 48, 60, and 84 mm, between the cathode and
anode. The film thickness was measured at 89 locations within the substrate surface using
a fluorescent X-ray film-thickness meter (SFT-9400, SII Nanotechnology Co., Ltd., Chiba,
Japan). Furthermore, to evaluate the stiffness of the metal structures, the hardness of four
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types of metal structures was measured by adjusting the material with a film thickness
of 40 µm. For the hardness measurements, a microhardness tester (HM-221, Mitutoyo
Corporation, Kawasaki, Japan) was used to obtain measurements at nine points under
a load of 0.49 N and a loading time of 10 s for determining the mean value. Furthermore,
for the dimensions of the slit width of the fabricated metallic structure, a digital microscope
(VHX-6000, KEYENCE Co., Ltd., Osaka, Japan) was used to measure the 12 in-plane
locations for evaluating the variations.

2.3. Metal Structure Fabrication Method

Figure 2 shows the electroforming apparatus used to fabricate the metal structures.
A Cu plate for a 4-inch silicon wafer (Yamamoto Plating Tester Co., Ltd., Tokyo, Japan) was
employed as the cathode, and a Ni anode plate containing sulfur (Yamamoto Plating Tester
Co., Ltd.) was utilized as the anode. A YPP-15,031 (Yamamoto Plating Tester Co., Ltd.)
was used as the rectifier for the electroforming. Table 1 lists the basic configuration of the
electroforming bath used in this study; the concentration of nickel sulfamate tetrahydrate in
the bath (nickel sulfamate 900, JX Metal Shoji Co., Ltd., Tokyo, Japan) was 600 g/dm3. The
boric acid in the bath (Nacalai Tesque Inc., Kyoto, Japan) was prepared at a concentration of
30 g/dm3. The pH of the electroforming bath was 4.0± 0.1, and the temperature of the elec-
troforming bath was 40 ± 2 ◦C. The temperature was controlled by a temperature-control
unit. The anode and cathode areas were 165 cm2 and 136 cm2, respectively. Ni dissolves
on the anode side and Ni is deposited on the substrate on the cathode side. Moreover, Ni
metal is deposited, and a Ni electroformed structure is formed. The chemical equations for
the anode and cathode sides are shown in Equations (1)–(4) and (5)–(6), respectively.

Ni→ Ni2+ + 2e− (1)

Ni + H2O→ NiO + 2H+ + 2e− (2)

3Ni + 4H2O→ Ni3O4 + 8H+ + 8e− (3)

2H2O→ O2 + 4H+ + 4e− (4)

Ni2+ + 2e− → Ni (5)

2H+ + 2e− → H2 (6)
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Figure 2. (a) is Experimental setup for electroforming. A Cu plate was used for the cathode, and a Ni
anode plate containing sulfur was used for the anode, while d is the distance between the cathode
and anode. (b) is Plating jig and the auxiliary cathode was installed at the periphery of the facility to
ensure uniform film thickness.
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Table 1. Bath composition for Ni electroforming.

Ni(NH2SO3)2·4H2O 600 g/dm3

H3BO3 30 g/dm3

pH 4 ± 0.1
Temperature 40 ± 2 ◦C

Current density 5 A/dm2

Paddle agitation Stroke 100 mm, 60 rpm

3. Results and Discussion
3.1. Evaluation of Fabricated Substrate in-Plane Film Thickness

To evaluate the in-plane film thickness variation of the substrate produced by Ni
electroforming, we measured the film thickness by setting a target film thickness of 10 µm
and processing it for 10 min. Subsequently, the inter-electrode distance was set to the
four aforementioned distances, d = 24, 48, 60, and 84 mm. Figure 3 shows the relationship
between the inter-electrode distance and the electron-coating thickness. The longer the
inter-electrode distance, the thinner is the film produced by Ni electroforming, and the
average film thickness is the smallest at 6.7 µm with d = 84 mm. The variations are at
their smallest with d = 48 mm, with an average film thickness of 12.9 µm and a standard
deviation σ of 0.49 µm. Figure 4 shows the film-thickness distribution at each interelectrode
distance. Negligible differences are observed in substrate in-plane film thickness, and
the film-thickness variation is the smallest when d = 48 mm. With electroforming, the
current is concentrated in the outer peripheral portion of the substrate when the distance
between electrodes is large, and the current concentration in the central portion is high
when the inter-electrode distance is small [34]. This suggests that d = 48 mm is suitable
for achieving uniform film thickness. For d = 24, 48, and 60 mm, film thickness was
more than 10 µm because only a small amount of electroforming was deposited on the
auxiliary cathode installed at the periphery of the facility to ensure uniform film thickness,
and the inside of the substrate became thick. Furthermore, because the electroforming is
proportional to the electroforming time [35,36], if the throwing power is good, the desired
film thickness may be expected. Based on these results, to suppress film-thickness variation
in the various metal structures arranged on the substrate, we applied d = 48 mm in the
subsequent evaluation. This is because the resulting coating thickness at the outermost
peripheral portion being thin shows the interpolated numerical values of the unplated area
and adjacent portion at the electroforming contact point, so can be ignored.
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for 10 min at a target film thickness of 10 µm. The average film thickness of 12.9 µm and σ = 0.49 µm
minimized the variation at an interelectrode distance of 48 mm. As the coating thickness is propor-
tional to the electroforming time, if the variation is small, the desired film thickness can be obtained
via time adjustment.
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Figure 4. Substrate in-plane-coating thickness distribution. The average film thickness is 12.3 µm and
σ = 0.72 µm, with a 60 mm inter-electrode distance, and at 48 mm, the variation is minimized, with
an average film thickness of 12.9 µm and σ = 0.49 µm. There is almost no difference in the substrate
in-plane film thickness with a 48 mm inter-electrode distance, and the variation is the smallest in
this case.

3.2. Evaluation of Stiffness of Metal Structures

Figure 5 shows the hardness measurement results for the four types of samples, to
evaluate the stiffness of the Ni structure. Sample (a) is a Ni coating obtained from the basic
bath in Table 1, (b) is a coating adjusted with a high-hardness additive, (c) is a Ni–P alloy
coating, and (d) is a sample of Ni–P coating heat-treated at 350 ◦C for 1 h. Compared to
the Ni films in samples (a) and (b), the Ni–P alloy films in samples (c) and (d) are harder,
especially in the sample (d), which was heat-treated and had a high Vickers hardness of
950 HV. This high hardness is thought to be due to crystallization [37,38] of the Ni–P alloy by
heat treatment. However, we found that the samples (c) and (d) were much more difficult to
deform than the other samples [39], and the coating cracked from simple bending, making
them unsuitable as three-dimensional elastically deformable structures (Supplementary
Materials Figure S1). Further, while sample (a) was easily deformed at approximately
300 HV, good stiffness with 600 HV hardness and elastic deformation were achieved when
the plated coating was adjusted with a high curing additive in the sample (b); hence, we
used this sample in subsequent evaluations. The Young’s modulus of the sample (b) was
200 GPa. Figure 6 shows a schematic of the deformation expected when a metallic structure
is subjected to hydrodynamic forces. When a solution is poured into a metal structure at
a constant rate, hydrodynamic forces cause the metal structure to deform elastically into
a certain shape. When the hydrodynamic force increases, the deformation of the metal
structure increases and returns to normal when the hydrodynamic force is removed.
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Figure 5. Ni-coating-hardness measurement results. Sample (a) is a Ni coating obtained from a basic
bath, (b) is a coating adjusted by adding 5 mL/L [40] of sulfurous additive to the basic bath, (c) is a
coating adjusted by adding 20 g/L of phosphorus acid to the basic bath, and (d) is a coating of the
sample (c) heat-treated at 350 ◦C for 1 h. Sample (b) has a hardness of 600 HV and achieves stiffness
allowing elastic deformation.
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3.3. Fabrication of Three-Dimensionally Deformable Structures by Precision Electroforming

Ni structures are intended to be applied to filters. It is possible to perform various
chemical modifications on the surface of the Ni structure by adding Au plating, which
can add functions to the structural surface. Typical examples include the modification
of self-assembled monolayers (SAMs), frequently used in analytical chemistry and bio-
chemistry, and antibody modifications for antigen-antibody interactions. Figure 7 shows
the fabrication process of a metal structure with a fine pattern. In the photolithography
process, a 30 µm positive liquid resist (AZ P4903, Merck Performance Materials Co., Ltd.,
Tokyo, Japan) was applied to a Cu substrate by a spin coater (MS-A150, Mikasa Co., Ltd.)
(Figure 7a) and was exposed to light at 1.75 J/cm2 using a mask aligner (MA-20, Mikasa
Co., Ltd.) (Figure 7b). A resist structure to serve as a mold was developed using an AZ
400 K Developer (Merck Performance Materials Co., Ltd.) (Figure 7c). To release the Ni
structure from the Cu substrate, chromate treatment (2 g/dm3, 2 min, 30 ◦C) with potassium
dichromate solution was applied on the Cu substrate before Ni electroforming. Next, using
an electroforming bath, we fixed a Ni plate containing sulfur to the anode and a fabricated
resist structure to the cathode to form a Ni structure by electroforming (Figure 7d). The
resist structure was released using stripping solution (AZ Remover 700, Merck Performance
Materials Co., Ltd.). By removing the resist structure, we obtained a metal structure of the
desired shape by releasing the Ni structure from the Cu substrate with tweezers (Figure 7e).
Figure 8 shows the improvements in contact exposure in photolithography. As the liquid
resist used has a high viscosity of 1550 mm2/s, the resist was approximately 60 µm thick in
the outer peripheral portion of the substrate post resist coating. The resist was physically
removed using a 5 mm wide and 1 mm thick stainless-steel stick within 3 mm of the sub-
strate edge, and the resist thickness was uniform at 30 µm. The removal of the excessively
thick resist eliminated the gap between the mask and substrate, and the variation of the
slit width decreased. Figure 9 shows photographs of the Ni structure fabricated by this
process. We found eight types of structures, Types A–H, could be fabricated without defects,
even in the slit portion or overall surface. Figure 10 shows the dimensional measurement
results for the slit width of the Ni structure. By optimizing the photolithography conditions,
the variation of the slit width improved from σ = 3.74 to σ = 0.25 µm. The slit width
of Types A–D was 7.9 µm on average, with a design value of 10 µm, and the slit width
of Types E–H was 18.3 µm on average, with a design value of 20 µm. In addition, the
variation for all eight types was σ = 0.25–0.37 µm, and the fabrication was found to be
precise. Although the slit width was approximately 2 µm smaller than the target value, it
was expected that the desired slit width could be obtained by adjusting the design value.
When fabricating a microstructure, the fact that the slit width becomes smaller than the
target value is an advantage that may be adopted for various applications. The metal
structure was fixed in the device shown in Figure 11, and hydrodynamic force was applied
to demonstrate that the structure can deform from a two- to three-dimensional shape.
Pressure was applied to the metal structure in a 9 mm diameter area around the center.
Figure 12 presents a photograph of when a hydrodynamic force is applied to structures
with a Type A comb shape and a Type B arc shape with multiple slits. The deformation
amount of the Ni structures fabricated by this process changes according to the magnitude
of the hydrodynamic force, and the structures return to their original shapes when the
applied force is removed. Furthermore, if there is continuous flow at a constant rate, it is
possible to maintain a constant deformation and the shape of the fluid. Incidentally, Types
D and H, which have micropores formed in-plane, are self-supporting structures similar to
the other structures. However, they do not deform into three-dimensional shapes under
hydrodynamic forces.
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Figure 7. Schematic of the precision electroforming process. (a) A photoresist is applied on a Cu
substrate. (b) Curing of photoresist by ultraviolet irradiation. (c) Mold creation by developing the
photoresist. (d) Fabrication of Ni metal structures on Cu substrates by Ni electroforming. (e) Removal
of the Ni structure to obtain a metal structure of the desired shape.
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Figure 8. Improvement of the photolithography process. (a) After resist coating, the resist at the edge
of the substrate is thick at approximately 60 µm. (b) Resist at the edges is physically removed after
improvement. The thickness of the resist is uniform at 30 µm. There is no gap between the mask and
substrate in the contact exposure.
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Figure 9. Photographs of the fabricated Ni structures. Eight types of Ni structures were fabricated
precisely. Metal structures that deform three-dimensionally of Types (A–C) and (E–G) return to the
original state even when deformed by hydrodynamic force. Metal structures of Types (D) and (H) are
formed using the same processes and materials as metal structures that deform three-dimensionally
and do not deform into three-dimensional shapes. All types appear warped under the light from the
digital microscope, but the Ni structures are not warped after electroforming.
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Figure 10. Metal-structure slit-width dimensions before and after improvement of the photolithog-
raphy process. The dimensional variation decreases from σ = 3.74 to σ = 0.25 µm as a result of
optimizing the photolithography conditions. The desired slit width is expected if the design value
is adjusted.
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Figure 11. Overview of the device for the experiment. (a) The metal structure was fixed inside the
device, and the hydrodynamic force was applied. The metal structure was fixed to an acrylic tube
with an inner diameter of 9 mm. (b) Pressure was applied to the metal structure in a 9-mm-diameter
area around the center.

Micromachines 2022, 13, x FOR PEER REVIEW 12 of 15 
 

 

 
Figure 12. Photographs of three-dimensionally deformable metal structures. Type A is comb-shaped, 
and Type B is a metal structure with multiple arc-shaped slits. The deformation quantity l changes 
with the magnitude of the hydrodynamic force. When the hydrodynamic force is unloaded, the struc-
ture returns to its original state. The deformation of the Type A structure at a flow rate of 300 mL/h 
was approximately 110 µm, and that at a flow rate of 2400 mL/h was approximately 820 µm. The 
deformation of the Type B structure at a flow rate of 300 mL/h was approximately 40 µm, and that at 
a flow rate of 2400 mL/h was approximately 90 µm. The deformations of both structures increased 
linearly with increasing flow rate. In addition, a comparison of the simulated and measured defor-
mation of the two metal structures under a flow rate of 300 mL/h revealed that Type A showed defor-
mation of approximately 120 µm (simulation value), and the measurement result was 110 µm, while 
Type B showed deformation of approximately 40 µm (simulation value), and the measurement result 
was 40 µm. Under low flow-rate conditions, the simulated and measured results showed good agree-
ment (Supplementary Materials Figure S2). There was no plastic deformation, even under conditions 
with a flow rate of 2400 mL/h. As there were no realistic conditions for exceeding 2400 mL/h, it was 
not possible to verify until plastic deformation occurred. In this study, as a limitation to elastic defor-
mation, results were shown for conditions with a flow rate of 300–2400 mL/h. 

Figure 13 shows a cross-sectional scanning-electron microscopy (SEM) image of a 
Type B metal structure fabricated using 10 µm and 2 µm as the target film thicknesses for 
Ni electroforming and Au plating, respectively. Type B is obtained with Au coating from 
the basic baths in Table 2. The digital microscopy and cross-sectional SEM images show 
that there are no pinholes or cracks on the surface of the metal structure, demonstrating 
the absence of structural defects. The Ni electroforming thickness is 10.1 µm, the Au-plat-
ing thickness is 2 µm, and the film thickness can be formed as designed. In addition, a 
structure with a high aspect ratio (film thickness/slit width = 3.9) could be fabricated with 
good precision using this process. Incidentally, the yield of the fabricated structure is 90%. 
The three-dimensionally deformable microstructure fabricated using the process devel-

Figure 12. Photographs of three-dimensionally deformable metal structures. Type A is comb-
shaped, and Type B is a metal structure with multiple arc-shaped slits. The deformation quantity l
changes with the magnitude of the hydrodynamic force. When the hydrodynamic force is unloaded,
the structure returns to its original state. The deformation of the Type A structure at a flow rate
of 300 mL/h was approximately 110 µm, and that at a flow rate of 2400 mL/h was approximately
820 µm. The deformation of the Type B structure at a flow rate of 300 mL/h was approximately
40 µm, and that at a flow rate of 2400 mL/h was approximately 90 µm. The deformations of both
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structures increased linearly with increasing flow rate. In addition, a comparison of the simulated and
measured deformation of the two metal structures under a flow rate of 300 mL/h revealed that Type
A showed deformation of approximately 120 µm (simulation value), and the measurement result
was 110 µm, while Type B showed deformation of approximately 40 µm (simulation value), and the
measurement result was 40 µm. Under low flow-rate conditions, the simulated and measured results
showed good agreement (Supplementary Materials Figure S2). There was no plastic deformation,
even under conditions with a flow rate of 2400 mL/h. As there were no realistic conditions for
exceeding 2400 mL/h, it was not possible to verify until plastic deformation occurred. In this
study, as a limitation to elastic deformation, results were shown for conditions with a flow rate of
300–2400 mL/h.

Figure 13 shows a cross-sectional scanning-electron microscopy (SEM) image of a Type
B metal structure fabricated using 10 µm and 2 µm as the target film thicknesses for Ni
electroforming and Au plating, respectively. Type B is obtained with Au coating from the
basic baths in Table 2. The digital microscopy and cross-sectional SEM images show that
there are no pinholes or cracks on the surface of the metal structure, demonstrating the
absence of structural defects. The Ni electroforming thickness is 10.1 µm, the Au-plating
thickness is 2 µm, and the film thickness can be formed as designed. In addition, a structure
with a high aspect ratio (film thickness/slit width = 3.9) could be fabricated with good
precision using this process. Incidentally, the yield of the fabricated structure is 90%. The
three-dimensionally deformable microstructure fabricated using the process developed in
this study can be applied to bioMEMSs, analysis chips, and µTASs from the perspective of
size. Therefore, these structures may be expected to be applied in the biomedical field.
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Figure 13. Cross-sectional photograph of a Type B three-dimensionally deformable metal structure
(slit width: 10 µm) fabricated with a Ni electroforming thickness of 10 µm and Au-plating thickness
of 2 µm. The tapered shape is due to the effect of diffraction of light during exposure.

Table 2. Bath composition for Au plating.

Na3Au(SO3)2 21.6 g/dm3

Na2SO3 75.6 g/dm3

pH 8 ± 0.1
Temperature 45 ± 2 ◦C

Current density 0.2 A/dm2

Agitation Stirring 300 rpm

4. Conclusions

The objectives of this study were to fabricate a metal structure that can be elastically
deformed into a three-dimensional shape in response to hydrodynamic forces and to
propose a fine pattern fabrication approach using precision electroforming. Physical
properties, such as the film thickness, hardness, and slit width, were evaluated to fabricate
the fine metal structures using this technique. Based on the results, we achieved σ = 0.49 µm
with an average film thickness of 12.9 µm and σ = 0.25 µm with a hardness of 600 HV and
slit width of 7.9 µm. The conditions for fabricating precision metal structures were also
evaluated. When the intended metal structure was fabricated using the derived conditions,
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we successfully fabricated metal structures capable of dynamically deforming into three-
dimensional shapes according to the hydrodynamic force. In this study, structures with
hardness ranging 300–950 HV and flow velocities of 300–2400 mL/h were investigated,
but they were within the elastic deformation range and did not deform plastically. As the
type of metal and physical properties of metal structures fabricated using this technique
can be varied, these structures can be applied to various fields and applications such as
bioMEMSs and µTASs in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mi13071046/s1. Figure S1: Simplified flexural evaluation of
four types of Ni film samples (a)–(d). The Ni films in (a) and (b) were found to deform elastically
and return to their original shapes without damage. The samples with Ni-P alloys in (c) and
(d) cracked and broke while bending. In addition, they did not return to their original shapes.
Figure S2: Simulation analysis results for the deformation of the Type A and B metal structures.
The conditions used in this analysis are summarized in Table S1. The measured deformation and
simulation results were compared. Under a flow rate of 300 mL/h, Type A showed a deformation
(simulation value) of approximately 120 µm, and the measurement result was 110 µm, whereas
Type B showed a deformation (simulation value) of approximately 40 µm, and the measurement
result was 40 µm. Under a flow rate of 2400 mL/h, Type A showed a deformation (simulation
value) of approximately 1080 µm, and the measurement result was 820 µm, whereas Type B showed
a deformation (simulation value) of approximately 280 µm, and the measurement result was 90 µm.
Thus, the simulation and measurement results agree well under the condition of a low flow rate.
Table S1: Deformation analysis conditions.

Author Contributions: Conceptualization, Y.N. (Yuta Nakashima); methodology, Y.K., M.I., H.B., T.I.,
Y.N. (Yoshitaka Nakanishi) and Y.N. (Yuta Nakashima); validation, S.K. and K.Y.; formal analysis, S.K.;
investigation, S.K., S.F., S.N. and Y.N. (Yuta Nakashima); resources, S.K., K.Y., Y.K., M.I., H.B., T.I.,
Y.N. (Yoshitaka Nakanishi) and Y.N. (Yuta Nakashima); writing—original draft preparation, S.K. and
Y.N. (Yuta Nakashima); writing—review and editing, Y.N. (Yuta Nakashima); project administration,
Y.N. (Yuta Nakashima); supervision, Y.N. (Yuta Nakashima); project administration, Y.N. (Yuta
Nakashima); funding acquisition, Y.N. (Yuta Nakashima). All authors have read and agreed to the
published version of the manuscript.

Funding: This work was partly supported by a fund from the Japan Society for the Promotion of
Science (JSPS) KAKENHI, via the Grant-in-Aid for Young Scientists (A) 16H06078 and the Ministry
of Economy, Trade and Industry (METI) under projects to support the advancement of strategic core
technologies, 17939048. The funding sources were not involved in the study design, concept, data
collection, analysis, interpretation, manuscript preparation, or submission.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data generated or analyzed during this study are included in
this published article.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Kamilla, S.K.; Ojha, M. Review on nano-electro-mechanical-system devices. Mater. Today Proc. 2021. [CrossRef]
2. Eshkalak, S.K.; Ghomi, E.R.; Dai, Y.; Choudhury, D.; Ramakrishna, S. The role of three-dimensional printing in healthcare and

medicine. Mater. Des. 2020, 194, 108940. [CrossRef]
3. Esfahani, R.N.; Shuttleworth, M.P.; Doychinov, V.; Wilkinson, N.J.; Hinton, J.; Jones, T.D.A.; Ryspayeva, A.; Robertson, I.D.;

Marques-Hueso, J.; Desmulliez, M.P.Y.; et al. Light based synthesis of metallic nanoparticles on surface-modified 3D printed
substrates for high performance electronic systems. Addit. Manuf. 2020, 34, 101367. [CrossRef]

4. Arzt, E.; Quan, H.; McMeeking, R.M.; Hensel, R. Functional surface microstructures inspired by nature—From adhesion and
wetting principles to sustainable new devices. Prog. Mater. Sci. 2021, 119, 100778. [CrossRef]

5. Shen, L.; Li, Y.; Zhong, W.; Wu, J.; Cheng, J.; Jin, L.; Hu, X.; Ling, Z. Fabrication of micro/nanoporous templates with a novel
hierarchical structure by anodization of a patterned aluminum surface. Electrochem. Commun. 2021, 126, 107014. [CrossRef]

https://www.mdpi.com/article/10.3390/mi13071046/s1
https://www.mdpi.com/article/10.3390/mi13071046/s1
http://doi.org/10.1016/j.matpr.2021.02.801
http://doi.org/10.1016/j.matdes.2020.108940
http://doi.org/10.1016/j.addma.2020.101367
http://doi.org/10.1016/j.pmatsci.2021.100778
http://doi.org/10.1016/j.elecom.2021.107014


Micromachines 2022, 13, 1046 14 of 15

6. Shams, H.; Basit, K.; Khan, M.A.; Saleem, S.; Mansoor, A. Realizing surface amphiphobicity using 3D printing techniques: A
critical move towards manufacturing low-cost reentrant geometries. Addit. Manuf. 2021, 38, 101777. [CrossRef]

7. Greenwood, P.A.; Greenway, G.M. Sample manipulation in micro total analytical systems. Trends Analyt. Chem. 2002, 21,
726–740. [CrossRef]

8. Bagherabadi, K.M.; Sani, M.; Saidi, M.S. Enhancing active electro-kinetic micro-mixer efficiency by introducing vertical electrodes
and modifying chamber aspect ratio. Chem. Eng. Process. 2019, 142, 107560. [CrossRef]

9. Satoh, W.; Shimizu, Y.; Kaneto, T.; Suzuki, H. On-chip microfluidic transport and bio/chemical sensing based on electrochemical
bubble formation. Sens. Actuators B Chem. 2007, 123, 1153–1160. [CrossRef]

10. Erickson, D.; Li, D. Integrated microfluidic devices. Anal. Chim. Acta 2004, 507, 11–26. [CrossRef]
11. Prakash, B.; Singh, A.; Katoch, V.; Sharma, M.; Panda, J.J.; Sharma, J.; Ganguli, A.K. Flow synthesis and in-channel photocatalysis of

antimicrobially active ZnS quantum dots using an efficient planar PMMA microreactor. Nano Express. 2020, 1, 030030. [CrossRef]
12. Nakashima, Y.; Hata, S.; Yasuda, T. Blood plasma separation and extraction from a minute amount of blood using dielectrophoretic

and capillary forces. Sens. Actuators B Chem. 2010, 145, 561–569. [CrossRef]
13. Nagai, M.; Kato, K.; Shibata, T. Underwater motion of hydrogel microstructure by optofluidic lithography studied with gap

control and object holding platform. Microelectron. Eng. 2016, 164, 108–114. [CrossRef]
14. Arrazola, P.J.; Rech, J.; M’Saoubi, R.; Axinte, D. Broaching: Cutting tools and machine tools for manufacturing high quality

features in components. CIRP Ann. 2020, 69, 554–577. [CrossRef]
15. Yang, B.; Zhang, G.; Ran, Y.; Yu, H. Kinematic modeling and machining precision analysis of multi-axis CNC machine tools based

on screw theory. Mech. Mach. Theory 2019, 140, 538–552. [CrossRef]
16. Khamar, P.; Prakash, S. Investigation of dimensional accuracy in CO2 laser cutting of PMMA. Mater. Today Proc. 2020, 28,

2381–2386. [CrossRef]
17. Matsuura, T.; Chabloz, M.; Jiao, J.; Yoshida, Y.; Tsutsumi, K. A method to evade silicon backside damage in deep reactive ion

etching for anodically bonded glass–silicon structures. Sens. Actuators A Phys. 2001, 89, 71–75. [CrossRef]
18. Miki, N.; Teo, C.J.; Ho, L.C.; Zhang, X. Enhancement of rotordynamic performance of high-speed micro-rotors for power MEMS

applications by precision deep reactive ion etching. Sens. Actuators A Phys. 2003, 104, 263–267. [CrossRef]
19. Waits, C.M.; Morgan, B.; Kastantin, M.; Ghodssi, R. Microfabrication of 3D silicon MEMS structures using gray-scale lithography

and deep reactive ion etching. Sens. Actuators A Phys. 2005, 119, 245–253. [CrossRef]
20. Le, N.N.; Huynh, K.K.; Phan, T.C.H.; Dang, T.M.D.; Dang, M.C. Fabrication of 25µm-filter microfluidic chip on silicon substrate.

Adv. Nat. Sci. Nanosci. Nanotechnol. 2017, 8, 015003. [CrossRef]
21. Lou, J.; Shrotriya, P.; Allameh, S.; Buchheit, T.; Soboyejo, W.O. Strain gradient plasticity length scale parameters for LIGA Ni

MEMs thin films. Mater. Sci. Eng. A 2006, 441, 299–307. [CrossRef]
22. Zhu, X.; Liu, G.; Xiong, Y.; Guo, Y.; Tian, Y. Fabrication of PMMA microchip of capillary electrophoresis by optimized UV-LIGA

process. J. Phys. Conf. Ser. 2006, 34, 875–879. [CrossRef]
23. Malek, C.K.; Saile, V. Applications of LIGA technology to precision manufacturing of high-aspect-ratio micro-components and

-systems: A review. Microelectron. J. 2004, 35, 131–143. [CrossRef]
24. Ma, Y.; Liu, W.; Liu, C. Research on the process of fabricating a multi-layer metal micro-structure based on UV-LIGA overlay

technology. Nanotechnol. Prec. Eng. 2019, 2, 83–88. [CrossRef]
25. McGeough, J.A.; Leu, M.C.; Rajurkar, K.P.; De Silva, A.K.M.; Liu, Q. Electroforming process and application to micro/macro

manufacturing. CIRP Ann. 2001, 50, 499–514. [CrossRef]
26. Chen, X.; Wei, X.; Jiang, K. Fabrication of large-area nickel nanobump arrays. Microelectron. Eng. 2009, 86, 871–873. [CrossRef]
27. Chen, X.; Liu, L.; He, J.; Zuo, F.; Guo, Z. Fabrication of a metal micro mold by using pulse micro electroforming. Micromachines

2008, 9, 203. [CrossRef]
28. Clausi, D.; Gradin, H.; Braun, S.; Peirs, J.; Stemme, G.; Reynaerts, D.; van der Wijngaart, W. Robust actuation of silicon MEMS

using SMA wires integrated at wafer-level by nickel electroplating. Sens. Actuator A Phys. 2013, 189, 108–116. [CrossRef]
29. Hou, J.; Zhang, H.; Zhang, N.; Fang, F. Characterization of manufacturability of microstructures for micro-injection moulding of

micro devices using star patterns. J. Micromech. Microeng. 2020, 30, 025001. [CrossRef]
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