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	 Microgears made of Ni–W alloy that are expected to have high strength and ductility, i.e., 
high durability, were successfully fabricated by using the LIGA process with synchrotron 
radiation. Ni–W electrodeposited alloys have a Vickers hardness of about HV 600 and a tensile 
strength of about 2000 MPa or above for a sample thickness of up to about 20 μm. However, they 
lose their excellent mechanical properties with increasing sample thickness. For this reason, 
Ni–W electrodeposited alloys have not yet been used in the LIGA process for the fabrication of 
microcomponents. We consider that the decrease in strength is due to the increased electric 
resistance of the Ni–W film during electrodeposition. To solve this problem, we developed a new 
process in which a copper reversing mold is fabricated in the first step, then Ni–W alloy is 
electrodeposited on the copper reversing mold to prevent the electric resistance from increasing 
in the second step as the mold forming process. Using this process, microgears with reference 
diameters from 1000 to 80 µm were fabricated with high dimensional accuracy.

1.	 Introduction

	 Microturbines are an important component of microfluidic systems. Microgears have similar 
shapes to microturbines and are required to meet the increasing demand for ultrasmall motors in 
various fields, especially the medical field. Both microturbines and microgears are required to 
have high dimensional accuracy and durability, but it is difficult to achieve high dimensional 
accuracy on the order of microns for metals in conventional machining. For example, the 
minimum reference diameter of gears in practical use is about 300 μm, and it is difficult to 
fabricate high-precision gears with a reference diameter of less than 300 μm.(1)

	 On the other hand, the LIGA (an acronym for Lithographie, Galvanoformung und Abformung 
in German) process(2, Note 1) using synchrotron radiation can be used to fabricate metallic 
components with high aspect ratio and submicron-level dimensional accuracy. However, in the 
electroplating step of the LIGA process, only soft metals such as Ni and Cu can be deposited, 
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and therefore it has been difficult to fabricate metallic microparts with high hardness and 
durability. For example, Ni-Co electrodeposited alloy is a hard material with a Vickers hardness 
of HV 400, but a long time is generally required to deposit a thick layer of hard alloy plating 
owing to the low electrodeposition speed, and the layer may peel off from the substrate owing to 
residual stress.
	 In this study, the Ni–W electrodeposited alloy(3–14) developed by Yamasaki and others, which 
showed high strength and ductility, has been applied to the LIGA process using synchrotron 
radiation to fabricate high-precision microgears with high durability. Ni–W electrodeposited 
alloys have nanocrystalline/amorphous composite structures with high plastic deformability 
despite their high strength. However, electrodeposited films of these alloys exhibit severe 
brittleness with increasing thickness. To solve this problem, we have developed a new process of 
double plating using a copper reversing mold. As a result, we succeeded in fabricating 
microgears made of Ni–W electrodeposited alloy with high plastic durability, and we evaluated 
their shape accuracy.

Note 1: The LIGA process was developed at Karlsruhe Nuclear Research Center (now Karlsruhe Institute of 
Technology) in Germany in the 1970s to fabricate micro-metallic mechanical parts, which are the components of 
micromechanisms. The LIGA process consists of three steps: lithography (Lithographie), electroplating 
(Galvanoformung), and molding (Abformung). After the fabrication of a polymer (resist) microstructure by 
lithography, a mold is fabricated by electroplating. In the molding process, various materials such as resins, metals, 
and ceramics are processed to replicate the microstructures of the mold. This technology attracted worldwide 
attention in the 1990s as a completely new microfabrication technique. However, this technique is not yet in 
widespread use owing to the lack of electrodeposited alloys with sufficient strength to be used as metal microparts.

2.	 Materials and Methods

2.1	 Double electroplating in LIGA process

	 In this study, the Ni–W alloy having about 17 at.% W with a Vickers hardness of about HV 
600 and a tensile strength of about 2500 MPa was used as the electrodeposited alloy in the LIGA 
process. When the Ni–W alloy was directly deposited on an electrically insulating resist 
microstructure fabricated by lithography, the deposited alloy retained its high strength and 
ductility up to a thickness of about 20 µm. However, when the thickness exceeded 20 µm, the 
strength decreased owing to embrittlement. This may be due to the increase in electric resistance 
during electrodeposition, i.e., the electric current flowed only from the Cu substrate (resistance 
of Cu ~1.68 × 10−8 Ω·m) and the electric resistance increased with the thickness of the 
electrodeposited Ni–W alloy (resistance of Ni–W ~7 × 10−7 Ω·m).
	 Thus, we developed a new process. As shown in Fig. 1, a metal reversing mold was made by 
electroforming copper sulfate in the first electroforming process, and then Ni–W electroforming 
was performed as the second electroforming process in mold forming. In this process, because 
the current can flow not only through the substrate but also through the copper reversing mold, 
the increase in resistance can be prevented. We expected that high-strength Ni–W layers would 
be formed on the substrate and sidewall surfaces of a structure in the initial stage of 
electrodeposition, enabling the fabrication of high-strength microgears.
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	 Figure 2 shows the results of tensile tests of micro-tensile specimens with a thickness of 60 
µm produced by double electroforming, compared with those of specimens obtained by 
conventional direct electroforming. As shown in Fig. 2, the nominal tensile strength of the 
directly deposited Ni-19 at.% W alloy is about 1600 MPa, while that of the alloy fabricated by the 
new process shown in Fig. 1 is about 2200 MPa. The ductility of the alloy fabricated by double 
electroforming was higher than that of the alloy fabricated by conventional direct electroforming, 
and its strain was about twice as high. From these results, it was confirmed that the deposition of 
Ni–W on a copper reversing mold is effective for obtaining a film of about 20 µm thickness 
without any deterioration of its strength and ductility.(8)

2.2	 Deep X-ray lithography

	 X-ray exposure for resist processing was performed at the LIGA beamline (BL11) of the New 
SUBARU synchrotron radiation facility of the University of Hyogo. The electron storage energy 
of New SUBARU is 1 GeV, the storage current is 300 mA, and X-rays of 2 to 6 keV are 
supplied.(15)

	 The X-ray mask was a self-made membrane mask with Au as a light-shielding material. 
Resist processing was attempted with various gear patterns. Microgear inversion patterns were 
fabricated with four different numbers of gear teeth (12, 14, 17, and 24), twelve different 
reference diameters (80 to 1000 μm), and two pressure angles (20 and 25°). The addendum 
modification coefficient was 0, 0.05, 0.1, or 0.35. SU-8 2100 (Nippon Kayaku Co., Ltd.) was used 

Fig. 1.	 (Color) Flowchart of production process of 
microgears.

Fig. 2.	 (Color) Stress–strain curves obtained by 
tensile testing of micro-tensile specimens fabricated 
by di rect resist elect rofor ming and double 
electroforming.
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as the resist and applied to a brass substrate (YAMAMOTO-MS Co., Ltd.) with a thickness of 
about 100 μm using a spin coater. After the coating, the resist was preheated using a hot plate at 
60 °C for 5 min, then at 75 °C for 2 h. A Kapton film (Du Pont-Toray Co., Ltd.) was sandwiched 
between the X-ray mask and the resist, and contact lithography was carried out. The resist 
sample was scanned at a speed of v = 5 mm/s during X-ray exposure to standardize the exposure 
intensity. The X-ray dose was set to 15 J/cm².
	 After the exposure, the resist was postheated at 60 °C for 5 min and at 75 °C for 2 h. Next, the 
resist was immersed in SU-8 developer (Nippon Kayaku) to induce its reaction and produce the 
structure. Since SU-8 is a negative photoresist, the exposed area does not react and remains 
unchanged.

2.3	 First electroforming process

	 Copper sulfate was electrodeposited on the resist microgear structure formed by X-ray 
lithography as a primary electroforming process. A copper reversing mold with a thickness of 
about 60 μm was fabricated in this electrodeposition. To prevent its surface oxidation, the copper 
reversing mold was immersed in a discoloration inhibitor (Top Rinse CU-5, Okuno Chemical 
Industries Co., Ltd.) for 2 min, washed with water, and then quickly dried with a dryer. After 
that, the resist remaining on the mold was dissolved and removed using a remover. First, the 
substrate was immersed in Remover PG (Nippon Kayaku) at 70 °C for 2 h to swell the resist and 
then washed with water. Next, the resist was stripped in a 1:1 mixture of Remover K (Parts A 
and B) (Nippon Kayaku) at 70 °C for 1 h and rinsed twice. Finally, it was neutralized with 
Neutralizer K (Nippon Kayaku) and rinsed with water and dried with ethanol.

2.4	 Second electroforming (replication) process

	 Microgears were fabricated by Ni–W electrodeposition on a copper reversing mold as a 
secondary electroforming process. The plating solution was a mixture of nickel sulfate and 
sodium tungstate, with citric acid and ammonium sulfate added as complexing agents. An Ir-Ta 
mesh was used as an anode plate on the resist-removed brass substrate.(4,7) In addition, the 
brushing technique proposed by Nakayama and coworkers. was applied, which can suppress the 
generation of voids and pits due to hydrogen bubbles.(4,8) The plating time was adjusted so that 
the film thickness was approximately 100 µm. The electrodeposited Ni–W microgears were 
immersed in HNO3 solution to separate them from the brass substrate and the copper reversing 
mold.(4)

3.	 Reproducibility

	 Scanning electron microscopy (SEM; VE-7800, Keyence Corporation) was used to observe 
the fabricated Ni–W alloy microgears. The acceleration voltage was 10 kV. Figure 3 shows SEM 
images of microgears having diameters of 1000, 500, 300, and 80 μm. These images show that 
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microgears with a fine metallic luster could be fabricated in accordance with the designed mask 
pattern. Their thicknesses were measured to be about 60 μm.
	 From the SEM images in Figs. 3(a)–3(d), the tooth tip, reference circle, and inner circle 
diameters were measured at three different locations, and their averages were calculated and 
compared with the CAD dimensions to obtain the shape error. The results are shown in Table 1. 
From the results, we conclude that microgears can be fabricated with accuracies of several 
percent by this process.

Table 1
Shape evaluation of Ni–W microgears: (a) φ1000 μm, (b) φ500 μm, (c) φ300 μm, and (d) φ80 μm.

(a) (b) (c) (d)
CAD

dimensions 
(μm)

Average 
value 
(μm)

CAD
dimensions 

(μm)

Average 
value 
(μm)

CAD
dimensions 

(μm)

Average 
value 
(μm)

CAD
dimensions 

(μm)

Average 
value 
(μm)

Tip diameter 1075 1041 583 556 350 340 94 87
Reference diameter 1000 966 500 479 300 291 80 75
Inside diameter 333 322 167 164 100 98 26 24
Shape error (%) 3.3 3.5 2.6 7.1

Fig. 3.	 SEM images of Ni–W microgears: (a) φ1000 μm, (b) φ500 μm, (c) φ300 μm, (d) φ80 μm, and (e) 
enlargement of part of (b).

(a) (b) (c)

(d) (e)



4460	 Sensors and Materials, Vol. 33, No. 12 (2021)

4.	 Summary and Conclusions

	 We succeeded in fabricating microgears made of Ni–W electrodeposited alloy using the 
LIGA process. We developed a new double plating method that involved the production of a 
copper reversing mold. The Ni–W electrodeposited alloy is expected to enable the production of 
highly durable precision microgears with a Vickers hardness of about HV 600 and a tensile 
breaking strength of about 2200 MPa because of its high strength and ductility. The results of 
this study are summarized below.
(1)	Microgears with a maximum reference diameter of 1000 µm and a minimum diameter of 80 
µm were fabricated.
(2)	As in Table 1, the shape error between the design and the fabricated microgears was evaluated 
to be several percent.
	 We are planning to clarify the material properties (composition, crystallite size, and hardness) 
of the gears and conduct dynamic property tests (wear and endurance tests) on interlocked gears 
to demonstrate their use as highly durable microgears. Using the same technology, a highly 
durable microturbine can be realized, which will contribute to further research on microfluidics.
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