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ABSTRACT The manufacturing process of planar microsprings by the UV-LIGA process was introduced;
the mechanism of fabrication error was analyzed from three process stages of exposure, SU-8 swelling, and
corrosion; and the corresponding improvement measures were proposed. The line width of two groups of
microsprings after the exposure, SU-8 swelling, and debonding was measured, and the elastic coefficients
in three coordinate directions were accurately measured. The results show that the factors that affect the
line width error are stable. The effects of the exposure diffraction, swelling of SU-8 glue, and debonding
corrosion process on the line width size follow the order: corrosion error> swelling error> exposure error.
When the line width is small, the aspect ratio of the microspring is large, and the direction of machining
error is generally negative. The relative error of the elastic coefficient of microsprings in three coordinate
directions is larger. The influence rule of the line width error on the elastic coefficient follows the order:
kerrory > kerrorx > kerrorz.

INDEX TERMS UV-LIGA process, microsprings, fabrication error, elastic coefficient, error compensation.

I. INTRODUCTION
With the rapid development of MEMS technology, more
attention has been paid to the application of MEMS devices
in micromechanical structures [1], [2]. Planar microspring is
a typical MEMS device, whose elasticity in three coordinate
directions is essential and is widely used in carbon nanotubes,
micro-inertial switches, micro-accelerometers, microgyro-
scopes, and other materials and devices [3]–[9]. The S-shaped
microspring is a commonly used plane microspring, and
the elastic coefficient is an important parameter that affects
its mechanical properties [10] The elastic coefficient of
microsprings is determined by the shape, structure, size, and
material, and the structural parameter analysis of the spring
indicates that the linewidth is the main factor that affects
its elastic coefficient [11], [12]. The fabrication error dur-
ing microsprings preparation, especially the line width error,
affects the elastic coefficient of the microsprings. Specifi-
cally, when the error is large, the actual value may be far
from the design value, which leads to a greater change in the
mechanical properties of microsprings or even failure of its
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function. Because mechanical properties are limited by fac-
tors such as scale effects and microprocessing techniques on
the microscale [13], [14], it is difficult to accurately measure
the elasticity coefficient of S-shaped microsprings. Currently,
most researchers use many weights to calibrate by grade [15],
and a Tytron 250 microtension testing machine [16], [17] is
used to obtain the microspring elastic coefficient, which has
the disadvantages of not accurately centering the sample, not
directly measuring the elastic coefficient, long test time, low
measuring efficiency, and measuring only the longitudinal
elastic coefficient. Therefore, previous literature on the effect
of microsprings fabrication error on the elastic coefficient is
mainly concentrated on theoretical calculations. Li et al. [18]
designed and manufactured an S-shaped nickel microspring
by the LIGA process, deduced the calculation formula of
its elastic coefficient in three coordinate directions, analyzed
the effect of the fabrication error of each structural param-
eter of the microspring on its mechanical properties, and
pointed out that the linewidth error considerably affects its
mechanical properties. Shao et al. [19] performed an accurate
measurement of the linewidths of two groups of different
microsprings processed by the LIGA process, calculated the
longitudinal elastic coefficients by theoretical formulas, and
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FIGURE 1. Flow chart of the microsprings preparation process.

analyzed the effect of linewidth error on longitudinal elastic
coefficients. Deng et al. [20] measured the microspring size
and response threshold of a MEMS inertial universal switch
with flexible electrodes, analyzed the effect of processing
error on the switch response threshold, and concluded that the
microspring line width error was the main factor that affected
the switch response threshold.

In this paper, the linewidth of two groups of microsprings
made by the UV-LIGA process was measured. The influ-
ence of diffraction effect, swelling effect of the SU-8 glue
and debonding corrosion process on the linewidth size was
studied, and the influence of linewidth error on the elastic
coefficient of microsprings in three coordinate directions
was analyzed using the self-designed testing system of the
elastic coefficient of microsprings to optimize the design
and improve the process, to ensure the consistency of the
actual mechanical properties of microsprings with the design
requirements to the greatest extent, and to facilitate the mass
standardized production of microsprings.

II. PREPARATION OF PLANAR MICROSPRINGS
Planar microsprings were prepared by the UV-LIGA process,
which is a quasi-LIGA process that is based on the SU-8 glue.
It uses ultraviolet lithography instead of synchrotron radia-
tion X-ray lithography, which greatly reduces the processing
cost and shortens the processing cycle [21]. Fig. 1 shows
the process flow diagram of the metal nickel microsprings
preparation, and its detailed process flow is as follows.

(1) Substrate pretreatment: The substrate is a silicon wafer,
and the sacrificial layer is metal titanium. Titanium is sput-
tered on the silicon wafer and oxidized to increase the adhe-
sion of the SU-8 glue to the silicon wafer. The substrate is
grinded and polished by a grinding and polishing machine.

Then, the substrate is immersed in acetone and ethanol solu-
tions and cleaned by an ultrasonic cleaning machine. Finally,
the substrate is washed with deionized water and dried in an
oven.

(2) Spin-on PR Coating: The SU-8 glue (SU-8 2025),
which is used during the preparation of microsprings, is pro-
duced by the MicroChem Company in the United States, and
it was deposited at the center of the substrate. Because the
viscosity of the SU-8 glue is high, a glue spinning machine
made by the Karl Suss company in Germany was used,
and the glue spinning method of gradual acceleration was
adopted. The initial speed of glue spinning was 300 r/min,
and it was increased to 650 r/min in 5 s after maintaining
this speed for 10 s. Then, the speed was decreased nat-
urally in 15 s to allow the SU-8 glue to evenly coat the
substrate. Then, the SU-8 glue and the substrate were allowed
to rest for approximately 30 s to weaken the ‘‘edge bead
effect’’ [22], which appears during the spin-on PR coating
process.

(3)Photoresist Prebake: The substrate with the SU-8 glue
was put into a program-controlled oven for photoresist pre-
bake. To achieve the desired effect, a stepwise heating
approach was adopted. First, the temperature was adjusted
to 65◦C for prebaking for 30 min. Then, the temperature
was increased to 85◦C to dry the glue for 60 min to con-
trol the volatilization rate of the solution and improve the
binding force of the SU-8 glue and the substrate. Finally, the
SU-8 glue and the substrate were removed and allowed to
cool to room temperature.

(4) Exposure: The SU-8 film, which was formed after
the photoresist prebake, was exposed through a mask plate
using a SUSS UV lithography machine at an exposure dose
of 450 mJ/cm2 and an exposure time of 45 s.
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(5) Postbaking: The SU-8 glue needs to be postbaked after
the exposure. Specifically, the SU-8 glue film is placed on
a hot plate for baking; the temperature is set to 85◦C for
2 min 30 s; then, the hot plate is closed to cool the SU-8 glue.

(6) Development: The SU-8 glue, which was cooled to
room temperature, was immersed into a special developing
solution and slightly stirred for 2∼4 min. The residual devel-
oper solution and the glue film residue on the SU-8 glue
were washed with an ethanol solution, rinsed with an ethanol
solution, rinsed again with deionized water, and finally dried
with a nitrogen gas gun.

(7) Electroforming: The anode of a precision electroform-
ing machine is made of a high purity nickel plate, and the
electroforming solution is made of a nickel sulfamate solution
with a specific composition. The process conditions were as
follows: the voltage was 5 V, the temperature was 50◦C, and
the electroforming time was 4 h.

(8) Grinding: The metal surface after electroforming is not
uniform. Sand paper with a large particle size was used to
grind the casting layer, remove the surface defects of the
casting layer, and ensure the uniform height of the casting
layer. The casting coating was ground using a coarse-grained
sandpaper to remove the surface defects of the casting coating
while ensuring the uniform height of the casting coating.
Then, the casting coating was wiped clean with an alcohol
cotton ball, and after baking rinsed with deionized water.

(9) Debonding and sacrificial layer: The finished structure
was put into a boiling inorganic acid, and the SU-8 glue
and titanium sacrificial layer were dissolved. The structure
was taken out and washed with deionized water to obtain the
desired metal microsprings.

III. ERROR MECHANISM AND IMPROVEMENT
MEASURES
Due to the limitations of the UV-LIGA process, the errors in
microsprings are inevitable [23], which are primarily derived
from three stages of the UV-LIGA process: ‘‘diffraction
effect’’ [24] and ‘‘edge bead effect’’ [22] during the expo-
sure, swelling of the SU-8 glue during the development and
electroforming [25], and the debonding corrosion process.

A. EXPOSURE ERROR
In addition, due to contact exposure, there is an ‘‘edge bead
effect’’ [22] during the spin-on PR coating process, and the
thickness of the glue film in the middle area is smaller than
that at the edge, which results in a certain gap between the
mask plate and the SU-8 glue surface in the middle area, and
the gap gradually increases along the thickness direction of
the SU-8 glue. This phenomenon causes contact exposure to
become a close exposure with a certain gap, which results
in a certain dimensional error. The inclination angle of the
sidewall of the SU-8 glue during the exposure process is the
third factor that causes the exposure error. There is no linear
relationship between the variation of the SU-8 glue linewidth
and exposure time [26], and the variation of linewidth is
different at the top and bottom due to different exposures.

Because the amount of light at the bottom is less than that at
the top, the bottom SU-8 glue polymerizes less than that at the
top, which results in a bottom line width that is smaller than
the top line width [27]. Fig. 2 shows the difference between
the actual imaging size of the SU-8 glue and the mask pattern
size after the exposure. In the figure, B0 is the characteristic
width of the mask plate graphic, a is the top linewidth offset
of the SU-8 glue, b is the bottom linewidth offset, G is the
gap between the mask plate and the surface of the SU-8 glue,
H is the thickness of the SU-8 glue, and α is the sidewall
inclination.

FIGURE 2. Schematic diagram of the actual imaging size and mask
pattern size after the exposure.

1) IMPROVEMENT MEASURES
(1) It is essential to select a suitable organic material (e.g.,
glycerin) to fill between the mask plate and the SU-8 glue to
reduce the gap between the mask and the SU-8 glue [28];

(2) The sidewall inclination angle of the SU-8 glue is
increased using multiple oblique exposures or back expo-
sures [29];

(3) A hard contact exposure mode is adopted.

B. SU-8 SWELLING ERROR
During development and electroforming, the solution
molecules penetrated into the SU-8 glue to change the struc-
ture size, which is called swelling of the SU-8 glue [25]. The
swelling error is mainly caused by the inclination angle of the
sidewall. The inclination angle occurs because the exposure
amount at the top and bottom of the SU-8 glue is differ-
ent during the exposure process, and the polymer structure
produced by the bottom polymerization is looser than that
at the top, which is easier to swell during the subsequent
development and electroforming process. However, because
the bottom of the SU-8 film is constrained by the sacrificial
layer, the offset at the junction of sacrificial layer is 0 during
swelling, which leads to the linewidth at the bottom of the
SU-8 film to be smaller than that at the top, and the casting
layer exhibits a trapezoidal structure with narrow upper and
wide lower boundaries. Fig. 3 is a schematic diagram of the
swelling of the SU-8 glue, in which B0 is the characteristic
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FIGURE 3. Schematic diagram of SU-8 swelling.

width of the mask plate pattern, B1 is the design line width of
the SU-8 film, B2 is the actual width of the top of the adhesive
film channel after development, B3 is the actual width of the
top of the adhesive film after development, and b is the actual
width of the top of the casting layer after electroforming;
δ1 = B3 − B1 is the size error of the adhesive film during
development, δ2 = B2 − b is the dimensional error of the
adhesive film during electroforming, δ = B0 − b is the size
error of microsprings after electroforming.

1) IMPROVEMENT MEASURES
(1)It is essential to reduce the electroforming tempera-
ture to reduce the thermal expansion of the SU-8 adhesive
film [30];

(2)Ultrasonic treatment is introduced during the develop-
ment and electroforming process, and the strong mechanical
action of ultrasonic waves is used to break the chemical
bonds in the molecular chain of the SU-8 glue; the free
volume in the glue is reduced, and the solution is not easy
to diffuse in the glue, which reduces the swelling of the
glue [31];

(3)An isolation channel is arranged around the electro-
forming structure to prevent the influence of the swelling of
the peripheral large area SU-8 glue [32].

C. CORROSION ERROR
Due to the excellent thermal and chemical stability of the
SU-8 glue, the postbaked SU-8 glue forms a dense cross-
linking network. This cross-linking network is highly resis-
tant to solvents and acid-base solutions and resists expansion,
which makes the removal of the SU-8 glue very difficult. [33]
In this paper, the inorganic acid corrosion method is used
to remove the SU-8 glue. Although metal nickel possesses
strong corrosion resistance to strong acids, inorganic acids
still cause a certain corrosion to the structure of microsprings,
which results in dimensional error.

1) IMPROVEMENT MEASURES
It is essential to introduce the method of dimensional
error compensation and determine the compensation amount

according to the experimental and empirical values during
processing. In addition, the mask line width of microsprings
needs to be appropriately added.

IV. ERROR MEASUREMENT AND ANALYSIS
A. SAMPLE PREPARATION
Microspring consists of n units with identical structures, each
of which is shown in Fig. 4, with B being the line width
of the spring. Fig. 5 shows an intelligent digital automatic
stereoscopic microscope. It can be used to measure the size
of each microspring unit. Two groups of nickel microsprings
prepared by theUV-LIGAprocess were analyzed,marked # 1
and # 2. The design values of line widths of the two groups
are 10 µm and 40 µm respectively. The design value of the
aspect ratio is 8, and the number of spring segments is 12.
The EMS photographs are shown in Fig. 6.

FIGURE 4. Unit model of microsprings.

FIGURE 5. Intelligent digital automatic stereoscopic microscope.

B. MEASUREMENT RESULTS
Each group of springs requires 50 measuring line widths and
uses the average value of the measured values as the line
width of the spring to be measured. Fig. 7 is the line width
measurement result of the microspring preparation process.
Fig. 8 is the aspect ratio of the two groups of microsprings
before debonding corrosion; Table 1 is the line width error
range calculated according to the measurement result. The
measurement results show that the corrosion error has the
greatest influence on the line width during the preparation of
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FIGURE 6. EMS photograph of microsprings. (a) #1 group; (b) #2 group.

TABLE 1. Range of the line width error.

themicrospring, and the exposure error has the least influence
on the line width. The aspect ratio of group # 1 before debond-
ing is greater than that of group # 2. Negative deviation occurs
during debonding corrosion, and the measured value of line
width after debonding is less than the design value. Because
the line width of group # 1 is smaller and the aspect ratio is
larger, the time spent in the depth direction is longer than that
in the line width direction when debonding, and the size of
the line width part is excessively corroded, which leads to the
deviation with a consistent trend.

C. ERROR ANALYSIS
Table 2 shows the main dimensions of the line width mea-
surement. Table 2 shows that the measured values of the
two groups of microsprings fall within the tolerance range,
which satisfies the ‘‘3σ criterion’’ [34]. Fig. 9 is the his-
togram of the line width measurement values and the fitted
normal distribution curve. It can be seen from the figure that
most of the measurement values are concentrated near the
average value; the data consistency is good and close to the
normal distribution, which indicates that the factors that affect

TABLE 2. Main dimensions of the line width measurements.

FIGURE 7. Line width measurement of microsprings. (a) #1 group;
(b) #2 group.

FIGURE 8. Aspect ratio before debonding.

the line width fabrication error during the process of spring
preparation are stable, and the error can be reduced by error
compensation.
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FIGURE 9. Histogram and normal fitting curve of the linewidth
measurement. (a) #1 group; (b) #2 group.

FIGURE 10. A picture of the micro-spring testing system.

V. ELASTIC COEFFICIENT TEST
To solve the problem that the effect of fabrication error
on the elastic coefficient is difficult to detect online,

FIGURE 11. Comparison of relative errors of elastic coefficients.
(a) y direction; (b) x direction; (c) z direction.

Fig. 10 shows the self-designed microspring testing system
of elastic coefficients [35] that can achieve automatic leveling
of microsprings and fundamentally remove uncertainties that
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TABLE 3. Elastic coefficient design value.

are caused by the failure to accurately center sample pieces
in the current testing system. The accurate testing of elastic
coefficients in the x, y, and z directions of the microspring
can be realized by automating electric microdisplacement
tables via the main control computer, and the defects that
are present in the existing method for obtaining the elastic
coefficient of microsprings are overcome. Table 3 shows the
design values of the elastic coefficients of two groups of
microsprings. The elastic coefficients of the two groups in the
x, y, and z directions are tested using the test system shown
in Fig. 10. This paper only considers the test in the linear
range of the microsprings and plots the relative error values
between the test results of each group and the original design
values as shown in Figs. 11 (a) ∼ (c). These figures show
that the variation range of the x, y, and z directions of the
#1 group microsprings is larger than that of the #2 group,
which indicates that the relative error of the elastic coefficient
of the #1 group microsprings is relatively large. In addition,
it is observed that the variation amplitude of the y direction
relative error curves of the two groups is larger than that of
the x and z directions, which shows that the linewidth error
has the greatest effect on the y direction elastic coefficient of
microsprings.

VI. CONCLUSION
In this paper, the line widths of two groups of microsprings
prepared by the UV-LIGA process were measured, and the
elastic coefficients of three coordinate directions were accu-
rately measured.

(1) The factors that affect the line width error during the
process of microspring fabrication are stable. The effects
of the exposure diffraction effect, swelling effect of the
SU-8 glue, and the debonding corrosion process on the line
width size follow the order: corrosion error > swelling error
> exposure error.

(2) Under the same processing method and test conditions,
a microspring with a smaller line width has a larger aspect
ratio, and its processing error direction is generally negative.
Thus, the positive deviation processing method can compen-
sate for the error during the actual process.

(3) The relative error of the elastic coefficient of
microsprings with a smaller line width is larger in three
coordinate directions. The effect of the line width fabrication
error on the elastic coefficient follows the order: kerrory >
kerrorx > kerrorz.
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