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Abstract

This research deals with the development of simple and practical methods for
manufacturing high aspect ratio (height/width) micro parts and three-dimensional
micro parts. The first method is mask-based method in which an image is transferred
to a liquid photopolymer by irradiating a UV laser through a patterned mask. The
irradiated portion of the photopolymer is then solidified and it becomes a high as-
pect ratio polymer structure or mold. In the second and third methods, high aspect
ratio polymer structures are produced using a shaped UV laser beam writing and a
focused UV laser beam writing, respectively. The desired product shape is obtained
by writing along the contour of the product on the surface of a liquid photopolymer.
The written pattern then becomes solid so as to produce a solidified polymer struc-
ture or mold. The fourth, three-dimensional micro part is produced by a focused UV
laser beam writing method. The accuracy of the solidified polymer when using these
methods is examined. The examination is done theoretically and experimentally. The
optimum conditions to produce high aspect ratio micro parts and three-dimensional
micro parts are also verified. Various shapes of micro polymer structures are pro-
duced using these methods.

Keywords: Micro fabrication, Photopolymer, UV laser, High aspect ratio micro
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1. Mask-Based Method

1.1 Introduction

The manufacture of micro mechanical parts has drawn great attention in recent years at both
research and development levels. The manufacturing of micro link and micro sliding mechanisms
was a part of the pioneer research work done at AT&T Bell Laboratories1) and University of Cali-
fornia, Berkeley2). The work was carried out by applying a lithography technique on a semicon-
ductor material. The application of this method led to the manufacture of electro-static motors3)

and various sensors4,5).
The material used to manufacture these micro mechanical parts is silicon, and part thickness

of only a few micrometers are possible. Considering the thickness limitation and alternative mate-
rial properties with further expanded applications, thick metallic micromechanical parts may be
desirable. Several recent processes have been developed to meet these requirements6-24). The most
successful of these processes is the so-called LIGA (Lithograph Galvanoformung und Abformung)
process6-20). In this process, a thick (up to several hundred micrometers) photoresist pattern is made
with X-rays radiation from a synchrotron. Using the pattern as a mold, a high aspect ratio (height/
width) metallic micro mechanical structure is made by an electroforming process. This process is
used to produce various micromachined parts such as separation nozzles12), X-ray masks13) etc. A
variation of the LIGA process using sacrificial layer is the so-called SLIGA (Sacrificial-LIGA)
process which produces flexible or free rotating microstructures7,8,14-16). The application of this
method led to the manufacture of a planar magnetic micromotor15) microturbine7) etc. The process-
ing sequence produce flanks for which the run-out is less than 0.3 µm in 100 µm height. However,
from a practical point of view, synchrotron X-rays pose limitations because of size, expense and
availability constraints.

Several recent studies on three dimensional polymer structures and models describe details of
direct writing and scanning processes24-27). In these methods, two dimensional polymer structures
are made by writing or scanning with a laser beam on the surface of a liquid photopolymer. The
irradiated portion of the liquid photopolymer is then solidified. Three dimensional solidified poly-
mer structures are then attained by stacking the polymer layers on top of one another until the
desired height is reached. Various studies related to these methods have investigated the equipment
and processing steps in more detail. However, micro fabrication and the accuracy of the polymer
structures are not clarified in detail when using writing and scanning methods.

Three distinct methods are used to produce micro structures of various sizes and shapes. The
first method is mask-based method28,29) in which an image is transferred to a liquid photopolymer
by irradiating a UV laser through a patterned mask as shown in Fig. 1-1 (a). The irradiated portion
of the photopolymer is then solidified. Next, upon development, only the solidified portion be-
comes a high aspect ratio micro polymer structure or micro mold. In the second method, high
aspect ratio solidified polymer structures are produced by using direct writing a shaped UV laser
beam30) on the surface of a liquid photopolymer along the contour of the products as shown in Fig.
1-1 (b). In the third method, polymer structures are produced by direct writing using a focused UV
laser beam31) as shown in Fig. 1-1 (c).

In this study, the shapes of the solidified polymer obtained by theoretical calculations are com-
pared with those obtained experimentally. Using the theoretical and experimental results, various
micro polymer structures with reasonably high accuracy are made.

This section examines the accuracy of the solidified photopolymer produced by mask-based
method. The simulation and results of the experiment on the pattern transfer process are described
in detail. The purpose of this section is to manufacture micromachine parts on the order of 0.01–
1.0 mm in size in a relatively simple and economical way, compared to the present press forming.
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1.2 Manufacturing method

Fig. 1-2 shows the manufacturing method employed to produce high aspect ratio
micromechanical parts such as a gear. At first, laser beam is irradiated on the surface of the liquid
photopolymer passing through the mask as shown in (a). At this time the irradiated portion  of the
liquid photopolymer  becomes solid. Next,  upon development, only the solidified portion remains
as shown in (b). After the development, materials such as nickel are electroformed into an electri-
cally conducting substrate shown in (c). Finally, upon removing the solidified photopolymer, the
metallic gear remains as shown in (d). Fig. 1-2 shows a gear-making process. However, depending
on the irradiation, development and electroforming process repetition, a gear shaft assembly could
also be made.

Fig. 1-1 Fabrication methods of micro structures

(a) Mask-based pattern transfer (b) Direct shaped beam writing (c) Direct focused beam writing

Fig. 1-2 Schematic diagram of mask-based method

(a) Irradiation (d) Product(c) Electroforming(b) Development
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1.3 Theoretical analysis of pattern transfer

This section deals with the processes of pattern transfer explained in Fig. 1-2 (a). In order to
produce thick and accurate products, the accuracy of the part dimension and the verticality of the
side wall along the thickness are essential. The main factors affecting the accuracy are diffraction,
absorption and fluorescence. The effect of fluorescence is not significant and is dealt with in Sec-
tion 1.5.1. In this section, the effect of diffraction and absorption on the accuracy of pattern trans-
fer are examined.

Fig. 1-3 shows the theoretical model used to simulate the shape of the solidified polymer. Fig.
1-3 (a) shows the theoretical model used when a beam with uniform intensity is irradiated through
a square mask onto the surface of the liquid polymer. Here Io is the beam intensity, λ the wave-
length, a the length of the square, and h the distance between the mask and the surface of the
polymer. In this experiment, the mask and photopolymer surface distance h is far greater than the
wavelength of the light source. Therefore, Fresnel’s diffraction theory can be applied to calculate
the effect of diffraction. Let the center of the mask be at x=0, y=0 and the depth of the polymer be
along z.  The light intensity after diffraction at Id (x,y,z) can be expressed as follows32,33).

Where,

Fig. 1-3 Theoretical model

(a) Square beam (b) Circular beam
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In these equations Cx,  Sx,  Cy and Sy are Fresnel’s integrals.
When a beam is irradiated through a circular mask with a radius rc,  as shown in Fig. 1-3 (b),

Id can be expressed as follows32,33).

The integrals in equation (1-11) are Fresnel’s integral as expressed in the cylindrical coordi-
nate, and Jo is the 0 order type 1 Bessel function.

The intensity of the diffracted light decreases due to absorption of the light by the photopoly-
mer. Let the absorption coefficient of the photopolymer for the incident light be α. The relation-
ship between the absorption coefficient and light intensity at depth z, denoted as I, can be expressed
as follows:

The irradiated energy per unit area, E, at (x,y,z) having been irradiated for the period of time
t, can be expressed as follows.
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When the irradiated energy E (x,y,z) attains the threshold value Eo, the photopolymer is as-
sumed to solidify. Therefore (x,y,z) satisfying equation (1-14) becomes the shape of the solidified
polymer.

Preliminary test were done to determine the value of α and Eo. When the incident light has the
uniform intensity Io, the depth of solidified photopolymer z, can be expressed as follows34).

The photopolymer surface layer starts to solidify for the period of time to. The value of α, Eo

and to can be obtained from the relationship between the exposure time and the depth of the solidi-
fied photopolymer. These results are illustrated in Fig. 1-4. The values obtained on the basis of the
figure are α = 6.94 × 10–3 (1/µm), to = 1.06 seconds and Eo = 0.34 mJ/mm2.

Fig. 1-5 shows a simulation of the shape of the solidified polymer obtained when using a
mask with the square and circular cross sections shown in (a) and (b), respectively. In these fig-
ures, the solidified polymer is shown upside down for clarity. The simulations show that both the
square and circular patterns form slightly tapered walls, though straight walls are desirable to make
precise molds as shown in Fig. 1-2.

I (x , y , z) =
Eo

t
(1-14)

z = 1
α loge

Io ⋅ t

Eo

= 1
α loge

t
to

(1-15)

Eo = Io ⋅ to (1-16)

Fig. 1-4 Experimental data obtained from the relationship between the exposure time and
depth of the solidified photopolymer

E (x , y , z , t ) = I (x , y , z) ⋅ t (1-13)
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1.4 The effect of the physical parameters

This section examines the effect of the physical parameters such as wavelength λ, absorption
coefficient α, and the mask-polymer distance h, on the accuracy of the solidified polymer layer
obtained when transferring mask patterns. As an example, a mask with a square cross section is
used.

1.4.1 Wavelength, λ
Fig. 1-6 (a), (b) and (c) show results of simulating the shape of the solidified polymer when

the wavelength, λ, of the  irradiated beam is 0.2 × 10–3 µm, 0.325 µm and 10.6 µm for SOR (LIGA
process), He-Cd laser (present research experimental apparatus) and CO2 laser (not practical but
included for reference), respectively. Fig. 1-6 (d) presents a comparison of the cross sections of the
solidified polymer when varying the wavelength, λ. The figure indicates that the wavelength af-
fects the accuracy of the pattern transfer. The production errors of the width  at 100 µm depth are
0.07 µm, 3 µm and 16 µm for  λ = 0.2 × 10–3 µm, 0.325 µm and 10.6 µm, respectively.

1.4.2 Mask-polymer surface distance, h

Fig. 1-7 (a), (b) and (c) show simulations of the shape of the solidified polymer when  the
value of the mask-polymer surface distance, h, is 10 µm, 1000 µm and 100000 µm (not practical
but included  for reference), respectively. Fig. 1-7 (d) presents a  comparison of the cross sections
when varying the mask-polymer surface distance, h. The smaller the mask-polymer surface dis-

(a) Square beam
[a = 500 µm]

(b) Circular beam
[rc = 250 µm]

Fig. 1-5 Simulation of the solidified polymer shape
[Io = 1 mW/mm2, λ = 0.325 µm, h = 10 µm, α = 6.94 × 10–3

(1/µm), t = 10 sec]

(a) λ = 0.2 × 10–3 µm (b) λ = 0.325 µm (c) λ = 10.6 µm (d) Comparison of the
cross sections

Fig. 1-6 Simulation of the solidified polymer shape
[Io = 1 mW/mm2, a = 500 µm, h = 10 µm, α = 6.94 × 10–3 (1/µm), t = 10 sec]
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tance, the higher the accuracy of the pattern transfer. The production  errors of the width at 100 µm
depth are 3 µm, 10 µm and 111 µm for h = 10 µm, 1000 µm and 100000 µm, respectively.

1.4.3 Absorption coefficient, α

Fig. 1-8 (a), (b) and (c) show simulations of the shape of the solidified polymer when the
value of  the absorption coefficient, α, is 6.94 × 10–3 (1/µm), 13.88 × 10–3 (1/µm) and 27.76 × 10–3

(1/µm), respectively. The values correspond to 2 and 4 times the absorption coefficient of the ex-
perimental polymer (6.94 × 10–3 (1/µm)).

Fig. 1-8 (d)  presents a comparison of the cross sections when varying the absorption coeffi-
cient, α. The production errors of the width at 100 µm depth are almost the same for the absorption
coefficients shown in Fig. 1-8 (d). However, the larger the absorption coefficient becomes, the more
irradiating time is necessary so as to achieve the same solidified depth. Therefore the solidified
width becomes greater at the surface of the polymer.  The production errors become 1 µm, 2 µm
and 4 µm for α = 6.94 × 10–3 (1/µm), 13.88 × 10–3 (1/µm), 27.76 × 10–3 (1/µm), respectively, at the
optimum irradiating time.

When the mask-polymer surface distance h = 10 µm, the absorption coefficient α = 6.94 ×
10–3  (1/µm) and the optimum irradiating time t = 2.1 sec, the production error of the width at 100
µm depth are 0.03 µm, 1 µm for λ = 0.2 × 10–3  µm (SOR) and 0.325 µm (UV laser), respectively.

1.4.4 Optimum condition for UV laser and present photopolymer

The light source is a He-Cd Laser (wavelength 325 nm) in this experiment. And the absorp-
tion coefficient of photopolymer used in this experiment is 6.94 × 10–3 (1/µm) described in Sec.
1.3. Fig. 1-9 (a) shows a simulation of the solidified polymer in this condition. In this figure, the

(a) h = 10 µm (b) h = 1000 µm (c) h = 100000 µm (d) Comparison of the
cross sections

Fig. 1-7 Simulation of the solidified polymer shape
[Io = 1 mW/mm2, a = 500 µm, λ = 0.325 µm, α = 6.94 × 10–3 (1/µm), t = 10 sec]

(a) α = 0.694 × 10–3

(1/µm)
(d) Comparison of the

cross sections

Fig. 1-8 Simulation of the solidified polymer shape
[Io = 1 mW/mm2, a = 500 µm, λ= 0.325 µm, h = 10 µm, t = 10 sec]

(b) α = 13.88 × 10–3

(1/µm)
(c) α = 27.76 × 10–3

 (1/µm)
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solidified polymer is shown upside down for clarity. The right of Fig. 1-9 (b) shows a simulation of
the shape of the cross section of the solidified polymer. As can be seen from the figure, as the
irradiation time increases, the depth and width of the solidified polymer increase. The increment in
the width is very small and gradual as compared to the depth of the solidified polymer. The left of
the Fig. 1-9 (b) shows the sidewall of the solidified polymer. In order to readily distinguish the
solidified shape, the x coordinate is magnified to 5 times that of the z coordinate. When the photo-
polymer is solidified at the ideal condition of t = 6.6 seconds and depth of 100 µm, straight edge
pattern transfer accuracy of ±0.5 µm is possible. Hence, for the both sides, the accuracy of pattern
transfer is ±1 µm.

1.5 Experiment on pattern transfer process

1.5.1 Experimental photopolymer

The photopolymer used in this experiment is a product of Asahi Chemical Co., Ltd. The pho-
topolymer material is an unsaturated polyester. The trade name is APR stamp resin (Katadori-20).
This photopolymer is usually used for plate-making in the printing technology. The photopolymer
has a maximum sensitivity at a wavelength of 365 nm.

Fig. 1-10 shows the absorption characteristics of the photopolymer versus the wavelength.
The absorption coefficient of the solid is larger than that of the liquid and the larger the wavelength
the better the transmittance. The irradiating light wavelength 325 nm which is used in this experi-
ment was shown to be transmitted sufficiently in both liquid (before solidification) and solid (after
solidification) photopolymer.

The fluorescence spectral analysis shows that the peak of the fluorescence spectrum is 390
nm and 400 nm before and after solidification, respectively. The intensity of the light due to the
effect of fluorescence is very weak compared to the intensity of the incident light. Therefore, the
effect of the fluorescence is negligible compared to that of diffraction and absorption.

(a) Solidified polymer shape [t = 10 sec] (b) Cross section

Fig. 1-9 Simulation of the shape of the solidified photopolyer
[Io = 0.32 mW/mm2, a = 500 µm,  h = 10 µm]
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1.5.2 Experimental method

Fig. 1-11 shows the schematic layout of the experimental setup. The light source is a He-Cd
Laser (wavelength 325 nm, 10 mW continuous Gaussian beam). This wavelength is close to that
which solidifies the photopolymer. A beam expander is used to produce a broad beam enabling the
central flat portion of the intensity distribution to be used. This broad beam is irradiated onto the
photopolymer surface through a mask.

The liquid photopolymer is uniformly smeared onto the surface of a quartz substrate. After a
holding time of 1 minute the liquid photopolymer settles, after which it is irradiated by the laser
beam. The photopolymer is then developed for 90 seconds using acetone. The solidified photo-
polymer is observed by an optical microscope.

1.6 Comparison of theoretical and experimental results

Fig. 1-12 (a) shows a solidified portion in the liquid polymer. The photograph gives a cross-
sectional view of the solidified shape. Here the beam is irradiated from the upper side. Fig. 1-12
(b) shows the simulated shape. Comparison of the simulation and experimental results reveals simi-
lar shapes. Because the end portion of the polymer is not completely solidified, it is not visible in

Fig. 1-10 The absorption characteristics of the photopolymer versus the wavelength

Fig. 1-11 Schematic layout of the experimental setup
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(a). Fig. 1-12 (c) shows the simulation of the solidified polymer. In this figure the solidified poly-
mer is shown upside down for clarity.

Next, upon development, only the solidified portion remains. Because the end of the polymer
is not completely solidified, the developer dissolves the polymer more easily there; and the edge
shape of the solidified polymer becomes smooth by the surface tension. However, only the solidi-
fied sidewalls are used  in making a high aspect ratio micro-mold as shown in Fig. 1-2. Therefore
the shape of the end of the solidified polymer is not important.

1.7 The manufacturing of high aspect ratio products

The maximum depth of solidification for which we can expect a reasonably high accuracy is
about 100 µm. Beyond this limit the accuracy decreases. However, if a thicker wall is desired, the

Fig. 1-12 Comparison of experimental shapes and simulation of solidifed polymer
[Io = 0.31 mW/mm2, a = 500 µm, λ = 0.325 µm, h = 1000 µm, α = 6.94 × 10–3 (1/µm), t = 7 sec]

(a) Experimental shape (b) Simulation of the cross
section

(c) Simulation of the solidified polymer

Fig. 1-13 Apparatus for stacking procedure
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following procedure is adopted.
Fig. 1-13 shows the apparatus for this procedure. First, the liquid photopolymer is poured into

the process chamber with a depth of 100 µm. The first layer of the solidified photopolymer is then
made by irradiation. Next, the table is moved 100 µm downwards and an equal amount of liquid
film is spread on top of the solidified layer. The second layer is solidified by a second exposure
and so on. After this stacking procedure is completed, the photopolymer is developed. Following
this method, a high aspect ratio of reasonably high accuracy can be obtained.

In order to obtain a 1 µm accuracy at a depth of 1000 µm, the number of polymer layers
required when using λ = 0.2 × 10–3 µm, 0.325 µm and 10.6 µm is 1, 10 and 40 layers, respectively.
The simulations are done using the values of h = 10 µm and α = 6.94 × 10–3 (1/µm). The schematic
diagrams  of simulations of the sidewall produced by the stacking method for various wavelength
are shown in Fig. 1-14.

Fig. 1-15 shows the scanning micrograph of the solidified photopolymer produced by the stack-
ing method. The sidewall profiles of the micro-mold produced by the stacking method are mea-
sured by stylus instrument as shown Fig. 1-16. The left shows the simulation profile and the right
shows the experimental profile.

The smaller the distance h, the smaller the increment in the width of the solidified polymer.
For h = 10 µm, the simulation shows a productive error of 1 µm. An error of 1 µm, however, is
difficult to measure. Therefore a large distance h which results in a larger productive error (mea-
surable) facilitates comparison of the simulation and experimental profile. The distance is thus
kept at h = 1000 µm. The thickness of one layer is 100 µm.

The simulation and experimental profiles of the sidewalls have the surface waviness of 6 µm
and 8 µm, respectively. The sidewall profiles of both simulation and experimental match closely.

Fig. 1-17 shows some example of a photopolymer mold obtained by the stacking method.
Fig. 1-18 (a) and (b) indicate examples of a mold obtained by a single and two alternate masks,
respectively.

Fig. 1-14Schematic diagrams of the simulation of the stacking
method for various wavelengths
[h = 10 µm, α = 6.94 × 10–3 (1/µm)]
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1.8 Conclusions

Based on the theoretical analysis and experimental results of the mask-based method, the fol-
lowing conclusions can be obtained.
(1) The shape and accuracy of the solidified photopolymer are estimated using both Fresnel’s

Fig. 1-15 Scanning micrograph of the solidified photopolymer produced by the stacking method

Fig. 1-16 Sidewall profiles of the micro polymer structure
[Io = 0.32 mW/mm2, a = 500 µm, h = 1000 µm, t = 7 sec]
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diffraction theory and the theoretical considerations reached for the absorption of light.
(2) The effect of the physical parameters on the shape and accuracy of the pattern transfer can be

examined by simulation.
(3) In proximity transfer, for a depth of 100 µm, an accuracy of 0.03 µm and 1 µm can be ex-

pected from simulation using an SOR and UV laser source, respectively.
(4) Using a UV laser and the stacking method, thick and high aspect ratio microstructures with

the sidewall surface waviness of 8 µm can be produced.
(5) According to the theoretical analysis, an accuracy of ±1 µm could be attained when the dis-

tance between the mask and the surface of the photopolymer is 10 µm.

Fig. 1-17 Examples of photopolymer mold obtained by the stacking method
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(a) Photopolymer mold obtained by a single mask

(b) Photopolymer mold obtained by two alternate masks

Fig. 1-18 Examples of photopolymer mold obtained by a single mask and two alternate masks
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2. Writing Method

2.1 Introduction

Several recent studies on three dimensional polymer structures and models describe details of
maskless fabrication processes24-27,30,31,35-37). Writing and scanning methods are maskless direct
beam processes that provide a great deal of flexibility in designing various patterns. This is espe-
cially beneficial when lower production volume is desired. In the scanning method, a focused beam
is manipulated by various deflecting devices such as in galvanometer-type scanners26), polygon
scanners27) and acousto-optical scanners36). The desired product shape is obtained by scanning the
entire area using controlled exposure.

Direct writing along the contour of the product using a shaped beam is another method used37).
In this method, various apertures are employed to shape the beam with the desired contour ob-
tained by moving an X-Y table. In direct writing and scanning processes, when the polymer is
irradiated, only two dimensional structures can be obtained. Three dimensional structures are then
attained by stacking the polymer layers on top of one another until the desired height is reached.

The purpose of this research is to manufacture high aspect ratio precision micro-molds by the
direct writing method. Various studies related to three dimensional microfabrication on polymer
layers using direct writing and scanning methods have investigated the equipment and processing
steps in more detail24-27,36,37). The effects of using various shaped beams on the lateral dimensions
and verticality of the sidewalls when using the scanning and writing methods however, have not
been clarified in detail.

Here we examine the shape of the solidified polymer produced by direct laser writing using
various shaped beams and intensity distributions along commonly used contours. The examination
is done both theoretically and experimentally. The shapes obtained by theoretical calculations are
compared with those obtained experimentally. The intensity distribution of irradiated beams and
the kind of shaped beam which is effective in making combinations of various contours are veri-
fied in detail. Using the theoretical and experimental results, various high aspect ratio micro-molds
and polymer structures with reasonably high accuracy are made.

2.2 Manufacturing method

In this study, the manufacture of polymer structures or models is done by direct writing on the
surface of the polymer which is then developed with a highly selective developer. Fig. 2-1 (a) shows
a schematic diagram of the manufacturing method to produce micromechanical parts such as a
gear by direct laser writing on the surface of a liquid polymer along the gear contour. During this
process, a gear is obtained as shown in (b) by writing on the inner side of the contour. When writ-
ing on the outer side, a mold is obtained as shown in (c). Further mold filling processes produce
products from metals, plastics, and ceramics. The most common of these processes is electroform-
ing, in which nickel or copper material is deposited into a polymer mold.

The dimensional accuracy of the product is determined by the precision of the lateral dimen-
sions and the verticality of the sidewalls along the thickness. The width of the solidified polymer
along the thickness is affected by the shape and intensity distribution of the irradiated beam as
well as diffraction and absorption of light within the polymer28). This paper examines the shape of
the solidified polymer when writing with different beam shapes and intensity distributions along
commonly used contours. The verticality of the sidewalls is examined considering the theories of
diffraction and absorption of light.
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2.3 Analysis of the shape of the solidified polymer

2.3.1 Simulation

The verticality of the sidewalls is examined considering the theories of diffraction and ab-
sorption of light. Beams of uniform intensity having a square and a circular cross section (called
square and circular beams, respectively, hereinafter) and a gaussian beam are used. Consider a
square or circular beam, the light intensity after diffraction through a aperture and absorption in a
photopolymer I at (x,y,z), can be expressed as equation (1-12). For a beam with a gaussian inten-
sity distribution, the light intensity of the beam after absorption in a polymer is expressed as fol-
lows.

Here ro is a gaussian radius and Io is the mean intensity within radius ro.
When writing along a straight line (x-axis) at a constant speed, v, the irradiated energy per

unit area, E, at (x,y,z) can be expressed as follows.

When the irradiated energy E(x,y,z) attains the threshold value Eo,  the polymer is assumed
to solidify. Therefore, the line (y,z) satisfying equation (2-3) becomes the outline of the solidified
polymer.

The outline of the solidified polymer is obtained by substituting equations (1-12) or (2-1) into (2-
3).

Fig. 2-2, 2-3 and 2-4 give simulations of the shape of the solidified polymer when using a

I (r , z) = 2 Io ⋅ exp –
2 r 2

ro
2

⋅ exp (– α ⋅ z) (2-1)

(a) Direct laser writing (b) Polymer structure (c) Mold

Fig. 2-1 Schematic diagram of the manufacturing method

E (x , y , z) = I (x-v t , y , z) dt
– ∞

+ ∞

(2-2)

I (x-v t , y , z) dt
– ∞

+ ∞

= Eo (2-3)
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square, circular, and gaussian beam, respectively. When the laser beam is statically irradiated for
10 seconds, the shape of the solidified polymer becomes that shown in Fig.2-2 (a), 2-3 (a) and 2-4
(a). The beam is irradiated from the bottom side, so the solidified polymer is shown upside down.

When writing along a straight line, the shape of the solidified polymer become that shown in
Fig.2-2 (b), 2-3 (b), and 2-4 (b). Cross sectional views of the solidified polymer are shown in Fig.2-
2 (c), 2-3 (c) and 2-4 (c). The writing speeds 25, 50 and 100 µm/sec are used for the cross sections

(a) Stationary irradiation [t = 10 sec]

(b) Writing along a straight line [v = 50 µm/sec]

(c) Cross sectional view

Fig. 2-3 Simulation of the shape of the solidified
polymer when using a circular  beam
[Io = 1 mW/mm2, rc = 250 µm, h = 10 µm]

(a) Stationary irradiation [t = 10 sec]

(b) Writing along a straight line [v = 50 µm/sec]

(c) Cross sectional view

Fig. 2-2 Simulation of the shape of the solidified
polymer when using a square beam
[Io = 1 mW/mm2, a = 500 µm, h = 10 µm]
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shown. Here the irradiation is from the top side. When the writing speed is changed, the width of
the solidified polymer irradiated by a square and circular beam does not change significantly while
that irradiated by a gaussian beam does. When the writing speed varies from 25 to 100 µm/sec, the
difference in the width measured at the surface is 3 µm and 7 µm for square and circular beam,
respectively. The difference becomes 130 µm when a gaussian beam is used. When making high
aspect ratio products, a constant width of the solidified polymer along the depth is desirable. When
writing at a speed of 25 µm/sec, the difference in the width of the solidified polymer measured at
the surface and at a depth of 200 µm is 4 µm and 6 µm for a square and circular beam, respectively.

(a) Stationary irradiation [t = 10 sec]

(b) Writing along a straight line [v = 50 µm/sec]

(c) Cross sectional view

Fig. 2-4 Simulation of the shape of the solidified polymer when
using a gaussian beam  [Io = 1 mW/mm2, ro = 250  µm]
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The difference, however, becomes 130 µm when a gaussian beam is used. The above analysis indi-
cates that the solidified width with better tolerance can be obtained using a square or circular beam.

2.3.2 Comparison with experimental data

This section describes the experimental parameters and data obtained by examining the cross
sections of the solidified polymer, and a comparison is made between the simulated values and
experimental data.

The light source used in this experiment is a He-Cd laser (wavelength 325 nm). The laser
beam is directed towards the polymer and passes through a beam expander as shown in Fig. 2-5.
This produces a broad beam which facilitates the use of the central flat portion of the gaussian
intensity distribution. This beam then passes through a square or circular aperture and is irradiated
onto the surface of the polymer set horizontally on an X-Y table. Direct writing is then done by
moving the X-Y table controlled by a computer.

Comparison of the theoretical and experimental data can be done at various intervals between
the mask and polymer surface. The smaller the interval h, the smaller the difference in width of the
solidified polymer. For h = 10 µm, the theoretical calculation shows a difference of several mi-
crometers. As a tolerance of several micrometers is difficult to measure, a larger, more easily mea-
surable difference facilitates comparison of the theoretical and experimental values. The interval
between the mask and polymer surface is thus kept at several thousand micrometers.

Fig. 2-6 shows plots of optical measurements taken from cross sections of solidified polymer
compared with the calculated outlines. The sidewalls of the theoretically calculated outlines match
closely those of the experimental plots. The theoretically calculated outline for a square beam shows
a sharp edge at the corner on the bottom of the solidified polymer. The experimental plot, however,
does not have a sharp edge. This is attributed to the developer, which dissolves the bottom edge
easily.

2.4 Profile simulation and experimental results

The shapes of the solidified polymer produced using beams with gaussian and uniform inten-
sity distributions are examined along rectangular and circular profiles.

2.4.1 Rectangular profiles

In order to obtain a solidified polymer of a rectangular profile, the X-Y table moves along a
straight line, stops for a time, ts,  and then moves perpendicularly in a straight line. This section
examines the shape of the solidified polymer that can be obtained in this manner.

Fig. 2-5 Schematic layout of the experimental setup



54 Katsumi Yamaguchi and Takeshi Nakamoto

The shapes of the solidified polymer at the straight line and corner portions are not the same,
due to a longer irradiation time in the inner portion of the corner even when the stationary time
approaches zero. This stationary time is unavoidable in using any apparatus, thus making it neces-
sary to consider the stationary time in determining the shape of the solidified polymer. The corner
shape of the solidified polymer becomes the profile (x,y,z) satisfying equation (2-4).

Where I is the intensity of the light at depth z as described in equation (1-12) or (2-1).
Fig. 2-7 (a), (b) and (c) show the theoretically calculated profiles of the solidified polymer

when the stationary time, ts, is 0, 2.17 and 30 seconds, respectively. The stationary time of the
apparatus used in this experiment is 2.17 seconds.

Fig. 2-8, 2-9 and 2-10 indicate the shape of the solidified polymer made using a square, circu-
lar and gaussian beams, respectively. (a) and (b) show the simulation plot and scanning electron
micro graph of the experimentally obtained solidified polymer, respectively. The shapes are ob-
tained when the stationary time is 2.17 seconds. The shapes of the simulated profiles closely re-
semble those obtained experimentally. There is a difference in depth between the inner and outer
sides of the solidified polymer due to a longer irradiation time on the inner side. When writing
with a square or circular beam, the width of the solidified polymer in the corner increases slightly
while the increment when using a gaussian beam is significant. Fig. 2-11 shows the shape of the
solidified polymer when writing at a high speed and long stationary time. In this case, the differ-
ence in the width of the solidified polymer between the straight line portion and the corner portion
becomes large. When writing with a square or a circular beam, the difference is about 10%. When
writing with a gaussian beam, however, the width in the corner is twice that of the straight line
portion.

The above analysis of the simulation and experimental profiles reveal that a determined so-
lidified polymer with a closer tolerance can be obtained using a beam of uniform intensity.

2.4.2 Circular profiles

When the radius of the arc is R and the writing speed is v, the shape of the solidified polymer
becomes the (x,y,z) profile satisfying equation (2-5).

Fig. 2-12, 2-13 and 2-14 show the shapes of the calculated profiles obtained from equation (2-
5) and the corresponding scanning electron micro graphs of the solidified polymer. When using a
square beam, the width of the solidified polymer varies along the arc as shown in Fig. 2-12. The
difference in the width of the maximum and minimum is 200 µm. The width however, becomes
constant when using a circular beam as shown in Fig. 2-13. The above analysis demonstrates that a
circular beam is effective in producing patterns with circular profiles.

2.5 Products in shaped beam writing

In order to obtain high aspect ratio products, the stacking method described in Sec.1.7 is
adopted. Fig. 2-15 shows the scanning micro graph of high aspect ratio structures produced by the
stacking method. (a) shows the scanning micrograph of a high aspect ratio letter pattern and struc-
ture. (b) was done in order to obtain various thickness and thus produce multidimensional struc-

[I (x-v t , y , z) + I (x , y -v t , z)] dt + I (x , y , z) ts = Eo
0

+ ∞

(2-4)

R
v I (x – R ⋅ cos u , y – R ⋅ sin u , z) du = Eo

– π

+ π

(2-5)
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(a) ts = 0 sec

(b) ts = 2.17 sec

(c) ts = 30 sec

Fig. 2-7 Simulations of the shape of the solidified
polymer when writing using a square
beam along a rectangular profile [Io = 0.53
mW/mm2, a = 500 µm, h = 2000 µm, v =
80 µm/sec]

(a) A square beam [Io = 0.53 mW/mm2, a = 500
µm, h = 4000 µm, v = 40 µm/sec]

Fig. 2-6 Measurements from cross sections of the
solidified polymer and their simulated
outlines

(b) A circular beam [Io = 0.45 mW/mm2, rc = 250
µm, h = 2000 µm, v = 10 µm/sec]

(c) A gaussian beam [Io = 16.0 mW/mm2, ro = 260
µm, v = 480 µm/sec]
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(a) Simulated profile (b) Experimental profile

Fig. 2-8 The shape of the solidified polymer when writing using a square beam along a
rectangular profile [Io = 0.53 mW/mm2, a = 500 µm, h = 2000 µm, v = 80 µm/sec,
ts = 2.17 sec]

(a) Simulated profile (b) Experimental profile

Fig. 2-9 The shape of the solidified polymer when writing using a circular beam along a
rectangular profile [Io = 0.53 mW/mm2, rc = 250 µm, h = 2000 µm, v = 80 µm/sec,
ts = 2.17 sec]

(a) Simulated profile (b) Experimental profile

Fig. 2-10 The shape of the solidified polymer when writing using a gaussian beam along a
rectangular profile [I o = 15.1 mW/mm2, r o = 260 µm, v = 5000 µm/sec,
ts = 2.17 sec]
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(a) A square beam [a = 500 µm, h = 2000 µm]

(b) A circular beam [rc = 250 µm , h = 2000 µm]

(c) A gaussian beam [ro = 250 µm]

Fig. 2-11 Simulation of the solidified polymer when using a high writing speed and
long stationary time [Io = 1 mW/mm2, v = 250  µm/sec, ts = 30 sec]

tures.
Fig. 2-16 (a) shows direct writing on the surface of the polymer along the contour of a gear.

(b) shows when writing on the inner side which is filled with liquid polymer. In this case, a gear
structure is produced. (c) shows when writing on the outer side in which a mold is obtained.
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(a) Simulated profile (b) Experimental profile

Fig. 2-12 The shape of the solidified polymer when writing using a square beam along a circular profile
[Io = 0.53 mW/mm2, a = 500 µm, h = 2000 µm, R = 1000 µm, v = 80 µm/sec]

(a) Simulated profile (b) Experimental profile

Fig. 2-13 The shape of the solidified polymer when writing using a circular beam along a circular profile
[Io = 0.53 mW/mm2, rc = 250 µm, h = 2000 µm, R = 1000 µm, v = 80 µm/sec]

(a) Simulated profile (b) Experimental profile

Fig. 2-14 The shape of the solidified polymer when writing using a gaussian beam along a circular profile
[Io = 0.15 mW/mm2, ro = 260 µm, R = 1000 µm, v = 80 µm/sec]
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(a) High aspect ratio structures

(b) High aspect ratio structures of various thickness

Fig. 2-15 Scanning micrograph of polymer structures produced by direct circular beam writing

2.6 Conclusions

The effect of writing with various shaped beams, intensity distributions, speeds and contours
on the shape of the solidified polymer along the thickness when using direct writing method are
examined. Based on the theoretical analysis and experimental results, the following conclusions
are drawn.
(1) A solidified polymer with a close tolerance can be obtained using a beam with a uniform in-

tensity.
(2) A circular beam is suitable in producing a pattern with combinations of various profiles.
(3) Direct laser writing can be used to produce thick, high aspect ratio microstructures by the

stacking of thin polymer layers produced by overwriting.

3. Direct Focused Beam Writing Method for Producing High Aspect Ratio Micro Part

3.1 Introduction

This section examines the optimum conditions to produce high aspect ratio micro polymer
structures using a direct focused UV laser beam writing on the surface of a liquid photopolymer.
Various studies related to three dimensional microfabrication on polymer layers using direct
writing and scanning methods have investigated the equipment and processing steps in more
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(a) Direct beam writing

(b) Polymer structure

(c) Mold

Fig. 2-16 Gear structure and mold

detail24-27,30,31,35-37). Here the effect of physical parameters such as wavelength of laser beam, focal
length of lens, absorption coefficient and writing speed on the shapes of the solidified polymer are
examined theoretically. Then the results are verified experimentally. Using the theoretical and ex-
perimental results, various micropolymer structures are made with reasonably high accuracy.

3.2 Manufacturing method

The manufacture of polymer structures or molds is done by direct writing using focused UV
laser beam on the surface of a liquid polymer which then becomes solid. Fig. 3-1 (a) shows a
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schematic diagram of the manufacturing method used to produce micro parts with high aspect ra-
tio. Direct laser writing along the contour produces a micro gear as shown in (b). When writing on
the outer side of the contour, a mold is obtained as shown in (c). Further mold filling processes
yield products of metals, plastics, and ceramics. The most common process is electroforming, in
which nickel or copper material is deposited into a polymer mold.

The dimensional accuracy of the product is determined by the precision of the lateral and
vertical dimensions along the thickness. The width of the solidified polymer along the thickness is
affected by the shape and intensity distribution of the irradiated beam, diffraction and absorption
of light within the polymer24,28-31). In order to produce micro polymer structures with high aspect
ratio, a constant width of the solidified polymer along the depth is essential. When a beam is irra-
diated onto the polymer, however, the solidified width changes along the depth. Therefore it is
necessary to study the solidified shape and to examine the optimum conditions to obtain a shape
with a high aspect ratio.

3.3 Basic equations to shape the solidified polymer

Fig. 3-2 shows the theoretical model used to simulate the shape of the solidified polymer.
Here the focal point is set at the surface of the polymer and the depth is along z. When a broad
Gaussian beam with total power P, wavelength λ and radius R is irradiated passing through a lens
with a focal length f, the beam intensity, Ig at (x,y,z), can be expressed as follows.

Here, the beam radius ro (so-called 1/e2 Gaussian half-width) varies as follows.

(a) Direct focused beam writing (b) Polymer structure (c) Mold

Fig. 3-1 Schematic diagram of the manufacturing method

Ig(x , y , z) = 2P
π ro

2
⋅ exp –

2(x 2 + y 2)

ro
2 (3-1)

ro(z) = romin
1 + λz

π romin
2

2

(3-2)

romin
= f λ

πR
(3-3)
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The intensity of the focused beam decreases exponentially with the beam’s absorption into
the polymer. Let the absorption coefficient be α. The light intensity at depth z, denoted by I, is
expressed as follows.

Next, the cross-sectional outline of the solidified polymer is calculated when the beam is
moved along a straight line. The cross-sectional outline of the solidified polymer does not vary
from point to point except for the initial point of the straight line if the writing speed is kept con-
stant. Therefore, the cross-sectional outline of the solidified polymer is calculated when the beam
is moved along the x-axis from x = – ∞ to x = + ∞ at a constant speed v as shown in Fig. 3-2. The
total irradiated energy from the beam per unit area, E, at (x,y,z) can be expressed as follows.

Here, t is the writing time. When the irradiated energy E (x,y,z) attains the threshold value Eo, the
polymer is assumed to solidify. By letting E (x,y,z) = Eo and calculating equation (3-5), the cross-
sectional outline (y,z) of the solidified polymer is expressed as equation (3-6).

The α and Eo values of the polymer are determined experimentally. The values of the photopoly-
mer used in this study are α = 6.94 × 10–3 (1/µm) and Eo = 0.34 mJ/mm2 as described in Sec. 1.3.

Fig. 3-2 Theoretical model

I (x , y , z) = Ig (x , y , z) ⋅ exp (– α z) (3-4)

E (x , y , z) = I (x-v t , y , z) dt
– ∞

+ ∞

(3-5)

y =
ro

2
loge

2
π

P
Eo ⋅ ro ⋅ v

– α z (3-6)
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3.4 Optimum conditions to obtain high aspect ratio structures

This section examines the optimum conditions to obtain high aspect ratio micro polymer struc-
tures.

3.4.1 Physical parameters

The purpose of the theoretical analysis in this section is to examine the optimum conditions
for producing high aspect ratio micro parts from equation (3-6). The outline (y,z) can be examined
by considering the variables P, λ, R, f, v, Eo and α. Here, equations (3-2), (3-3) and (3-6) can be
expressed as follows.

The outline (y/R,z/R) of the solidified polymer is determined by λ/R, f/R, αR and P/(Eo R v) cor-
responding to wavelength, lens, absorption and irradiation, respectively. Therefore the effects of λ,
f/R and α when changing v, are examined.

3.4.2 Effect of beam wavelength λ

Fig. 3-3 (a), (b) and (c) show cross-sectional outlines of the solidified polymer when the wave
length λ of the beam is 0.175 µm, 0.325 µm and 1.06 µm for the Ar-Cl laser, He-Cd laser (present
experimental apparatus) and YAG laser, respectively. In these figures, the solid lines indicate the
cross-sectional outlines and the broken lines the beam radius. When the writing speed is increased,
the solidified depth and lateral width become smaller. When the wavelength is smaller, the solidi-
fied lateral width becomes smaller.

Next, the conditions for obtaining a high aspect ratio solidified shape are examined. In this
section, only the wavelength λ is variable and other parameters such as f/R and α are constant. Fig.
3-4 shows the cross-sectional outlines of the solidified polymer when the ratio 2y(min)/2y(max) is
maximum. Here, 2y(min) is the minimum solidified lateral width and 2y(max) is the maximum
width for a depth of L = 50 µm. When the wavelength is 0.175 µm, the 2y(max) is 2.3 µm and the
ratio 2y(min)/2y(max) is 0.826 as shown in Fig. 3-4 (a). When the wavelength is 1.06 µm, the ratio
2y(min)/2y(max) becomes 0.988; however, 2y(max) is 17.6 µm as shown in Fig. 3-4 (c). The so-
lidified depth is more than 300 µm. Therefore the conditions shown in Fig. 3-4 (c) are not the
optimum values to obtain high aspect ratio for a depth of 50 µm.

Fig. 3-5 (a) shows the relationship between 2y(max) and the wavelength. As can be seen from
the figure, as the wavelength increases, 2y(max) increases. Fig. 3-5 (b) shows the relationship be-
tween the ratio 2y(min)/2y(max) and the wavelength. As the wavelength increases, the difference
between 2y(min) and 2y(max) becomes minimum (2y(min)/2y(max) → 1).

Here the aspect ratio of the solidified polymer is defined by the Ratio as follows.

For a smaller and constant solidified width, the Ratio for constant depth, L, becomes larger. The
Ratio is used to find the optimum conditions. Fig. 3-6 shows the relationship between the Ratio

y
R

=
ro/R

2
loge

2
π

P
Eo ⋅ R ⋅ v

⋅ 1
r o /R

– αR z
R

(3-7)

ro(z)

R
= 1

π 2
⋅

f

R

2

⋅ λ
R

2

+
z /R
f /R

2

(3-8)

Ratio = L
2y (max )

⋅ 2y (min)
2y (max )

(3-9)



64 Katsumi Yamaguchi and Takeshi Nakamoto

(a) λ = 0.175 µm

Fig. 3-3 Cross-sectional outlines of the solidified
polymer for different wavelengths [P =
0.1 µW, f/R = 20, α = 6.94 × 10–3 (1/µm),
Eo = 0.34 mJ/mm2]

(b) λ = 0.325 µm

(c) λ = 1.06 µm

[v = 47 µm/s, 2y(max) = 2.3 µm, 2y(min)/2y(max)
= 0.826]

(a) λ = 0.175 µm

Fig. 3-4 Cross-sectional outlines of the solidified
polymer when 2y(min)/2y(max) is maxi-
mum [P = 0.1 µW, f/R = 20, α = 6.94 ×
10–3 (1/µm), Eo = 0.34 mJ/mm2, L = 50
µm]

[v = 30 µm/s, 2y(max) = 3.5 µm, 2y(min)/2y(max)
= 0.965]

(b) λ = 0.325 µm

[v = 1 µm/s, 2y(max) = 17.6 µm, 2y(min)/2y(max)
= 0.988]

(c) λ = 1.06 µm
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and the wavelength. As can be seen in this figure, the Ratio has the maximum value when the
wavelength is 0.15 µm. Fig. 3-5 and 3-6 are examples of the optimum conditions obtained from
the calculation when L is 50 µm. For other value of the L, the optimum conditions can be calcu-
lated in the same way.

3.4.3 Effect of aperture R and focal length f of lens

Fig. 3-7 shows the cross-sectional outlines of the solidified polymer when f/R is changed and
other parameters are constant. When f/R is small, the minimum radius romin

 is small and the beam
divergence becomes greater.

The conditions to obtain a high aspect ratio solidified shape are examined in the same way as

Fig. 3-6 Relationship between the Ratio and the wavelength [P = 0.1 µW,
f/R = 20, α = 6.94 × 10–3 (1/µm), Eo = 0.34 mJ/mm2, L = 50 µm]

(a) 2y(max) (b) 2y(min)/2y(max)

Fig. 3-5 Relationship between 2y(max), 2y(min)/2y(max) and the wavelength [P = 0.1 µW, f/R = 20, α = 6.94
× 10–3 (1/µm), Eo = 0.34 mJ/mm2, L = 50 µm]
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in the previous section. Fig. 3-8 (a) shows the relationship between 2y(max) and f/R when the ratio
2y(min)/2y(max) is maximum at a depth of L = 50 µm. When f/R is 16, the minimum value of
2y(max) is 3.2 µm. Fig. 3-8 (b) shows the relationship between 2y(min)/2y(max) and f/R. As the
ratio of f/R increases, the difference between 2y(min) and 2y(max) becomes minimum (2y(min)/
2y(max) → 1). Fig. 3-9 shows the relationship between the Ratio defined in equation (3-9) and f/R.
As can be seen in this figure, the Ratio has a maximum value when f/R is 18.

(a) f/R = 10 (b) f/R = 40

Fig. 3-7 Cross-sectional outlines of the solidified polymer for different ratios of f/R [P = 0.1 µW, λ = 0.325
µm,  α = 6.94 × 10–3 (1/µm), Eo = 0.34 mJ/mm2]

(a) 2y(max) (b) 2y(min)/2y(max)

Fig. 3-8 Relationship between 2y(max), 2y(min)/2y(max) and the ratio of f/R [P = 0.1 µW, λ = 0.325 µm, α =
6.94 × 10–3 (1/µm), Eo = 0.34 mJ/mm2, L = 50 µm]
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3.4.4 Effect of absorption coefficient α
Fig. 3-10 shows the cross-sectional outlines of the solidified polymer when the value of α is

changed and other parameters are constant. The conditions to obtain a high aspect ratio solidified
shape are examined in the same way as in the previous section. Fig. 3-11 (a) shows the relationship
between 2y(max) and α when using a condition in which the ratio 2y(min)/2y(max) becomes maxi-
mum for a depth of L = 50 µm. As the value of α increases, the 2y(max) increases. Fig. 3-11 (b)
shows the relationship between the ratio 2y(min)/2y(max) and α. The ratio 2y(min)/2y(max) is al-
most constant. Fig. 3-12 shows the relationship between the Ratio defined in equation (3-9) and α.
As can be seen in this figure, the Ratio becomes maximum when α is zero.

Fig. 3-9 Relationship between the Ratio and the ratio of f/R [P = 0.1 µW,
λ = 0.325 µm, α = 6.94 × 10–3 (1/µm), Eo = 0.34 mJ/mm2, L = 50 µm]

(a) α = 6.94 × 10–3 (1/µm) (b) α = 27.76 × 10–3 (1/µm)

Fig. 3-10 Cross-sectional outlines of the solidified polymer for different values of α [P = 0.1 µW, λ = 0.325
µm, f/R = 20, Eo = 0.34 mJ/mm2]
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3.4.5 Effect of defocusing

The above analysis is done when the focal point is set at the surface of the polymer. Next,
optimum conditions are examined when the focal point is not set at the surface of the polymer. In
this analysis, the wavelength of a beam λ and the absorption coefficient α are given, and the ratio
of f/R is determined at first.

The beam radius ro changes according to equations (3-2), (3-3). When z is far greater than
λf 2/R2, ro varies as follows.

Fig. 3-12 Relationship between the Ratio and the value of α  [P = 0.1 µW,  λ
= 0.325 µm, f/R = 20, Eo = 0.34 mJ/mm2, L = 50 µm]

(a) 2y(max) (b) 2y(min)/2y(max)

Fig. 3-11 Relationship between 2y(max), 2y(min)/2y(max) and the value of α [P = 0.1 µW,  λ = 0.325 µm, f/R
= 20, Eo = 0.34 mJ/mm2, L = 50 µm]

ro(z) = R
f z (3-10)
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When the focal point is not set at the surface of the polymer, the beam radius ro is expressed
as follows.

Here, rs is the beam radius at the surface of the polymer. When the sign in equation (3-11) is plus,
the beam radius increases along the depth direction and when the sign is minus, the beam radius
decreases. Here, the plus and minus signs are related to the position of the focal point when it is
above and below the surface of the polymer, respectively. In this section, the calculation to obtain
optimum conditions for a high aspect ratio solidified shape is approximated by equation (3-11).

The following conditions are considered to obtain the perpendicular cross-sectional outline of
the solidified polymer at the surface of the polymer. These conditions can be realized only when
the focal point is not set at the surface of the polymer.

Substituting equation (3-11) into equation (3-6) and differentiating as in equation (3-12) gives
the following.

From equation (3-13), the beam radius has a minimum value when the focal point is below
the surface of the polymer. From equation (3-3), (3-11) and (3-13), the relationship between the
ratio of f/R, the minimum beam radius romin

 and the beam radius at the surface rs is expressed as
follows.

When the focal point is set below the surface of the polymer, the beam radius ro is expressed
exactly as follows.

Here, zo is the depth of the focal point from the polymer surface. Setting ro = rs when z = 0, zo is
obtained from equation (3-16) as follows.

ro(z) = rs ± R
f z (3-11)

[y ]z = 0 > 0,
dy

dz z = 0

= 0,
d 2y

dz 2
z = 0

= 0 (3-12)

ro (z) = rs – 3
2

α ⋅ rs ⋅ z (3-13)

rs = 2R
3α ⋅ f

= 2λ
3π ⋅ α ⋅ romin

(3-15)

ro(z) = romin 1 +
λ (z – zo)

π romin
2

2

(3-16)

zo =
π ⋅ romin

λ rs
2 – romin

2 (3-17)

loge
2
π

P
Eo ⋅ rs ⋅ v

= 1
6

(3-14)
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When the solidified shape is obtained according to this condition, at first the f/R is determined
and the minimum beam radius romin

 is calculated using equation (3-3). Next, rs and zo are calcu-
lated using equations (3-15) and (3-17). At last the value P/v is calculated using equation (3-14).
One value of  either P or v can be chosen arbitrarily. Fig. 3-13 (a) shows an example of the cross-
sectional outline of the solidified polymer under these conditions. Fig. 3-13 (b) shows the cross-
sectional outline of the solidified polymer when the focal point is set at the surface of the polymer.
The outline obtained in (a) shows a smaller solidified width and a higher aspect ratio compared to
that shown in (b).

3.5 Comparison with experimental data

This section describes the experimental parameters and data obtained by examining the cross
sections of the solidified polymer, and a comparison is made between the simulated values and
experimental data.

The light source used in this experiment is a He-Cd laser (wavelength λ = 0.325 µm). The
laser beam passes through a beam expander as shown in Fig. 3-14. The radius of the beam before

Fig. 3-14 Experimental setup

(a) When defocusing [zo = 87 µm, v = 41 µm/sec] (b) When the focal point is set at the polymer sur-
face  [zo = 0 µm, v = 30 µm/sec]

Fig. 3-13 Cross-sectional outlines of the solidified polymer [P = 0.1 µW, λ = 0.325 µm, f/R = 20, α = 6.94 ×
10–3 (1/µm), Eo = 0.34 mJ/mm2]
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entering the lens, R, is about 3.6 mm. This broad beam is then focused by a lens and is irradiated
onto the surface of the polymer set horizontally on an X-Y table. In this experiment, the focal
point is set at the surface of the polymer and direct writing is done by moving the X-Y table con-
trolled by a computer. The photopolymer used in this experiment is a product of Asahi Chemical
Co., Ltd.

Fig. 3-15 (a), (b) and (c) show plots of measurements of cross sections of the solidified poly-
mer compared with the calculated outlines. The theoretically calculated outlines match closely those
of the experimental plots. In figure (a), the solidified width is 10 µm. The accuracy of the solidi-
fied width measured at the surface and at a depth of 100 µm is 0.5µm. The accuracy of the solidi-
fied width measured at the surface and at a depth of 200 µm is 2 µm. The aspect ratios when
obtaining an accuracy of 0.5 µm and 2 µm are 10 and 20, respectively.

3.6 Examples of high aspect ratio products

Using the above results, the high aspect ratio solidified shapes can be produced as shown in
Fig. 3-16. (a) shows a polymer structure of a micro pump. (b) shows a micro gear and a human
hair is set alongside by way of comparison. (c) shows a cell vessel used for use in biotechnology
and (d) a letter pattern. Fig. 3-17 gives an example of a piled-up structures.

3.7 Conclusions

(1) The effects of wavelength of beam, focal length of lens, absorption coefficient of the polymer
and writing speed are examined when using direct focused beam writing. The optimum condi-
tions to obtain a high aspect ratio polymer shapes are examined.

(2) Using the above conditions, high aspect ratio micro mechanical structures are produced.

4. Manufacturing of Three-Dimensional Structures

4.1 Introduction

This section deals with the manufacturing of three-dimensional micro polymer structures. At
first, the optimum conditions to produce the stacked three-dimensional structures are verified. Next,
by using these conditions, stacked three-dimensional structures are produced.

4.2 Manufacturing method

Fig. 4-1 shows a schematic diagram of the manufacturing method to produce three-dimen-
sional micro-polymer structures by stacking the polymer layers on top of one another.

4.3 Conditions for producing three-dimensional microstructures

When stacked three-dimensional microstructures are produced, a large value of the solidified
depth becomes the error in the vertical direction. And the solidified depth is chosen near the value
of the solidified width for the direct writing method. On this condition, a small depth of the solidi-
fied polymer is essential, and the solidified depth is smaller than the depth of focus of the beam.
Therefore the beam can be approximated using the parallel beam with the radius romin

. From equa-
tion (3-6), the maximum solidified depth, Lmax,  and the solidified width, w, at the surface of the
photopolymer are expressed as follows.

Lmax = 1
α loge

2
π ⋅ pn (4-1)
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(a) v = 10 µm/sec

(b) v = 20 µm/sec

(c) v = 40 µm/sec

Fig. 3-15 Cross section of the solidified polymer (With focal point set at the polymer surface)
[P = 0.17 µW, λ = 0.325 µm, R = 3.62 mm, f = 120 mm, α = 6.94 × 10–3 (1/µm), Eo =
0.34 mJ/mm2]
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Fig. 3-17 An example of a piled-up structure

(a) Micro pump

(b) Micro gear

(c) Micro cell

(d) Letter pattern

Fig. 3-16 Example of polymer structures produced by direct focused beam writing
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Fig. 4-1 Schematic diagram of the manufacturing method
for a three-dimensional microstructure

Here, pn is a non-dimensional value corresponding to the irradiation of the beam and is expressed
as follows.

From equation (4-1), the maximum solidified depth is determined by the value of irradiation
pn and the absorption coefficient α. Fig. 4-2 (a) shows the cross-sectional outlines for different
vales of α. When the value of α is small, the maximum solidified depth attains over 100 µm and
the depth is not suitable to produce micro parts. By increasing the value of α, the solidified depth
can be decreased. For example, when α is 4.9 × 10–2 (1/µm), the solidified depth is almost the
same as the solidified depth. Fig. 4-2 (b) shows the cross-sectional outlines for different values of
pn.  By changing the value of pn,  the solidified depth can be changed. However, the solidified width
is also changed. From Fig. 4-2 (a) and (b), the solidified depth can be changed by varying the
value of α or pn.  Therefore there are numerous combinations between the α and pn in order to
obtain the desired solidified depth.

Next, the optimum combinations between the α and pn are verified. When writing along a
contour with corners or stationary points, the value of the irradiation is varied. Therefore, it is
necessary to consider the conditions to obtain the constant solidified depth in this case. From equa-
tion (4-1), when the value of pn is changed by ∆pn, the fluctuation of Lmax is expressed as follows.

Fig. 4-3 shows cross-sectional outlines of the solidified polymer for different values of the absorp-
tion coefficient α, when ∆pn/pn is ±10%. From Fig. 4-3 and equation (4-4), the larger absorption

∆ Lmax = 1
α ⋅

∆ pn

pn
(4-4)

pn = P
Eo ⋅ romin

⋅ v
(4-3)

w = 2 romin
loge

2
π ⋅ pn (4-2)
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coefficient becomes, the smaller is the fluctuation ∆Lmax.  However, the solidified width at the sur-
face w becomes large when the absorption coefficient is too large.

The optimum condition can be calculated from equations (4-1)-(4-4) in order to obtain the
desired maximum solidified depth and solidified width with reasonable fluctuation. The procedure
is as follows. At first, the maximum solidified depth Lmax and solidified width w are given. The
absorption coefficient α can be calculated from equation (4-4) by the degree of fluctuation. Next
romin

 and pn are calculated from equation (4-1) and (4-2). For example, α = 5 × 10–2 (1/µm), romin
 =

20 µm and pn = 9.3 are obtained when the Lmax = 40 µm, w = 40 µm and ∆Lmax = 2 µm (∆pn/pn =
±10%).

4.4 Rectangular profile

The effect of the above analysis is shown by the rectangular profile. When writing along a
rectangular profile, the solidified shape is expressed as follows.

(a) Different values of α [pn = 10] (b) Different values of  pn [α = 4.9 × 10–2 (1/µm)]

Fig. 4-2 Cross-sectional outlines of the solidified polymer [λ = 0.325 µm, f/R = 192, v = 10 µm/sec, Eo = 0.34
mJ/mm2]

z = 1
α loge

2P
π ⋅ romin

⋅ Eo ⋅ v

× exp – q2 dq + π
20

2x
romin ⋅ exp –

2y 2

r omin
2

+ exp – q2 dq + π
20

2y
romin ⋅ exp – 2x 2

r omin
2
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In equation (4-5), ts  is the stationary time at the corner. Fig. 4-4 shows the theoretically calcu-
lated profile. When the absorption coefficient is small, the difference in the solidified depth be-
tween the straight portion and the corner portion is large. The difference becomes small, and it
becomes easy to obtain the constant value of the solidified depth by choosing the absorption coef-
ficient according to the analysis provided in the previous section.

4.5 Comparison with experimental data

The absorption coefficient of the photopolymer used in this experiment is 6.94 × 10–3 (1/µm),
a value too small to obtain a constant solidified depth. Therefore, by the addition of Rhodamine B
(C28H31ClN2O3), the value of the absorption coefficient is increased and the value chosen is
4.9  × 10–2 (1/µm) from the analysis of the previous section.

Fig. 4-5 shows the plots of optical measurements of the cross sections of the solidified poly-
mer compared with the calculated outlines. The theoretically calculated outlines match those of
the experimental plots. The difference in the width or depth between the calculation and experi-
ment is ±5 µm.

4.6 Stacked structure

Three-dimensional solidified polymer structures are attained by stacking two-dimensional
polymer structures, and the stacked profile is examined. For example, Fig. 4-6 shows the sche-
matic diagram of the cross section of a wall structure with an angle of 60 degrees. The waviness of
the left side WL and the right side WR are expressed as follows.

In equations (4-6) and (4-7), h is the interval of each stacked polymer layer.
Fig. 4-6 (b) is a scanning micrograph of the stacked structure. The micrograph has a profile

similar to that of the calculated profile. When h becomes 10 µm, the wall has the surface waviness
of 1 µm and 7 µm on each side.

From the above results, the accuracy of 5 µm in the width or depth and the waviness of 1 µm
in the side wall can be attained. Fig. 4-7 provides examples of three-dimensional micro polymer
structures. (a) shows the micro pipe illustrated as Fig. 4-1; (b) is a micro ball and (c) is a micro
cup. The crossed ring (d) can be also produced.

WL = h2 ⋅ cos2θ
2α ⋅ romin

2 ⋅ sin 3θ
(4-6)

+
2P ⋅ t s

π ⋅ romin
2 ⋅ Eo

⋅ exp –
2 (x 2 + y 2)

romin
2 (4-5)

WR =
ro min

⋅ sin θ
2

loge
2
π

P
Eo ⋅ ro min

⋅ v

– loge
2
π

P
Eo ⋅ ro min

⋅ v
– α ⋅ h + h ⋅ cos θ (4-7)
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(a) α = 6.94 × 10–3 (1/µm) [P = 0.114 µW]

Fig. 4-3 Fluctuation of the solidified depth with the fluctuation of irradiation [∆pn/ pn = ±10%,
λ = 0.325 µm, f/R = 192, v = 10 µm/sec, Eo = 0.34 mJ/mm2]

(b) α = 4.9 × 10–2 (1/µm) [P = 0.676 µW]

(c) α = 0.5 (1/µm) [P = 135 W]
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4.7 Conclusions

(1) The effects of beam wavelength, focal length of lens, absorption coefficient of the polymer
and writing speed on the shape of the solidified polymer are examined when using direct fo-
cused beam writing on the surface of a photopolymer.

(2) The optimum conditions to obtain high aspect ratio polymer structures and stacked three-di-
mensional structures are verified.

(3) Using the above conditions, microstructures are produced.
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