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In the layer-based additive manufacturing (AM) processes, a three-dimensional (3D)
model is converted into a set of two-dimensional (2D) layers. Due to such conversion,
one of the major problems in the layer-based AM processes is the poor surface finish
associated with the layer-based stair-stepping effect. However, the surface finish is criti-
cal for various microscale applications such as micro-optics and microfluidics. The adop-
tion of AM technologies as a means for fabricating end-use microcomponents and tooling
has been limited by such poor surface finish. The aim of this research work is to apply the
state-of-the-art meniscus approach and controlled cure depth planning in the mask image
projection-based microstereolithography (MIP-lSL) process to address its surface finish
challenge. Mathematical models of meniscus shapes and cure depths are developed for
the MIP-lSL process. Related process parameters including the minimum meniscus
points, sliced layer shapes for forming meniscus, grayscale image values, and Z offsetting
values are optimized to achieve the minimum approximation errors between a built part
and a given nominal geometric model. A set of test cases with various curved surfaces
are designed to test the developed smooth surface fabrication method. The experimental
results verify the effectiveness of the proposed methods for the MIP-lSL process. [DOI:
10.1115/1.4030661]

Keywords: surface finish, additive manufacturing, meniscus, cure depth, microstereolithography,
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1 Introduction

The layer-based microstereolithography (lSL) technology can
fabricate complicated 3D microstructures with high-aspect ratios
[1–5]. During the lSL process, a given 3D model is first sliced
into a set of 2D layers. By stacking the 2D layers together, a phys-
ical part can be fabricated to approximate the original computer-
aided design (CAD) model. However, one of the major problems
in the lSL process is the poor surface finish associated with the
layer-based stair-stepping effect. Due to the use of 2D layers, the
fabricated surfaces especially the ones whose normals are close to
the building direction (Z axis) will have big approximation errors.
Such poor surface quality limits the use of lSL in any applications
that require smooth surfaces, e.g., micro-optics and microfluidics.

In the paper, we present our smooth surface fabrication method
in the MIP-lSL system as illustrated in Fig. 1(a), while the pre-
sented approach could be adapted to any other vat photopolymeri-
zation systems, including scanning-based lSL processes. In
addition, we will focus on the bottom-up projection approach
while the method can also be used in the top-down projection-
based systems.

Based on the building direction (i.e., Z axis) and the normal N
of each surface in a CAD model, all the part surfaces can be clas-
sified into: (1) vertical surfaces (N�Z � 0), (2) up-facing surfaces
(N�Z> 0), and (3) down-facing surfaces (N�Z< 0). There is no
need to specially consider the vertical surfaces since they gener-
ally do not contribute to the stair-stepping effect. Therefore, in

this paper, we will focus on achieving smooth surface for the latter
two cases.

1.1 Up-Facing Surface. Since the approximation error
depends on the layer thickness used in the slicing of a 3D model,
a dominant approach for improving the smoothness of up-facing
surfaces is to reduce the layer thickness. For example, the layer
thickness typically used in a microstereolithography system is
25 lm, while the layer thickness can be as small as 5 lm [6]. Even
with such ultrathin layer, the fabricated up-facing surfaces still
have obvious staircase effect under microscope. Recently, Gandhi
and Bhole [7] presented a “bulk lithography” process for fabricat-
ing microstructures including microlens. However, the method is
limited to a single layer fabrication, which limits the complexity
of the built microstructures.

In our previous research [8], we developed a meniscus method
to fabricate smooth up-facing surface in the top-down projection-
based macroscale SL system. As shown in Fig. 1(b), the key idea
of the meniscus approach is to closely match the fluid interfaces at
the corners of intersecting planes to the related curved surfaces in
the input geometry. Hence, liquid meniscuses will be formed at
the corners when the cured layers emerge from the liquid. By con-
trolling the meniscus shape and selectively curing the meniscus
area, we are able to closely match the designed up-facing curva-
ture. The work [8] demonstrated the effectiveness of the meniscus
method in addressing staircase effect in most macroscale up-
facing surfaces. However, due to the use of the top-down
projection-based SL approach, one limitation is that the resin
residual of some closed concave features (e.g., a bowl) cannot be
removed; consequently, the meniscus wetting cannot be formed.
In addition, microstructures features have not been studied in our
previous work. In this paper, we extend the meniscus wetting
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approach to the bottom-up projection-based lSL systems by con-
sidering the gravity in the meniscus modeling. In addition, the
mathematical equation and related boundary conditions of the
meniscus models are revised for the lSL process since all its fea-
ture dimensions are much smaller.

1.2 Down-Facing Surface. By using grayscale image values,
a cure depth control approach is developed for the fabrication of

smooth microscale down-facing surfaces. As shown in Fig. 1(c),
the key idea of the grayscale image value approach is described as
follows. First, a given down-facing surface can be sampled using a
Z resolution that is much smaller than a layer thickness. Hence, the
cure depth at each pixel can be represented by a related cure depth
that has a finer resolution than the layer thickness. Accordingly, a
grayscale value at each pixel can be set such that a desired energy
input can be provided, which will lead to the desired cure depth at
the pixel. Thus, a set of computed grayscale images can be used to
fabricate smooth down-facing surfaces in the MIP-lSL process.

The remainder of the paper is organized as follows: The menis-
cus approach developed for the up-facing surfaces will be dis-
cussed first. Section 2 presents the models of formed meniscuses
in various boundary conditions for up-facing surfaces. Accord-
ingly, the process planning for building smooth up-facing surfaces
is presented in Sec. 3. The grayscale image value approach devel-
oped for the down-facing surfaces will then be presented. Section
4 presents the models for controlling cure depths for down-facing
surfaces. Accordingly, the process planning for building smooth
down-facing surfaces is also discussed in the section. The experi-
mental setup for performing physical experiments is discussed in
Sec. 5. The test results for various curved surfaces including both
up-facing and down-facing surfaces are presented in the section.
Finally, conclusions with future work are drawn in Sec. 6.

2 Residue Meniscus Modeling for Smooth Up-Facing

Surface Fabrication

2.1 Mathematical Modeling. Figure 2 shows the residue
modeling in the bottom-up projection-based lSL process by con-
sidering pressure difference, surface tension, and gravitational
field. Accordingly, a mathematical model can be derived from
Young–Laplace equation (refer to Refs. [8–11])

qgy� 1

2
h2

c �
qg€y

ð1� sin hÞð1þ _y2Þ2=3
¼ 0 (1)

where q is the density of the liquid, g is gravity acceleration, and
y is the height of the meniscus above the horizontal plane surface.
The contact angle h in Eq. (1) is the angle at which the liquid resin
interface meets the solidified resin surface. Specific to the given
liquid and solid system, the contact angle is determined by the
interactions between the liquid resin, solidified resin, and air inter-
faces. _y and €y are the first and second derivatives of the width of
the meniscus x, representatively. They represent the meniscus
wetting conditions on solid substrates. h denotes the height of the
vertical plane; b denotes the length of the horizontal plane; and hc

and b0 denote the maximum values that the liquid can reach on
the vertical and horizontal planes, respectively. The developed
meniscus shape equation relates the curvature of the interface
with gravitational influence and interfacial tension that is repre-
sented by contact angle h and capillary height hc. The capillary
height hc is the maximum height that the fluid can reach on an in-
finite vertical wall. hc is a characteristic length for the fluid subject
to gravity and surface tension.

For a specific liquid resin in the bottom-up projection-based
MIP-SL system, the capillary height hc and the maximum wetting
width b0 are fixed. To model the meniscus shape for a given fea-
ture with given b and h, five different boundary conditions are
considered as follows:

(1) Case 1: Both jhj and b can be considered as infinite. The
related boundary conditions are

_y x ¼ 0ð Þ ¼ � tan�1 h; y x ¼ 1ð Þ ¼ 0 (2)

(2) Case 2: jhj is smaller than hc and b is bigger than b0. Hence,
the curvature of the meniscus is decided by h. The bound-
ary conditions are as follows:

Fig. 1 Smooth surface fabrication in lSL: (a) an illustration of
the bottom-up projection-based MIP-lSL; (b) a grayscale image
approach for fabricating down-facing surfaces; and (c) a menis-
cus approach for fabricating up-facing surfaces

031001-2 / Vol. 3, SEPTEMBER 2015 Transactions of the ASME

Downloaded From: http://micronanomanufacturing.asmedigitalcollection.asme.org/ on 06/18/2015 Terms of Use: http://asme.org/terms



_y x ¼ 0ð Þ ¼ � tan�1 h; y x ¼ 0ð Þ ¼ �h

_y y ¼ 0ð Þ � � tan�1 p
2
� h

� �
(3)

(3) Case 3: jhj is bigger than hc and b is smaller than b0. Thus,
the curvature of the meniscus is determined by b. The
boundary conditions are as follows:

_y x ¼ 0ð Þ ¼ � tan�1 h; y x ¼ bð Þ ¼ 0

_y y ¼ 0ð Þ � � tan�1 p
2
� h

� �
(4)

The meniscus shape can be calculated for different b and h
values. Figure 2(c) plots the results of two examples. In an
example of case 2, h equals to �1 mm and b is a value big-
ger than b0. In an example of case 3, jhj is bigger than hc

and b equals to 2.15 mm.
(4) Case 4: h is smaller than hc and the length of the horizontal

plane b is smaller than b0. Hence, the curvature of the
meniscus is decided by both b and h. The meniscus shape
follows the boundary conditions

y 0ð Þ ¼ �h; y bð Þ ¼ 0 (5)

Case 4 is one of the two most common cases in microscale
fabrication. The meniscus shape can be calculated for dif-
ferent b and h values. Figure 2(d) plots the result of two
case 4 examples. In one example, h equals to �0.4 mm and
b equals to 0.1 mm; in another example, h equals to �0.05
mm and b equals to 0.08 mm.

(5) Case 5: h is smaller than hc and the discontinuity is con-
nected with a horizontal plane whose size is smaller than

the liquid droplet size. The problem turns into a wetting
puddle in the bottom-up projection system and the bound-
ary conditions are

_y x ¼ 0ð Þ ¼ 0; y bð Þ ¼ 0 (6)

Case 5 is another case that will happen frequently in the
bottom-up projection-based lSL process. Simulation soft-
ware such as MATLAB can be used to solve the mathematic
model of the puddle shape. Figure 2(e) shows the computed
result of a test example, in which the bottom blocks repre-
sent the last layers of the object and a puddle is formed on
the surface when moving the part out of the resin tank.

2.2 Process Parameter Calibration. Similar to our previous
research [8], the contact angle h and the capillary height hc can be
calibrated. A bottom-up projection-based MIP-lSL system is used
to build test parts with intersecting horizontal and vertical surfa-
ces. After the horizontal and vertical surfaces have been built, the
part is first lifted up from the liquid resin. A liquid meniscus in
contact with the intersecting surfaces will be formed on the part
surfaces. After certain waiting time, the liquid volume will reach
equilibrium over the horizontal wettable surface area. The part
can then be moved away in the X direction to a new place, or the
resin tank can be moved away from the part. A mask image is
then projected on the meniscus area to cure the formed liquid
resin. Note the projection image need to be planned based on the
moved-up position (refer to Ref. [8]). After the meniscus shapes
are cured, the built part or the resin tank is moved back to con-
tinue the building process. For the liquid resins used in our experi-
ments (Perfactory SI500 from EnvisionTEC, Ferndale, MI), it is
estimated that h¼ 25 deg and hc¼ 1.88 mm. Another liquid resin,
E-Shell also from EnvisionTEC, is measured with h and hc as
21 deg and 1.72 mm, respectively. Table 1 shows the material

Fig. 2 Residue meniscus modeling: (a) meniscus wetting to intersecting plane surfaces, (b) fluid interface profile, and
(c)–(e) plotting results of the meniscus profiles in cases 2–5

Table 1 Residue modeling parameters

Property E-shell (bottom-up) SI 500 (bottom-up) SI 500 (top-down)

Viscosity (cP) 339.8 180 180
Density (g/cm3) 1.19 1.10 1.10
Contact angle (deg) 21 25 25
Capillary height (mm) 1.72 1.88 1.40
Maximum wetting (b0) (mm) 2.25 1.567 2.5
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properties and measurements of model parameters of these two
materials.

3 Optimization of Meniscus Process Parameters

Suppose a boundary curve y¼ f(x) (y 2 ð0; y0), x 2 ð0; b0ÞÞ is
given, where y0 and b0 are initial values of the sizes of the given
boundary curve, and y0 is smaller than the maximum vertical
height hc as discussed in the meniscus model. An algorithm based
on the greedy heuristic can be developed as shown in Fig. 3. Note
that we try to find a minimum number of meniscus forming opera-
tions for building a given CAD model. As shown in our test cases
(refer to Sec. 5.2), only 2–3 such operations are required for form-
ing desired meniscuses. This is very different from the previous
approach [12], in which the formed meniscuses are cured in each
layer. Due to a large number of interruptions (same as the layer
number), the part building process based on Ref. [12] will be very
slow.

Figure 4 shows an example based on the presented algorithm.
The meniscus shape in the area of y 2 ð0; y0) is first estimated and
compared with the input geometry. As shown in Fig. 4(b), the
meniscus curve of the given feature is simulated (refer to the gray
curve). The given CAD model profile is shown in the black curve.
The shape error ea can be computed by comparing the two curves.
If ea is within the acceptable shape error range, M0 and M1 can be
selected as the planned meniscus points. Otherwise, two strategies
will be applied based on the approximation errors: (1) If the me-
niscus curve is outside the CAD profile (i.e., a positive ea is com-
puted), the point at which the biggest approximation error occurs
will be selected as an additional meniscus point (refer to M0-1 in
Fig. 4(c)) and (2) If the meniscus curve is inside the CAD profile
(i.e., a negative ea is computed), new slices will be added in the
building process to push the meniscus curve outward to better ap-
proximate the given profile. For example, for the gray curve
between M0�1 and M0 in Fig. 4(c), two additional slices S0-1-1
and S0-1-2 are added such that the simulated meniscus curves can
better approximate the CAD profile.

Based on the updated meniscus points and slices, the new
meniscus profile and the corresponding approximation error are
recalculated. Such process is iterated until the approximation error
is within a defined satisfactory range. Related meniscus forming
operations can be planned based on the computed meniscus
points. In addition, a set of mask projection images (i.e., imagepart

and imagemeniscus) can be computed for the building process.
Accordingly, imagepart will be used in solidifying resin in each
layer. When the current layer comes to the meniscus point Mhi

related to hi, the fabricated model will be raised out of liquid resin.
After a certain waiting time, the tank will be moved away and the
related mask image (imagemeniscus) is projected on part surfaces to
form desired meniscus shapes in such areas.

3.1 Approaches for Modifying Meniscus Profile. The fol-
lowing algorithm is used for determining whether a meniscus profile
needs to be refined based on the computed approximation error, and
accordingly what strategy is used to modify the meniscus profile:

Algorithm 1.

Input: A segment of curve surface f(x, h) and a layer thickness.
Find: A set of bi and hi

Satisfy: FiðxÞ ¼ Fðbi; hiÞ
Calculate:

ea i ¼
Ð xiþ1

xi
f xð Þ � FI xð Þð Þdx �

Pk¼m

k¼0

rdi

ea ¼
Pi¼n

i¼0 ea i

if ea < �emax, use Algorithm 1.1 to plan new slice images.
if ea > emax, use Algorithm 1.2 to plan new meniscus points.

End.

3.2 New Slice Planning for Negative Approximation
Error. As shown in Fig. 5, the solid curves represent the given
CAD model profile and the dotted curves represent the formed
meniscus profile. For the two slices as shown in Fig. 5(a), there is

Fig. 3 The framework of the algorithm for generating the minimum meniscus points and
the slices with the least dipping number and acceptable approximation error

Fig. 4 An illustration of meniscus process optimization
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a negative approximation error since the simulated meniscus
curve is inside the given CAD model profile. By inserting a new
slicing plane between the two slices (refer to the two examples as
shown in Figs. 5(b) and 5(c)), the formed meniscuses will change
their shapes due to the inserted slice layer. In addition, inserting
the additional slices at different positions will lead to different
meniscus shapes. Accordingly, a simple algorithm (Algorithm
1.1) can be used to identify the additional slices that can achieve
the minimum approximation error.

Algorithm 1.1.

Input: The segment of curve surface f(x, y) (y0< y< y1) which gives
negative approximation errors. A set of yi is sampled from the
range of y0 and y1 and used as the candidates for inserting
slices.

Find: A slice position y_s

Calculate:

Simulate the meniscus model for each yi;
Compute {ea yi} using the shape error algorithm as described in
Algorithm 1;
Output y_s that gives the smallest jea yij.

End.

Based on the computed additional slicing positions y_s, the
input CAD model is sliced at the position y¼ y_s. The sliced mask
image is then added into the mask projection image set {S} for the
layer-based building process. Note that the fabricated part may
have nonuniform layer thickness in order to achieve more accu-
rate meniscus profile.

3.3 New Meniscus Point Planning for Positive Approximation
Error. As shown in Fig. 6(a), the solid black curves represent
the CAD model profile and the dotted lines are the sliced layers.
The meniscus is then formed after it reaches the layer of M1. The
formed meniscus is represented by the gray curve as shown in
Fig. 6(b). The formed meniscus between M0 and M1 is outside the
CAD profile, which leads to positive approximation errors.
Instead of forming the meniscus shape until the part is built to the
layer M1, two or more meniscus points can be added between M0

and M1 to form meniscus shapes with less approximation error.
As shown in Fig. 6(c), when inserting a meniscus point at the
layer of M0�1, the formed meniscuses between the portions of
M0M0�1 and M0�1M1 can have a smaller approximation error.

Algorithm 1.2.

Input: The segment of curve surface f(x, y) (M0< y<M1) which gives
positive approximation errors. A set of yi (i¼ 1,2,.,m) are
sampled from the range of M0 and M1, and are the candidates
for inserting sub-meniscus positions.

Find: A sub-meniscus position y_d.

Calculate:

Simulate the meniscus model for each yi;
Compute {ea yi} using the shape error algorithm as described in
Algorithm 1;
Output y_d that gives the smallest jea yij.

End.

Based on the computed meniscus point positions y_d that need
to be inserted, we will stop the building process when the built
layers reach y_d. The meniscus related to the previous portion
(i.e., between M0 and M0�1 as shown in Fig. 6(c)) will be formed
and cured. Then the layer-based building process will continue
until it reaches the next meniscus point (i.e., M1). Accordingly,
the meniscus related to the portion between M0�1 and M1 (refer to
Fig. 6(c)) can be formed. Hence, the fabricated part with the
planned meniscus shapes will have smaller approximation error
compared to the part that is built with a single meniscus point
(refer to Fig. 6(b)). A tradeoff to make is that the building process
would be longer due to an additional meniscus point and related
meniscus forming process.

4 Cure Depth Modeling for Down-Facing Surface

Fabrication

The meniscus equilibrium method can only address the fabrica-
tion of up-facing surfaces. To improve the surface finish of down-
facing surfaces, a method by using grayscale mask image values to
achieve controlled cure depths has been developed for the MIP-lSL.
The method was motivated by the parameter estimation method that
was developed for the scanning-based SL process [13].

4.1 Modeling Cure Depths Related to Grayscale Image
Values. As studied in both scanning-based and projection-based
SL processes [14,15], the critical threshold (Ec) is a primary
parameter for a given photosensitive resin. Liquid resin will be
solidified when the exposed energy is bigger than Ec; otherwise,
the resin will remain as liquid or gel that will be washed off. In
addition, the cure depth (Cd) is directly related to the energy input

Fig. 5 An illustration of influence of new slice planning on formed meniscus shape

Fig. 6 An illustration of influence of submeniscus points on the formed meniscus shape
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E if E>Ec. The dependence of Cd as a function of the exposure E
is generally log-linear [12]. That is, their relation can be described
using the following equation:

Cd ¼ Dp ln
E

Ec

� �
(7)

One way to control E is to adjust the exposure time for a binary
projection image [16]. Another approach is to adjust pixels’
grayscale values while fixing the exposure time of the projection
image. In comparison, the approach of varying grayscale image
values is easier to control since the projection time for the whole
image is fixed. In our MIP-lSL process, the full light intensity is
projected to an image pixel if its grayscale value g¼ 255; how-
ever, when 0< g< 255, only partial light intensity will be pro-
jected for curing the resin area related to the pixel.

Corresponding to a given Ec and an exposure time T, a thresh-
old grayscale value gc can be identified. Experiments have been
performed to calibrate the relations between the cure depth and
the grayscale values. Figure 7(a) shows the CAD model of a
designed part for the calibration study. In the test, the exposure
time was set at 10 s. A set of mask images with different grayscale
values are used to cure the top layer. The built part is then taken
out and cleaned. The cured layer thickness Cd of the top layer was
measured under microscope. The recorded Cd values for different
grayscale values are shown in Fig. 7(a). The cure depth increases

with the set grayscale value. In addition, the grayscale value
threshold gc is around 100 when T¼ 10 s. For a pixel with g< gc,
liquid resin is not cured or the cure depth is too small for a given
layer thickness (0.01–0.02 mm is used in our setup). Figure 7(b)
shows the relation between Cd and ln(g). The relation can be
approximated by the following equation, which matches Eq. (7)
well:

F xð Þ ¼ 0:5187� ln gð Þ � 2:606; g � gc

0; g < gc

�
(8)

Hence, by changing the grayscale values of neighboring pixels
in a projected mask image, the cure depth related to the pixels can
be gradually changed (smaller than a layer thickness). Thus, a
higher Z resolution of down-facing surfaces can be achieved to
improve their surface finish. In the process planning for a given
3D model with down-facing surfaces, the cure depth at each pixel
needs to be controlled by adjusting its grayscale value. In addi-
tion, an upward Z offsetting distance needs to be considered since
the Z over-cure between the layers is required in the layer-based
fabrication process.

4.2 Process Planning and Cure Depth Control for Down-
Facing Surfaces. A schematic illustration of the traditional slic-
ing and the grayscale image planning methods is shown in
Fig. 8(a). In the traditional slicing method, a set of layers are

Fig. 7 Relation between the cure depth and the grayscale value: (a) experiments on Cd and
g values and (b) relation of Cd and In(g) values

Fig. 8 The grayscale image planning method and an image generation algorithm: (a) com-
parison between the traditional method and grayscale image method and (b) grayscale
image generation algorithm
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computed based on a set of Z slicing planes. Accordingly, a binary
mask image is generated for each slicing plane. It will be used in
the MIP-lSL process for building the layer. In comparison, in the
grayscale image planning method, we first calculate the Z thick-
ness of each pixel based on the layered depth-normal image repre-
sentation [17]. The Z thickness at each pixel is then converted into
grayscale values of a related mask image based on the minimum
and maximum cure depths (e.g., 0.05 mm and 0.25 mm, respec-
tively, in our setup). Note that the Z offsetting to address the layer
over-cure needs to be considered in the step. Based on the Z off-
setting result, the desired cure depth in each layer is bigger than
the minimum achievable cure depth and smaller than the maxi-
mum achievable cure depth. Accordingly, the established relation
between cure depth and the grayscale values can be used to set the
mask images with desired grayscale values. When building the
related layers, such planned mask images will lead to smoother
down-facing surfaces in the MIP-lSL process.

Figure 8(b) shows a related algorithm for the planning of
grayscale mask images based on an input CAD model.

5 Fabrication of Microscale Smooth Surfaces

5.1 Experimental Setup. A prototype system has been built
for verifying the presented methods. The hardware setup of the
developed bottom-up based MIP-lSL system is shown in
Fig. 9(a). A modified projector (Acer H5360) with a TI’s digital

micromirror device (DMD) chip is used as the projection device.
The DMD resolution is 1024� 768 and the envelope size is set at
12.7� 9.5 mm. A linear stage from Aerotech, Inc. (Pittsburgh,
PA) with 1 lm resolution is used as an elevator in the Z axis. The
layer thickness is set between 10 and 20 lm. A linear stage from
Servo Systems Co. (Montville, NJ) is used to drive the tank in the
X axis. A four-axis motion controller with 28 bidirectional I/O
pins is used to drive the linear stages and to synchronize the
movement and projection.

A process control testbed has been developed using Cþþ lan-
guage, as shown in Fig. 9(b). A MATLAB program is used to simu-
late the meniscus shapes. The developed software system
performs geometry slicing and generates the layer projection and
meniscus images.

5.2 Results and Discussion on Microscale Up-Facing
Surface Fabrication

5.2.1 Tests on Concave Surfaces. As shown in Fig. 10, a
CAD model (3.81� 3.81� 6.35 mm) with a concave surface was
used in the test. The traditional layer-based MIP-lSL process,
which is denoted as M1, was used to build the part. The layer
thickness was set as 20 lm. Figures 10(a), 10(e), and 10(h) show
the microscopic images of the area A1 and A2 portions of the built
part. As shown in Figs. 10(e) and 10(h), although a small thick-
ness was applied, the layer stepping effect is still visible.

Fig. 9 The developed MIP-SL testbed for fabricating smooth surfaces: (a) hardware setup
and (b) software system

Fig. 10 A test case of concave surface
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A one-time dipping meniscus method, which is denoted as M2-
1 d, was used to fabricate the same CAD model. The microscopic
images of the same two areas A1 and A2 of the fabricated part are
shown in Figs. 10(b), 10(f), and 10(i). Although the surface finish
is improved, the one-time dipping meniscus method brings a large
approximation error as shown in Figs. 10(b) and 10(f).

To reduce the approximation error, a controlled meniscus
method with two-dipping meniscus points (denoted as M2-2 d)
was used to fabricate the same CAD model. The microscopic
images of the same two areas A1 and A2 of the fabricated result
are shown in Figs. 10(c), 10(g), and 10(j). Based on the method as
discussed in Sec. 3.3, the fabricated part profile is smooth and
closely approximates the input CAD model profile.

5.2.2 Tests on Convex Surfaces. Figure 11 shows the fabrica-
tion results of a microlens with a convex surface
(2.54� 2.54� 0.5 mm) using two types of resins: SI500 and
E-shell. The fabrication results using SI500 are shown in the left
panel of Fig. 11. Figures 11(a) and 11(b) on the left panel show
the CAD model of the microlens and a related physical object
using SI500, respectively. Figures 11(c) and 11(d) on the left
panel are the microscopic images of area A1 and A2 of the part
fabricated by the traditional layer-based MIP-lSL process.
Figures 11(e) and 11(f) on the left panel are the microscopic
images of the part fabricated by the meniscus method.

A transparent resin, E-shell, was used to fabricate the same
microlens. The fabrication results based on E-shell are shown in
the right panel of Fig. 11. In order to demonstrate the effective-
ness of our method, a large layer thickness (100 lm) is used in the
fabrication process. The fabricated microlenses using the tradi-
tional layer-based MIP-lSL process and the meniscus approach
are denoted as lenses A and B in the right panel of Fig. 11, respec-
tively. As shown in Fig. 11(f) of the right panel, a paper with a
blue and red line was used to test the fabricated microlenses.
Figure 11(g), on the right panel, shows the optical performance of
lens A. The paper image is distorted by the microlens’ rough sur-
face due to the stair-stepping effect. In comparison, the optical
performance of lens B on the same paper is shown in Fig. 11(h) of
the right panel, which demonstrates a significant improvement
over that of lens A.

5.2.3 Quantitative Study of Test Cases. Quantitative measure-
ments have been performed to better understand the surface

quality improvement. A precision measurement machine (Sol
from Micro Vu, Inc., Windsor, CA) is used to record the surface
profiles of the fabricated microstructures:

• Approximation errors. The profiles of area A1 of the three
built parts as showed in Fig. 10 are sampled and plotted in Fig.
10(k). Because the surfaces in area A1 are close to be vertical
surfaces (i.e., N�Z � 0 for the surface normal N and the Z axis),
there is no obvious staircase effect in this area for all the three
parts. However, for the surfaces in area A2 that are close to be flat
surfaces, obvious staircase effect exists for part M1 as shown in
Fig. 10(h). For part M2-1 d, the one-dipping meniscus method
leaves a large amount of extra resin in its meniscus area. Conse-
quently, a big approximation error exists. By inserting an addi-
tional meniscus point using the algorithm described in Sec. 3, the
part M2-2 d using a two-dipping meniscus method is much closer
to the original model. Table 2 shows the statistics of the approxi-
mation errors for the three fabricated parts.

• Surface roughness. For concave surfaces, the profile of area
A2 of the built part using the traditional MIP-lSL process (refer to
Fig. 10(e)) is shown in Fig. 12(a). In comparison, the same area of
the built part using the two-dipping meniscus method (refer to
Fig. 10(g)) is also showed in Fig. 12(a). For convex surfaces, the
profiles of part A built by the traditional MIP-lSL process (refer
to Fig. 11(c) on the left panel) and part B built by the meniscus
method (refer to Fig. 11(e) on the left panel) are plotted in
Fig. 12(b).

Table 3 shows the measurement results of the parts as shown in
Figs. 10 and 11. The measured roughness verifies the

Fig. 11 A test case of a microlens using: SI-500 (left panel)—(a) CAD model, (b) physical model, (c) side view A1—part
A, (d) top view A2—part A, (e) side view A1—part B, and (f) top view A2—part B; and E-Shell (right panel)—(a) CAD model,
(b) side view—lens A, (c) top view—lens A, (d) side view—lens B, (e) top view—lens B, (f) paper for test, (g) view of paper
under lens A, and (h) view of paper under lens B

Table 2 Accuracy of the built geometries with different build-
ing strategies

Accuracy (lm)

Fabricated parts Maximum distance Average distance

Figure 10—M1 12 4
Figure 10—M2-2d 6 2.3
Figure 10—M2-1d 375 258
CAD model 0 0
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effectiveness of the controlled-meniscus-based approach in
improving the surface finish of both concave and convex up-
facing surfaces.

5.3 Results and Discussion on Microscale Down-Facing
Surface Fabrication. The controlled cure depth method, as dis-
cussed in Sec. 4, is used to test the down-facing surface fabrica-
tion in the MIP-lSL process. Figure 13(a) shows a CAD model
with a curved down-facing surface. The X, Y, and Z dimensions of

the part are 10� 6.7� 5.26 mm, respectively. In order to better
demonstrate the fabrication difference between the layer-based
and grayscale image-based methods, a relatively large layer thick-
ness (0.075 mm) is used to build the CAD model. Figure 13(b)
shows a fabricated part using resin SI500. Two surface areas of
the parts (A and B) are highlighted. Both the layer-based and
grayscale image-based methods are used to build the part. The
same process parameters such as projection time, material, layer
thickness, and moving parameters are used in the building pro-
cess. The only difference is that one part is fabricated with the
proposed grayscale image approach while another one is built
without the approach. Hence, the planned mask projection images
are different. Figures 13(c) and 13(e) are the microscopic images
of areas A and B of the part fabricated using the traditional
approach (denoted as M1). In comparison, Figs. 13(d) and 13(f)
show the two areas using the proposed grayscale image approach
(denoted as M2).

Figure 13(g) shows the measured surface profiles of the two
parts fabricated by M1 and M2. It demonstrates that the traditional
slicing-plane-based mask image planning method will lead to Z
over-cure and stair-stepping problems in the MIP-lSL process.

Fig. 12 Surface measurement results: (a) area A2 of parts in Fig. 10 and (b) parts A and B in
Figs. 11(c) and 11(e) of the left panel

Table 3 Roughness of the built surfaces in Figs. 10–11

Roughness measures (mm)

Surface Ra Rq Rz

Figure 10—M1 0.0067 0.0088 0.016
Figure 10—M2-two dippings 0.0007 0.0009 0.0017
Figure 11 (left panel)—A 0.0037 0.0044 0.0072
Figure 11 (left panel)—B 0.0007 0.0011 0.0022

Fig. 13 Down-facing surface fabrication using different methods
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By accurately controlling the cure depths through the grayscale
image planning method, both the Z over-cure and stair-stepping
problems can be effectively addressed. Therefore, the surface
quality and geometry accuracy of down-facing surfaces can be
significantly improved.

To further verify the effectiveness of the proposed grayscale
image planning method, another test case with a waved down-
facing surface is tested. Figure 14(a) shows the CAD model of the
test case. The X, Y, and Z dimensions of the model are
3.5� 2.5� 2.185 mm, respectively. The part is fabricated using
the same process parameters except different mask projection
images. A layer thickness of 0.070 mm is used in both test cases.
Figure 14(b) shows the fabricated part using the slicing-plane-
based mask image planning method (M1). Figure 14(c) shows the
fabricated part using the grayscale image planning method (M2).
The microscopic images of two different areas (A and B) in the
fabricated parts are shown in Figs. 14(d)–14(g). Figure 14(h)
shows the measured surface profiles of the two fabricated parts. In
Fig. 14(h), the dotted line represents the CAD profile, the square
line represents the profile of the fabricated part using M1, and the
dashed line represents the profile of the fabricated part using M2.
Compared to the part based on M1, the part built with M2 has
much better surface finish and smaller Z over-cure error. The two
test cases verify the grayscale mask image method is able to con-
trol the cure depth in the MIP-lSL process and improve the sur-
face quality of down-facing surfaces.

6 Conclusions

A novel smooth surface fabrication method has been presented
for the bottom-up projection-based MIP-lSL process. (1) For fab-
ricating smooth up-facing surfaces, an approach based on forming
controlled meniscus shape on microscopic 2D layers has been pre-
sented. Meniscus modeling by considering various boundary con-
ditions has been developed. Accordingly, a process planning
problem has been formulated for identifying the minimum number
of meniscus points with satisfactory approximation errors. A
heuristic-based algorithm has also been presented for the formu-
lated optimization problem. (2) For fabricating smooth down-
facing surfaces, a grayscale image planning method has been
developed to accurately control the energy input of each pixel. A
relationship between the cure depth and the grayscale values of a
projection image has been calibrated and established.

Accordingly, an image planning algorithm has been developed for
computing the grayscale values of each pixel such that the fabri-
cated object can closely approximate the given CAD model.

An MIP-lSL testbed with both hardware and software systems
was constructed to verify the proposed meniscus and grayscale
image approaches for fabricating smooth up-facing and down-
facing surfaces, respectively. Designed experiments using the
developed testbed have been performed to compare different fab-
rication methods in the MIP-lSL process. The experimental
results have illustrated the effectiveness of the presented methods
in improving the surface finish of both up-facing and down-facing
surfaces in the bottom-up projection-based MIP-lSL process.
Hence, a given part could be fabricated by classifying its curved
surfaces into up-facing and down-facing regions and accordingly
using the corresponding approach. The current development could
be improved in many avenues including: (1) exploring more
advanced optimization algorithms to determine process parame-
ters such as slicing parameters and meniscus points to minimize
approximation errors; (2) investigating meniscus forming
approaches for liquid resin and slurry that may have much higher
viscosities; (3) developing advanced algorithm for parts with com-
plex shapes to determine the meniscus curing region, grayscale
image curing region and regular region automatically and effi-
ciently; and (4) integrating the developed process planning and
optimization algorithms to optimize the fabrication process for
given parts.
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