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a  b  s  t  r  a  c  t

The  surface  finish  is critical  for applications  such  as  optics,  micro-fluid  flow  and  mechanical  assembly,
in which  optical  lenses,  fluidic  channels  and  rotating  components  are  all required  to  be  smooth.  How-
ever,  the  stair-stepping  effect  is  well  known  in  the  layer-based  additive  manufacturing  processes,  in
which  a  three-dimensional  model  is approximated  by  a set of  two-dimensional  layers.  Consequently
the  fabricated  surfaces  have  poor  surface  finishes  especially  those  that  are  close  to  the horizontal
plane.  In  this  paper,  a novel  approach  for achieving  improved  surface  finish  is  presented  for  the
ask projection stereolithography
mask-image-projection-based  stereolithography  (MIP-SL)  process.  Theoretical  models  and  parameter
characterization  are  presented  for the  developed  methods.  Accordingly,  the process  planning  and  cali-
bration  approaches  for fabricating  smooth  up-facing  surfaces  in  the  MIP-SL  process  have  been  developed.
Multiple  test  cases  based  on various  types  of  curved  surfaces  have  been  performed.  A comparison  of  the
build results  based  on  the  traditional  and  the  newly  developed  approaches  illustrates  the  effectiveness
of  our  method.

iety  o
©  2012  The  Soc

. Introduction

One of the major problems in the layer-based additive manu-
acturing (AM) processes is the poor surface finish associated with
he layer stair-stepping effect. As shown in Fig. 1, a given three-
imensional (3D) model is first sliced into a set of two-dimensional
2D) layers. By stacking these 2D layers together, a physical part
an be fabricated in an AM process to approximate the original
omputer-aided design (CAD) model. Due to the use of 2D layers,
he fabricated part surfaces especially the ones whose normals are
lose to the building direction (Z axis) may  have big approximation
rrors. Such poor surface quality limits the use of AM in applications
hat require smooth surfaces, e.g. the fabrication of optical lenses,
D micro-channels in microfluidic systems, and various assembly
eatures in mechanism designs.

Since the approximation error depends on the layer thick-
ess used in the slicing of a 3D model, a dominant approach for
ddressing the stair-stepping effect in AM is to reduce the layer
hickness. For example, the layer thickness typically used in a Ste-
eolithography Apparatus (SLA) system is 0.1 mm while the layer
hickness used in the latest developed inkjet-based systems (e.g.
he ones from Objet Geometries Ltd.) can be as small as 0.012 mm.
hile the thinner layers in comparison always have less stair-
tepping problems, the use of such ultra-thin layer thickness also
ignificantly slows down the building process. In addition to the

∗ Corresponding author. Tel.: +1 213 740 7829.
E-mail address: yongchen@usc.edu (Y. Chen).
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great sacrifice in building speed, it is challenging for some AM pro-
cesses to significantly reduce their layer thicknesses. For example,
in the SLA process, the spreading of liquid resin into uniform ultra-
thin layers is well-known difficult due to liquid viscosity.

In this paper, we  present an alternative approach for achiev-
ing smooth surfaces in the SLA-related processes. The AM process
considered in this paper is the mask-image-projection-based stere-
olithograhy (MIP-SL) [1].  The MIP-SL process is quite similar to the
SLA process. However, instead of a laser as used in SLA, a Digi-
tal Micromirror Device (DMD) is used in the MIP-SL process (refer
to Fig. 2a). As a microelectromechanical system (MEMS) device, a
DMD  enables one to simultaneously control ∼1 million small mir-
rors to turn on or off a pixel at over 5 kHz. Consequently mask images
can be dynamically defined and projected on a surface area. By
replacing a laser with a DMD, the MIP-SL process is much faster
than the SLA process.

All the surfaces in a 3D model can be classified based on the Z
axis and its surface normal N into: (1) vertical surfaces (N · Z = 0),
(2) down-facing surfaces (N · Z < 0), and (3) up-facing surfaces
(N · Z > 0). There is no need to specially consider the vertical surfaces
since they generally do not contribute to the stair-stepping effect.
Approaches such as controlled curing depth [2,3] have been devel-
oped for the fabrication of smooth down-facing surfaces. However,
there is no good approach for the fabrication of smooth up-facing
surfaces since the cured portions related to such surfaces are under

liquid resin during the building process.

In this research, we  systematically studied the liquid meniscus
related to different process parameters that can be controlled
in the MIP-SL process. Based on our findings, we developed a

d by Elsevier Ltd. All rights reserved.
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Fig. 1. An illustration of the layer-based additive m

eniscus equilibrium method for the fabrication of smooth up-
acing surfaces (refer to Fig. 2b). The key idea of the approach is
o closely match the fluid interfaces at the corners of intersecting
lanes to the related curved surfaces in the input geometry.
ence, a liquid meniscus will be formed at the corners when the
ured layers emerge from the liquid. The shape of the meniscus
epends on the contact of horizontal and vertical surfaces, and
an be modeled by considering the effects of capillarity, suction by
ravity, multilayer adsorption and the boundary conditions [4,5].
ccordingly, a process optimization problem can be formulated in
rder to match the meniscus to the given curved surfaces. The pre-

ented method has a better shape controllability over approaches
f dipping and flush-curing the build parts or post-processing such
s abrasive flow machining [6].

Fig. 2. An illustration of the meniscus equilibrium app
cturing processes and related stair-stepping effect.

Compared to the use of ultra-thin layers that significantly elon-
gates the building time, the developed techniques enable a much
larger layer thickness to be used while achieving better surface
finish requirements. Hence significantly reduced building time is
expected in the MIP-AM process.

The remainder of the paper is organized as follows. Section 2
presents the models of formed meniscus in various cases. Accord-
ingly, the process planning for building smooth up-facing surfaces
is presented in Section 3. Section 4 presents the calibration and
planning of meniscus projection images for a given process plan.
The experimental setup for performing physical experiments is dis-

cussed in Section 5. The test results for various curved surfaces are
presented in Section 6. Finally, conclusions with future work are
drawn in Section 7.

roach for improving the surface finish of MIP-SL.



462 Y. Pan et al. / Journal of Manufacturing Processes 14 (2012) 460–470

g pla

2

c
u
t
i
o
h
m
p
t
h

i
e
r
t
d
m
a
r
g
c

�

w
b
t
f
i
t

�

h

h

�

Fig. 3. Meniscus wetting to intersectin

. Meniscus modeling in the MIP-SL process

The formation of the interfacial profile of the equilibrium menis-
us that is attached to intersecting surfaces is first discussed. Such
nderstanding and related mathematical models will provide the
heoretical basis for the process planning and smoothness control
n building the up-facing surfaces. As shown in Fig. 3a, given a pair
f walls, suppose the length of the horizontal plane is b, and the
eight of the vertical plane is h. With a finite horizontal plane, the
aximum range of the fluid that can rise up on an infinite vertical

lane y(x = 0, xlength = b) is hc. Similarly, with a finite vertical plane,
he maximum range of the fluid that can extend along an infinite
orizontal plane x(y = 0, ylength = h) is b0.

Previous research on determining equilibrium shapes of fluid
nterfaces has been performed [7–11]. The Young–Laplace (YL)
quation is the most widely accepted physical analysis of equilib-
ium meniscus shape. In the analysis, two types of forces, surface
ension and pressure, are taken into account. The surface tension is
efined with respect to a specific photopolymer resin. It is a ther-
odynamic quantity measuring the energy required to expand the

rea of the gas–liquid interface. As shown in Fig. 3b, the YL equation
elates the pressure difference �P  across a fluid interface within a
ravitational field to the curvature of the interface and the interfa-
ial tension by:

P = P1 − P2 = −�gy = �12 ×
(

1
R1

+ 1
R2

)
(1)

here P1 and P2 are the pressures on either side of the interface
etween resin and air, g is gravity acceleration, y is the height of
he meniscus above the horizontal plane surface, �12 is the inter-
acial tension, and R1 and R2 are the radii of curvature of the fluid
nterface. If R1 can be considered infinite, the problem is simplified
o a 2D case. Thus the following Eq. (2) can be derived from Eq. (1):

gy − �12 × ÿ

(1 + ẏ2)2/3
= 0; ẏ = dy

dx
; ÿ = dẏ

dx
(2)

The interfacial tension � has a relation with the capillary height
e and the contact angle � as shown in Eq. (3).

2
c = 2

�

�g
(1 − sin �) (3)
So Eq. (4) can be developed according to Eqs. (2) and (3).

gy − 1
2

h2
c × �gÿ

(1 − sin �)(1 + ẏ2)2/3
= 0 (4)
ne surfaces and fluid interface profile.

2.1. Process parameter calibration

The contact angle � in Eq. (4) 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
interfaces. Researchers reported that � is observed to be indepen-
dent of volume and gravity and depends only on the surface tension
[12,13]. The capillary height hc is the maximum height that the fluid
can reach on an infinite vertical wall. hc is a characteristic length
for the fluid subject to gravity and surface tension.

Both parameters (� and hc) can be experimentally measured.
Based on different b and h values, a set of experiments has been
designed. The MIP-SL process was  used in building the test parts
with intersecting horizontal and vertical surfaces. After the hori-
zontal and vertical surfaces have been built, the part is first merged
inside liquid resin; it is then lifted up slowly until the horizontal
plane is totally outside the liquid resin. A liquid meniscus in contact
with the intersecting surfaces will be formed on the part surfaces.
After a long waiting time, the liquid volume will reach equilibrium
over the horizontal wettable surface area. A mask image is then
projected on the meniscus area to cure the liquid resin. The shape
of the formed meniscus can thus be captured in the built part. A
set of parts with different sized horizontal and vertical planes has
been built. Two  of such built parts are shown in Fig. 4. Based on the
experiments, the contact angle � and the capillary height hc can be
measured. For the liquid resin used in our experiments (Perfactory
SI500 from EnvisionTEC, Ferndale, MI), it is estimated that � = 25◦,
and hc = 1.40 mm.

2.2. Meniscus shape analysis and simulation

In the MIP-SL process, suppose h denotes the height of the ver-
tical 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 formed meniscus
shapes for different b and h values can thus be analyzed based on
the following four scenarios: (1) Case 1: h > hc ; b > b0; (2) Case 2:
h < hc ; b > b0; (3) Case 3: h > hc ; b < b0; and (4) Case 4: h < hc ; b < b0.

For each scenario, different boundary conditions can be derived.
Hence the formed meniscus shapes are different, and are discussed
as follows:

(1) Case 1: both h and b can be considered infinite. The related

boundary conditions are:

ẏ(x = 0) = −c tan � = −c tan 25◦ = −2.14129; x(0) = b = ∞
(5)
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 values for measuring surface tension parameters.

(

(

Fig. 4. Two  built parts with different b and h

Using the governing Eq. (4) and boundary conditions Eq.
(5), the height that the fluid can reach on the vertical wall
is calculated to be 1.398372 mm,  which agrees well with the
experiment result of 1.40 mm.  We  used Matlab (MathWorks,
Natick, MA)  to solve this problem and plotted the result as
shown in Fig. 5.

2) Case 2: h is smaller than hc(x = ∞),  and b can be considered infi-
nite. Hence the curvature of the meniscus is decided by h. The
boundary conditions are as follows.

ẏ(x = 0) = −c tan � = −c tan 25◦ = −2.14129;

y(0) = hẏ(y = 0) = −c tan � ≤ −c tan 65◦ = −0.466038 (6)

In this case, the length of the fluid extended on the horizon-
tal plane b0 is dependent on the value of h, namely, b0 = f(h).
The meniscus shapes with different h values were estimated
by solving the governing Eq. (4) and the boundary conditions
described in Eq. (6) using Matlab. The plotting results of differ-
ent h values are shown in Fig. 6.

3) Case 3: h is bigger than hc(x = ∞)  and b is smaller than b0. Thus
the curvature of the meniscus is decided by b. The boundary

conditions are as follows.

ẏ(x = 0) = −c tan � = −c tan 25◦ = −2.14129; ẏ(y = 0)

= −c tan � ≤ −c tan 65◦ = −0.466038; y(b) = 0 (7)

Fig. 6. Plotting results of the meniscus profile in Case 2: (a) 0.5 < h < 1.4; and (b)
0.1  < h < 0.5.

Fig. 5. Plotting results of the meniscus profile in Case 1.
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Fig. 7. Plotting results of the meniscus profile in Case 3.
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1. Note that it is not necessary to use the meniscus equilibrium
approach in building each layer. That is, depending on the given
geometry, meniscuses can be formed by Image 2 after multiple lay-
ers of Image 1 have been built. This is different from the approach
Fig. 8. Plotting results of

Based on the governing Eq. (4) and the boundary condition
Eq. (7),  the meniscus shapes can be computed in Matlab. Fig. 7
shows the plotting results for different b values.

4) Case 4: h is smaller than hc(x = ∞),  and the length of the hor-
izontal plane b is smaller than b0. Hence the curvature of the
meniscus is decided by both b and h. The problem follows the
boundary conditions:

y(0) = h, y(b) = 0 (8)

The meniscus shape can be calculated for different b and h val-
es. Three examples using Matlab to solve the mathematic model
nd the related boundary conditions for different b and h values are
hown in Fig. 8.

. Process planning for building smooth up-facing surfaces

Suppose an input 3D CAD model with curved up-facing surfaces
s given as shown in Fig. 9a. The traditional additive manufacturing

ethod will slice the model into multiple 2D layers based on a given
ayer thickness. One mask image will be generated for each layer in
he MIP-SL process to cure the related 2D shape. Consequently the
uilt part will inevitably have stair-stepping defects.

In comparison, Fig. 9b illustrates the major steps of the meniscus
quilibrium method for achieving smooth up-facing surfaces. For a
pecific layer i, c(x, y) is computed which represents the ratio of the
-height at the location (x, y) to the layer thickness LT. Similar to
14], a sliced image with gray scale values can be generated for each
ayer. Accordingly the thickness at pixel (x, y) is c(x, y) × LT. Hence
nstead of a binary layer image, the sliced image has pixels with

atios c(x, y). Note c(x, y) is continuous and c(x, y) ∈ [0, 1]. Suppose
he original gray scale image can be split into two mask images,
mages #1 and #2. As shown in Fig. 9b, the mask Image 1 can cure

 portion of layer i that will be used in forming meniscus; the mask
eniscus profile in Case 4.

Image 2 can be used in curing the formed meniscus based on Image
Fig. 9. A comparison between the traditional and the meniscus equilibrium meth-
ods.
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ig. 10. The process planning problem for the meniscus equilibrium method: (a
nterpretation of the references to color in text, the reader is referred to the web ve

resented in [15,16] for the SLA process, in which the formed
eniscuses are cured in each layer. In addition to slow building

peed, such an approach was found to only work for up-facing sur-
aces that are 40◦ or less from the horizontal. Such a limitation can
e explained by the presented meniscus shape modeling.

As discussed in the meniscus mathematical model, two  impor-
ant parameters in determining the shape of the meniscus profile
re h and b. Thus the planning of Image 1 and Image 2 can change
he setting of h and b, which leads to different approximation
rrors between the meniscus profiles and the desired shapes. An
llustration example is shown in Fig. 10a. For the given shape
oundary defined by black lines, two different sets of mask images
Image 1 and Image 2) can be used, which define two  vertical
alls as shown in brown lines. Accordingly the formed menis-

uses will have different profiles due to different b or h values as
hown in Fig. 10a.

In order to generate the MIP-SL process plan that can ensure the
eniscus shapes match the given curved geometry, the process

lanning for the up-facing surfaces can be mathematically defined.
oth shape and curvature approximation errors need to be con-
idered. The shape approximation errors εa can be computed by
omparing the difference between the desired geometry profile f(x)
nd the meniscus profile F(x). The curvature approximation error εc

an be computed by comparing the first derivative values of f(x) and
(x). Typically the profile is continuous within each meniscus while

iscontinuity may  exist among neighboring meniscuses. Hence the
oal in the process planning is to prepare a set of mask images such
hat the approximation errors can be minimized. Accordingly, the
elated problem can be formulated as follows:

Fig. 11. The principle of the meniscu
erent width and height of vertical planes; and (b) an illustration example. (For
of this article.)

Input:  A curve surface f(x, h), a layer thickness, and goal prefer-
ences as weights W1 and W2.
Find: A set of bi and hi
Satisfy : Fi(x) = F(bi, hi)

εa i =
∫ xi+1

xi

|f (x) − Fi(x)|dx ≈
∑n

k=0
∇di(xk);

εc i = |Ḟi+1(x) − Ḟi(x)|;
b =

∑
bi; h =

∑
hi.

Minimize: W1 · Max(εa i) + W2 · Max(εc i), or

W1 ·
∑

εa i + W2 ·
∑

εc i (9)

As shown in Fig. 10b, suppose a boundary curve y = f(x) (y ∈ (0,
h), x ∈ (x1, x2)) is given. The input curve can be divided into several
pieces such that h in the process planning is smaller than the maxi-
mum  vertical height hc as discussed in the meniscus model (Case 1).
Suppose LT is the layer thickness and a sampling distance e is used
in computing the errors of the meniscus profile. An algorithm based
on the greedy heuristic can be developed as follows. The meniscus
shape in the area of y ∈ (0, h) is first estimated and compared with
the input geometry. If the errors are within the acceptable ranges,
Ph (i.e. point 3) can be selected as the meniscus point; otherwise,
the meniscus shapes in the area of y ∈ (0, h − i × LT), i = 1, 2,. . . are
estimated until a meniscus point Ph0 is found that satisfies the given
approximation error ranges (e.g. point 1). The remaining curve can

then be processed in a similar way to identify all the meniscus
points Phi (e.g. points 1–3). Based on the identified meniscus points,
a set of projection images (Image 1 and Image 2) can then be com-
puted for the building process. Accordingly Image 1 can be used

s projection image calibration.
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Fig. 12. The meniscus projection image calibration resu

n solidifying resin in each layer. When the current layer number
omes to hi related to the meniscus point Phi, the fabricated model
ill be raised up from the liquid resin; after certain waiting time,

elated mask Image 2 will then be projected on the portion of the
art surface to cure the formed meniscus shapes in such areas.

. Meniscus projection image calibration and planning

As shown in Fig. 2, the built part is raised up above the liquid
urface when the resin related to the desired meniscus shape is
ured. Accordingly the mask image (Image 2) that will be used in
he meniscus equilibrium approach needs to be planned by consid-
ring the distortions associated with the different Z heights of the
esired meniscus shapes. Note the resin surface is the focus of the
rojection image. The formed meniscuses after lifting up for a cer-
ain Z height are actually out of focus. To identify a meniscus mask
mage with controlled exposure for all the meniscuses, the pro-

ection light modeling and calibration is first performed. Based on
stablished pixel positions in the topmost and bottom planes, the
nverse calculation of the mask image is presented for any given Z
eight. Hence the computed mask Image 2 will provide the desired

ig. 13. An illustration of the meniscus image planning: (a) an input CAD model with r
ormed meniscuses in related layers; (c) the mask images of the sampling layers after con
rojected mask Image 2 for curing the meniscuses formed in the first 20 layers.
 calibration data; and (b) a plot of the calibration result.

projected light to exactly cover the portion of resin related to the
meniscus shape that may  located in different Z levels.

4.1. Projection image modeling and calibration

The projection light of each pixel (i, j) is assumed to be straight
within the Z height range in which the formed meniscuses will
be located. As shown in Fig. 11,  if P1(i, j) and P2(i, j) on the top
and bottom Z planes can be identified, the position P(i, j) for any
given Z height can be easily computed based on the linear interpo-
lation of P1 and P2. In this research, our projection image calibration
method is based on the use of a high resolution camera (Canon
SX10) to capture the relative position of a projected checkerboard
and a physical checkerboard that is positioned at top and bottom
Z levels. We  then used image processing techniques to build a top
and bottom Z level databases, in which, the physical positions of
all the pixels on the two calibrated plane are recorded (refer to
Fig. 12a). Based on them, a linear interpolation approach can be

used in computing the physical position of a pixel in any given
plane that is inside the calibration volume. Fig. 12b shows the cali-
brated databases in red and blue lines for the top and bottom layers
considered in our setup, respectively. The projection results of some

elated meniscus points; (b) the mask Image 2 of three sampling layers for curing
sidering the distortion associated with different Z heights after raising up; (d) the
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Fig. 14. The developed MIP-SL testbed for fabricating sm

ntermediate Z levels were also processed, which verified the inter-
olation results.

.2. Meniscus projection image planning

In the process planning results of a given CAD model, a set of
ask Image 1 and Image 2 have been computed for each layer of the
odel (refer to Fig. 9). In addition, a set of meniscus points Phi have

een the determined. Based on them, the number of layers between
wo neighboring meniscus points and the related mask Image 2 for
uring meniscuses related to all the layers are known. Accordingly,

 single meniscus projection image can be computed by considering

he distortion related to their Z heights. That is, since the platform
ill be moved upward for a certain height for forming meniscus,

he mask Image 2 in each layer can be converted into a transformed
mage based on the aforementioned projection calibration results.

ig. 15. A comparison of the built concave up-facing surface based on different methods: 

mages  of the built surfaces.
 surfaces: (a) hardware setup, and (b) software system.

Finally all the computed mask images can be combined to form
a single projection image for the related meniscus points. Fig. 13
illustrates the mask Image 2 planning process based on an example
similar to the test case as shown in Fig. 15.  The CAD model of the
test part is shown in Fig. 13a, which is sliced into 76 layers. The
meniscus equilibrium method will be applied at layers 20, 40, 60,
and 76. Based on the calibration results as shown in Fig. 12,  the
computed meniscus projection image for the first 20 layers (i.e.
Ph1) is shown in Fig. 13d. The computing results of three individual
layers (1st, 10th, and 20th) are also shown in the figure.

5. Experiment setup
A prototype system has been built for verifying the presented
methods. The hardware setup of the developed MIP-SL system
is shown in Fig. 14.a. In the designed system, an off-the-shelf

(a) CAD model and built part; (b) surface measurement results; and (c) microscopic
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ig. 16. A comparison of the built concave up-facing surface based on different met
mages  of the built surfaces.

rojector (Acer H5360)  was used as the projection device. The use
f a commercial projector can significantly reduce the prototype
ost and simplify the system design. The optical lenses of the
rojector were modified to reduce the projection distance. Various
rojection settings including focus, key stone rectification, bright-
ess and contrast were adjusted to achieve a sharp projection

mage on the designed projection plane. The DMD  resolution in our
ystem is 1024 × 768 and the envelope size is set at 110 × 82 mm.
wo linear motion stages from Thomson Industries Inc. (Radford,
A) are used in the system. One is used as the Z elevator for lifting

he build platform; another is used as the sweeper for moving
 blade to flatten the resin surface. A high performance 8-axis
otion control board KFLOP + SnapAmp 1000 (Dynomotion Inc.,

alabasas, CA) is used for driving the linear stages.
Commercially available photocurable resin (Perfactory SI500)

as used in all the experiments. The exposure time was set at
 s based on the curing depth analysis. A mask image planning
nd control software system has been developed by using the C++
rogramming language with Microsoft Visual C++ compiler. The
raphical user interface (GUI) of the developed software system is
hown in Fig. 14b. The system can load in a STL model, perform

rocess planning and synchronize the mask image projection with
esired linear stage motions. A set of test cases were designed to
est the meniscus equilibrium method. The experimental results
re presented as follows.
(a) CAD model and built part; (b) surface measurement results; and (c) microscopic

6. Results and discussions

6.1. Tests on straight up-facing surfaces

As shown in Fig. 15a, a CAD model with a slanted surface M was
used in the test. To compare the differences between the traditional
and the newly developed methods, the surface M was  split into two
halves, M1 and M2. The traditional method was  used in building the
upper half M1, and the meniscus equilibrium method was used in
building the bottom half M2. The same layer thickness (0.1 mm)  was
used in the test. Accordingly a set of mask images was generated by
slicing the given CAD model. However, one meniscus point every 10
layers was added in set {M} during the process of building M2. That
is, after every 10 layers have been built, the built part will be raised
up by a certain distance (above the resin surface by 1.5 mm). After
waiting for several minutes, liquid will reach equilibrium. A mask
Image 2 related to the portion of M2 within the built 10 layers is
then projected to cure the formed meniscuses. The building result
is shown in Fig. 15a. It is obvious that the appearance of the M2
portion is much smoother than that of the M1 portion.

Quantitative measurements have been performed to better

understand the surface quality difference. The Z height of a set of
uniformly sampled points on M was measured using a digital height
gauge with a 0.1 mm probe tip. To automate the measuring process,
two motion controlled linear stages from Velmex Inc. (Bloomfield,
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ig. 17. A comparison of the built convex up-facing surface based on different meth
mages of the built surfaces.

Y) were used. In the measurement setup, the built part was fixed
n a linear stage to be translated in the X direction. The digital height
auge was fixed on another linear stage to be translated in the Z
irection. Every time the probe touches a sampling point on the sur-
ace, a height value will be recorded from the digital gauge. To avoid
he friction between the probe tip and the slanted surface, the gauge

oves away from M in the Z direction first before the part is trans-
ated by a small distance in the X direction. The recorded Z height
alues of the sampling points on surface M are plotted in Fig. 15b.
he X axis denotes a set of uniformly spaced sampling points, where

0’ denotes the starting point of the measurement and ‘400’ denotes
he 400th measuring point. The Z axis denotes the readouts from
he digital height gauge. The recorded data of the upper half M1 and
he bottom half M2 are plotted using blue and red points respec-
ively. The quantitative comparison shows that the stair-stepping
ffect of M1 is much greater than that of M2. We  also marked three
ortions, a1, a2 and a3, on the surface as shown in Fig. 15b. They rep-
esent M1, the transition between M1 and M2, and M2 respectively.

 precision measurement machine (Sol system from Micro Vu Inc.,
indsor, CA) was used in taking microscopic images of these three

ortions. The captured images are shown in Fig. 15c. The results
llustrate that the traditional method will lead to a ragged surface,

hile the meniscus equilibrium method can effectively eliminate
he stair-stepping effect in the MIP-SL process.

.2. Tests on curved up-facing surfaces – concave cases
As shown in Fig. 16a, a CAD model with a curved surface M was
sed in the test. The same process parameters were used in the
raditional and the newly developed methods for building the CAD

odel. The related build results M1 and M2 are shown in Fig. 16a.
a) CAD model and built part; (b) surface measurement results; and (c) microscopic

The same measurement procedure as described in Section 6.1 was
followed for a quantitative comparison of their surface finishes.
The Z height values of the curved up-facing surface are shown in
Fig. 16b. The microscopic images of a portion of M1 and M2 are
shown in Fig. 16c.

The meniscuses in this test case are formed based on a cylin-
der and an intersecting planar surface. The test results verify
the capability of the meniscus equilibrium method to fabricate
smooth concave up-facing surfaces. One limitation of the developed
method is that the given geometry is required to have an outlet for
the liquid resin to flow down to the tank such that meniscuses can
be formed.

In the process planning of the meniscus equilibrium method,
there may  also be discontinuous error between neighboring menis-
cuses as shown in Fig. 16a. In order to reduce such error, the
generated masks Image 1 and the layers at which Image 2 are
projected should be adjusted. However, reducing the discontin-
uous errors may  increase the shape approximation error. Hence
a balance between the two types of errors needs to be consid-
ered. Computing process plans to reduce both errors will be further
studied in our future work.

6.3. Tests on curved up-facing surfaces – convex cases

As shown in Fig. 17a, a CAD model with a curved surface M was
used in the test. The same process parameters were used in both
the traditional and newly developed methods to build the model.

The related build results M1 and M2 are shown in Fig. 17a. The same
measurement procedure as described in Section 6.1 was  followed
for a quantitative comparison of their surface finishes. The Z height
values of the curved up-facing surface are shown in Fig. 17b. The
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Table 1
Roughness of the built surfaces in Figs. 15–17.

Figure Surface Roughness measures (mm)

Ra Rq Rz

Fig. 15
M1 (traditional) 0.028 0.034 0.120
M2 (meniscus) 0.010 0.012 0.021

Fig.  16
M1 (traditional) 0.031 0.038 0.118
M2 (meniscus) 0.008 0.010 0.041
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Fig.  17
M1 (traditional) 0.027 0.033 0.090
M2 (meniscus) 0.012 0.014 0.028

icroscopic images of a portion of M1 and M2 are shown in Fig. 17c.
he test results verify the capability of the meniscus equilibrium
ethod to fabricate smooth convex up-facing surfaces.
The profiles of the built surfaces were sampled with surface

nishes measured. The computed roughness measures based on
he traditional and the meniscus equilibrium methods are given in
able 1.

. Conclusion

This paper presented a novel approach for building smooth
urved surfaces in the mask-image-projection-based stereo-
ithography process. A meniscus equilibrium method has been
eveloped for building smooth up-facing surfaces. Based on the
eveloped meniscus models in various scenarios, a process plan-
ing problem has been formulated. A solution strategy based on
he greedy heuristic has been developed for the process planning
f a given CAD model. A calibration and planning approach has
lso been developed for computing meniscus projection images
hat can accurately cure liquid resin in different Z heights. Experi-

ental tests based on the developed method have been performed
nd compared with the traditional method. The differences in
he build results illustrate the effectiveness of our method in
mproving the surface finish of curved surfaces in the MIP-SL
rocess.

The presented method has demonstrated that it is possible to

uild smooth surfaces without using ultra-thin layers. As a proof-
f-concept, the current development could be further improved in
any avenues. We  are exploring more advanced solution strategies

or the formulated meniscus equilibrium problem to minimize the
[

g Processes 14 (2012) 460–470

shape and curvature approximation errors in order to build up-
facing surfaces with controllable shapes.

Acknowledgment

The authors acknowledge the support of ONR Grant N00014-
11-1-0671.

References

[1] Zhou C, Chen Y, Waltz RA. Optimized mask image projection for solid
freeform fabrication. ASME Journal of Manufacturing Science and Engineering
2009;1s31(6):061004-1–12.

[2]  Limaye AS, Rosen DW.  Process planning method for mask projection micro-
stereolithography. Rapid Prototyping Journal 2007;13(2):76–84.

[3] Sager B, Rosen DW.  Use of parameter estimate for stereolithography surface
finish improvement. Rapid Prototyping Journal 2008;14(4):213–20.

[4] Elena DM, Fuentes J, Cerro RL, Savage MD.  An analytical solution for a partially
wetting puddle and the location of the static contact angle. Journal of Colloid
and Interface Science 2010;348(1):232–9.

[5] Neumann AW,  Benhabib B, Szekely J, Racz LM,  Rooks S. Evaluation of two-
dimensional and three-dimensional axisymmetric fluid interface shapes with
boundary conditions. Langmuir 1991;7(12):3222–8.

[6] Williams RE, Melton VL. Abrasive flow finishing of stereolithography proto-
types. Rapid Prototyping Journal 1998;4(2):56–67.

[7] Wayner P. Interfacial profile in the contact line region of a finite contact angle
system. Journal of Colloid and Interface Science 1980;77(2):495–500.

[8]  Jairazbhoy V. Prediction of equilibrium shapes and pedestal heights of sol-
der  joints for leadless chip components. IEEE Transactions on Components,
Packaging, and Manufacturing Technology: Part A 1996;19(2):224–33.

[9] Hill AI, Pozrikidis C. On the shape of a hydrostatic meniscus attached to a
corrugated plate or wavy cylinder. Journal of Colloid and Interface Science
2011;356(2):763–74.

10] Rannacher D, John T, Engel A. Influence of surface tension on the conical
meniscus of a magnetic fluid in the field of a current-carrying wire. Journal
of  Magnetism and Magnetic Materials 2006;309(1):31–5.

11] Adamson AW,  Zebib A. Transition region between an infinite plane meniscus
and  an adsorbed film. The Journal of Physical Chemistry 1980;84(20):2619–23.

12] White LR. On deviations from Young’s equation. Journal of Chemical Society,
Faraday Transactions 1977;73(1):390–8.

13] Zisman WA.  Relation of the equilibrium contact angle to liquid and solid con-
stitution. In: Gould RF, editor. Advances in chemistry, vol. 43. Washington, DC:
American Chemical Society; 1964. p. 1–55.

14] Zhou C, Chen Y. Three-dimensional digital halftoning for layered manufacturing
based on droplets. Transactions of the North American Manufacturing Research
Institution of SME  2009;37:175–82.

15] Narahara H, Saito K. Study on the improvement of surface roughness of com-

plex model created by three dimensional photofabrication—proposal of lift
up  irradiation method. Journal of the Japan Society for Precision Engineering
1995;61(2):233–7.

16] Jacobs PF. Stereolithography and other RP&M technologies. Dearborn, MI:  Soci-
ety  of Manufacturing Engineers; 1996.


	Smooth surface fabrication in mask projection based stereolithography
	1 Introduction
	2 Meniscus modeling in the MIP-SL process
	2.1 Process parameter calibration
	2.2 Meniscus shape analysis and simulation

	3 Process planning for building smooth up-facing surfaces
	4 Meniscus projection image calibration and planning
	4.1 Projection image modeling and calibration
	4.2 Meniscus projection image planning

	5 Experiment setup
	6 Results and discussions
	6.1 Tests on straight up-facing surfaces
	6.2 Tests on curved up-facing surfaces – concave cases
	6.3 Tests on curved up-facing surfaces – convex cases

	7 Conclusion
	Acknowledgment
	References


