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Additive manufacturing (AM), also known as 3D printing,
constructs a 3D object in a layer by layer fashion. Compar-
ing to traditional manufacturing technologies, it can build
objects with complex individualized features with little extra
effort. This characteristic endows additive manufacturing
with the potential to realize mass customization. Continuous
Liquid Interface Production (CLIP), a newly emerged Stere-
olithography Apparatus (SLA) based AM process, can create
a solid object by using video projection as the energy source
to cure the liquid photo-sensitive polymer resin. This process
works in a continuous fashion, so it can achieve extremely
high productivity that is crucial to mass customization. CLIP
adopts a great number of images which are corresponding to
cross-sectional geometric patterns as input, but this poses
a challenge regarding to slice generation. The slice com-
putation procedure for a single customized model can take
hours to complete, and the time consumption becomes more
prominent in mass customization, which fabricates numer-
ous models in the same batch. Based on the observation that
similarities exist among most customized products, we pro-
posed a new slicing paradigm. This slicing paradigm reuses
topology information obtained from the template model for
other customized products of the same category, and the idea
of topology information reuse is implemented in three lev-
els, including self reuse, intra-model reuse, and inter-model
reuse. Experimental results show that the proposed slicing
paradigm can significantly reduce the time consumption on
pre-fabrication computation.

Keywords: Mass Customization, Additive Manufacturing,
Topology, Slicing, CLIP.

*Corresponding author. Phone: (716) 645-4706 Fax: (716) 645-3302

1 Introduction

The prevailing “mass production” is an important pro-
peller of the rapid development in human material civiliza-
tion after the industrial revolution, and it is also a signifi-
cant source of the nation’s economic strength in last century.
The characterized scale effect from mass production results
in reduced cost and easiness to obtain a product, so it im-
proves quality and sustainability of human life. However, it
is also because of the highly developed material civilization,
any product could have countless substitutions on the market
sharing similar functions. Customers are no longer satisfied
with just realizing the basic function, in addition, they would
prefer to purchase the products that can better meet their
specific tastes. It is apparent that traditional mass produc-
tion is not capable of handling this tremendous diversity in
customer needs. Innovative practitioners are thinking about
lifting their way to a new paradigm, mass customization, to
meet the ever changing turbulent market environment. The
initial idea about the principle of “mass customization” can
be traced back to early 1970’s [1], and Davis coined this
phrase in 1987 [2]. According to Tseng and Jiao, mass cus-
tomization was defined as “the technologies and systems to
deliver goods and services that meet individual customer’s
needs with near mass production efficiency” [3].

However, highly customized products are very challeng-
ing to be mass-produced in the traditional way. Both the
tangible and intangible costs of making personalized prod-
ucts are usually very high, and this is especially apparent
for human-centered products, e.g., tooth aligner, hearing aid,
artificial limb etc. Therefore, the business has to wait for
today’s technology advancement to enable profitable cus-
tomization. Over the last 30 years, additive manufacturing
emerges as a new type of manufacturing process. It is a col-
lection of techniques to fabricate solid objects directly from
a three-dimensional (3D) model created in Computer Aided
Design (CAD) without the need for object-specific tooling



and fixtures [4]. In traditional manufacturing process, a com-
mercialized setup can only handle very limited types of prod-
ucts if not only one. Even a tiny local feature change from
the product may lead to a re-design of the whole setup and
process. Comparing to traditional manufacturing techniques,
an important advantage of AM is that it provides “complex-
ity for free” [4]. This property offers high flexibility and
shortened product life cycle without extra penalty, thus AM
has the potential to be the technical foundation for profitable
customization.

Some innovative companies have already embraced the
new mass customization paradigm by taking advantage of the
unique design freedom offered by AM process. These com-
panies spread in various fields, such as medical, aerospace,
automotive, and consumer industries [5]. The Walter Reed
National Military Medical Center utilizes AM to produce
customized cranial plates and cutting guides for bone grafts
[6]. Several automotive manufacturers, such as Ford and
BMW, offer their customers an option to select additively
manufactured features, including trims and inlays [7]. Com-
puter game peripheral is another field where AM process has
been adopted. The FigurePrints allows the players of World-
of-Warcraft to purchase miniature models of their game char-
acters which are built by full color AM [5]. Align Tech-
nology, which is running business of providing orthodontic
treatment devices, utilizes reverse engineering and AM tech-
nology to progressively fabricate transparent dental braces
that are worn on patients’ teeth to gradually move the mis-
placed teeth to the desired positions. The orthodontic treat-
ment usually lasts for 2 to 3 years, and during each treat-
ment period, a patient receives a pair of new aligners every
2 weeks. It is reported that the company run the 3D printer
(SLA-7000) 24 hours and produces 40,000 unique aligners
per day. Therefore, the handling of many different complex
shapes in a tight time frame is a big challenge, and requires
mass customization to be involved. Siemens Hearing Instru-
ments Inc. applies Selective Laser Sintering (SLS) based
AM process to fabricate shells of hearing aids, and more than
10 million customized hearing aid shells have been created
by AM. The company reports that the customer satisfaction
has been improved after it started to offer better-fitted prod-
ucts [8]. Several applications that utilize AM technology to
enable mass production of highly customized products are
shown in Fig.1.
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Fig. 1.
ufacturing [9]: (a) dental industry, (b) medical industry, (c) jewelry
industry, (d) entertainment industry.

Mass Customization Applications based on Additive Man-

AM technology holds the advantages of affordability
and customizability, but the key challenge in applying it for

mass customization is how to reduce the product lead time
[4]. The time of building a 3D object is comprised of two
components: the pre-fabrication computation and the man-
ufacturing process. The later used to be the bottleneck of
AM. Although this technology is also named as “rapid pro-
totyping”, it was not that fast before. For example, a sin-
gle hearing aid shell used to take tens of minutes or even
hours to be created. Comparing to this, the time spent on
pre-fabrication computation seemed trivial as it usually takes
only a few minutes or even seconds. However, recently
Tumbleston er al. proposed a Continuous Liquid Interface
Production (CLIP) approach to continuously grow an object
from a vat of liquid material rather than printing them layer-
by-layer [10]. This revolutionary breakthrough has proven
to be 25-100 times faster than what is available on the mar-
ket today. As a matter of fact, complex products can be fin-
ished in minutes instead of hours by CLIP nowadays. On
one hand, the emergence of CLIP provides us with fully
ready hardware support to apply AM on mass customiza-
tion. But on the other hand, it poses a great challenge for the
pre-fabrication computation, and makes it the bottleneck that
hinders the realization of industrial revolution introduced by
AM. In fact, the continuous mode is an indication of using
extremely small layer thickness or extremely great number
of layers. Adopting this extremely thin layer increases the
input size of pre-fabrication computation dramatically, and
the computation cost also rockets up drastically.

In this study, we proposed a new slicing paradigm based
on the observation that similarities exist among most cus-
tomized products from the same category. The proposed
slicing paradigm reuses topology information obtained from
the template model for the same category of customized
products, and the idea of topology information reuse is im-
plemented in three levels, including self reuse, intra-model
reuse, and inter-model reuse. The remainder of the paper is
organized as follows: In Sec.2, we overviewed the existing
slicing method, the similarity among customized products,
and the property of STL file. We also briefly described the
proposed slicing paradigm in this section. In Sec.3, we pro-
posed an improved slicing algorithm which took advantage
of topological continuity. Intra-model topology information
reuse was presented in Sec.4. And in Sec.5, we introduced
inter-model topology information reuse which was capable
of handling local feature add-on and/or removal. The con-
clusion and discussion were presented in Sec.6.

2 Background
2.1 Existing Slicing Algorithm

Many novel AM processes incorporate different tech-
nologies, such as laser, nozzle, jetting, electron beam, and
cutter etc. [4, 11, 12]. From the late 1980s, some of the
above have been successfully commercialized [13], e.g.,
StreoLithography Apparatus (SLA), Selective Laser Sinter-
ing (SLS), Fused Deposition Modeling (FDM), and 3D print-
ing. All those techniques were developed based on the lay-
ered based additive principle [14]. Almost all AM techniques
build the 3D object in a layer by layer fashion, so they take



the cross-sectional profile derived from the 3D CAD model
as the input, and this information is used to direct the energy
or material deposition. The common practice for obtaining
the cross-sectional information is intersecting the 3D model
with a number of horizontal planes. A de facto standard in-
put for additive manufacturing process is the STL (STere-
oLithography) format, which is also known as Standard Tes-
sellation Language. STL file format was originally devel-
oped for the stereolithography CAD software, and nowadays
most CAD system, such as AutoDesk, Catia, ProEengineer,
and SolidWorks, can export the native CAD format as STL
file. STL file is essentially a triangulated surface representa-
tion for a given object. It uses a set of orientable triangular
facets to approximate the shape of the object. Each triangle
facet is defined by three vertices which are saved according
to the right-hand rule, and its orientation is represented by a
unit normal.

Originally, the intersection, if exists, between a 3D ob-
ject and a plane should be a 2D planar area (a single point or
a line/curve can be viewed as the degeneration of a 2D planar
area). Because of the adoption of STL format, which repre-
sents a 2D surface embedded in 3D space, the intersection
becomes a 1D object embedded in 2D space. This 1D object
is the boundary/contour of the previously mentioned 2D pla-
nar area, and it consists of a set of segments, each of which
is defined by two end points. For a manifold mesh model,
this 1D object must be one or more simple closed polygons
with consistent orientations. The orientation of the polygon
is used to indicate whether the area it encloses is solid or
hollow. The process to obtain these intersections is usually
called “slicing”.

The calculation of end point coordinates for segment is
straightforward. We traverse all triangle facets, and for each
triangle facet we evaluate whether or not it intersects with
current slicing plane (Z = Z;). This can be done by simply
checking the minimal vertical coordinate (Z;,) and maximal
vertical coordinate (Zy,x) of three vertices from the triangle.
If Ziin < Zy and Znyax > Zy, the triangle will intersect with
current slicing plane. Then each end point can be calculated
by using Eqn.(1), where V| (X1,Y1,Z;) and V»2(X2,Y2,Z,) are
two end points of the intersected edge from the triangle. The
outcome of this computation is a set of unordered segments,
and the connectivity/adjacency among these segments has
not been explored yet. For most AM setup, it is neces-
sary to know the connectivity for tool path planning, e.g.,
polygon offsetting, G-code generation etc., so we should ar-
range these segments in the right order to form one or more
closed polygons. Closest point method [4] and marching al-
gorithm [15] are two classic slicing algorithms. The former
one calculates the coordinates of intersection points first, and
retrieves the connectivity afterwards. The later one explores
the topology by sorting first, and then calculates the intersec-
tion coordinates in order according to the adjacency.
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At a specific layer, assume there exists n triangle facets
intersected with current slicing plane. The closest point
method calculates coordinates for 2n end points from »n seg-
ments, and the time complexity is O(n). However, in order
to determine which point is connected to a given point, the
distances between this point and all points from un-explored
segments have to be computed, and this process increases
the time complexity to O(n?). In contrast, marching algo-
rithm propagates the contour from one triangle to its neigh-
bor until getting back to the initial one, so it only calculates
coordinates for n points, and the connectivity is exactly the
same as the sequence of marching. Although marching algo-
rithm seems more time-efficient than closest point method, it
is necessary to know the adjacency information of the trian-
gle facets in advance. This adjacency information does not
come with the STL format model automatically, and its con-
struction is also time-consuming.

2.2 Similarity among Customized Models and Mesh
Property

AM process can construct 3D objects with very com-
plex geometric features, therefore, input models can be arbi-
trary. As mass customization intends to fabricate individual-
ized products with near mass production efficiency, numer-
ous models with distinct features present a huge challenge to
the pre-fabrication computation. Although some models are
derived from the same template by simple transformations,
such as translation, rotation, scaling etc., they still need to be
processed separately. Fortunately, an important observation
is that customized models from the same category usually
share the characteristics of high similarity, and this high sim-
ilarity exists in both geometry and topology. In order to work
properly, the topological similarity among customized func-
tional products is especially prominent. For example, the
artificial human heart implant, as shown in Fig.2, needs to
have left atrium, right atrium, left ventricle, right ventricle,
veins, and arteries connected properly, and have them iso-
lated from one another if necessary. In other words, all hu-
man heart implants have to be homeomorphic, although they
may have different customized sizes for some local features.
Fig.3 shows another example of two aligners from the same
customer but for different phases. Those two aligner mod-
els are homeomorphic and share 99% similarity in geometry.
This high similarity has already been utilized in the prod-
uct design, e.g., two different models can be derived from
the same template by local modification and/or deformation.
However, the existing pre-fabrication paradigm treats each
model independently, and each model needs to go through



every single step separately, e.g., slicing, tool path planning
etc.
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Fig. 2. Artificial Heart Implant. The left is the total artificial heart,
and the right is human heart [16].
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Fig. 3. Two tooth aligner models share the same topology and 99%
similarity in geometry. The left is for Phase 0-30 days, and the right
is for Phase 31-90 days.

STL file, as the de facto file format for AM, is the sim-
plest polygonal mesh. It consists of three types of mesh ele-
ments: vertices, edges and faces [17]. The information to de-
scribe the mesh property includes mesh topology and mesh
geometry. The mesh topology describes the incidence re-
lations among mesh elements [17], such as for each vertex
the incident edges, and for each edge the incident triangular
facets. The mesh geometry describes the position (coordi-
nate) of each vertex. It is noteworthy that two models with
the same mesh topology but different mesh geometries can
be different, and two models with the same mesh geome-
try but different topologies can be totally different as well.
Fig.4(a) shows two different models share the same mesh
geometry but are different in mesh topology, and Fig.4(b)
shows two different models have the mesh topology in com-
mon but are different in mesh geometry. With both mesh
topology and mesh geometry the mesh can be unambigu-
ously defined.

In STL file each triangular facet is defined by three ver-
tices which are saved according to the right-hand rule, and
its orientation is represented by a unit normal. Each facet is
represented as follows:

facet normal

outer loop
vertex

NX NY NZ

Vo. X WY WZ

(b)

Fig. 4. Mesh Topology and Mesh Geometry: (a) meshes with same
geometry but different topologies, (b) meshes with same topology but
different geometries.

vertex VixX wvi.Y vi.zZ
vertex WX WY WZ
endloop
endfacet

For efficient rendering purpose, saving each facet in this for-
mat can make face enumeration very simple. However, the
connectivity/adjacency is implicit which is undesirable for
geometric algorithms. As mentioned in [18], explicit mesh
connectivity will make many geometric algorithms much
easier to be implemented. Inspired by this, if we can make
mesh topology of a single product more predictable by tak-
ing advantages of piecewise continuity and the high similar-
ity among customized products, the pre-fabrication compu-
tation of this product can be more efficient.

2.3 Proposed Method

In this study, we assume there exists a template mesh
model, and customized models can be derived by modify-
ing the template. Because of the high similarity among cus-
tomized products, this customized modification can at least
persist a large portion of the mesh connectivity from the
template. With the same mesh connectivity, the customized
product is guaranteed to be homeomorphic to the template
which is crucial to proper functioning. Individualized shape
can be achieved by modifying the mesh geometry, as shown
in Fig.4(b), and this kind of modification is already available
in some softwares, such as Maya, MeshMixer, and Mag-
ics. In order to make mesh topology more predictable, we
first explore the mesh connectivity of the template. During
this exploration, piecewise continuity is utilized to reduce
the redundant computation. The explored template mesh
connectivity will be reused for customized products as they
have the mesh topology in common. For local feature add-
on/removal, we will take care of this local feature indepen-
dently, so the topology inherited from the template can keep
intact and be reused in future.



3 Self Topology Information Reuse

In this section, the idea of topology information reuse
will be incorporated in a single model by utilizing piecewise
continuity in mesh connectivity. The classic closest point
method is implemented in two steps: 1) calculating inter-
section coordinate; and 2) connecting each segment in the
right order. The second step is based on the observation that
the closest point to a given point is the point itself, and the
flow chart of this step is shown in Fig.5 [4, 19]. It is the
second step that dominates the time complexity, and at each
layer the connectivity of each segment is explored separately.
Because each segment is the intersection between the slic-
ing plane and a triangular facet, two segments are connected
if and only if their incident triangular facets are adjacent in
space. Therefore, if both of the two adjacent triangular facets
cross more than one layers (the edge shared by both facets
crosses more than one layers), the connectivity among their
corresponding segments will persist at all crossed layers.

Select a segment and save
in new segment matrix

y

Calculate distances between
segment tail and all other segments

'

Find minimum distance and
its corresponding segment

Have all lines
been checked?,

distance relate to heat
of corresponding
sggment?

Swap head and tail of
corresponding segment

| Save corresponding segment in
order in new line matrix

Fig. 5. Flow Chart for Connecting Segments in Order

An example is shown in Fig.6. Triangular facet 7, and
T, have an edge in common, both facets cross i1,
and i+ 2 layer, and the corresponding segments L;, and
Li, Lif! and L;“, L;*Z and L;*z are connected. The clos-
est point method does not utilize this piecewise continuity in
mesh connectivity, and conducts idle computations.

The idea of self topology information reuse takes advan-
tage of this piecewise continuity in mesh connectivity, and
explores the adjacency between two triangular facets only
once. The explored necessary facet adjacency information
is stored in a table, and in later layer if two segments are
incident with the same facet pair, they will be connected au-
tomatically. Using Fig.6 as an example, if we slice the model
from the bottom to the top, the adjacency between T}, and T,
is explored at layer i. At layer i+ 1, these two facets still get
involved, and we can march from L;“ to Lg“ (or from Lf)“
to Lfl“) directly without computing the distances between
the tail of Lit! (or L") and all other segments on this layer.

Since in a manifold mesh model each triangular facet

———————————————————————————————— Layer i+3
——————————— ﬁ,;——————————— Layer i+2
L L
______ L U ------ Layer i+l
T, T,
L'\ L,
—————————————— L L /- —————-- Layeri
———————————————————————————————— Layer i1

Fig. 6. Piecewise Continuity in Mesh Connectivity

has three edge-connected neighbors, a ¢ X 3 matrix is created
to save the adjacency information, where ¢ is the total num-
ber of facets from the model. Each row is corresponding to
a facet, and each entry saves the neighboring facet of a given
facet. For instance, the value of the entry [i, j] (for 0 < j < 2)
being k means the ;" neighbor of facet T; is facet Tj. It is ap-
parent that the adjacency between two facets is commutative,
therefore, the value of the entry [k, /] (for 0 </ < 2) must be
i. For a given triangular facet, we save the adjacency accord-
ing to the vertex sequence. Assuming three vertices from a
specific facet are Vj, V| and V;,, the neighboring facet which
is opposite to Vp is saved at the first entry, the facet opposite
to V) is saved at the second entry, and that is opposite to V;
is saved at the third entry. Fig.7 shows an example.

Fig. 7. Neighbor Numbering of A Given Triangular Facet

Initially, all entries of the adjacency table are set as -
1. At a specific layer, we start from a facet and march from
one facet to another according to the known adjacency until
arriving at a facet with -1 value in the entry corresponding to
the neighbor in marching direction. This marching results in
a polyline instead of a segment, and the polyline consists of
one or more connected segments. Fig.8 shows the flow chart
of polyline computation.

When all polylines are generated, we only need to inves-
tigate the connectivity among polylines by the same idea of
the closest point method, and the outcome of this investiga-
tion will be used to update adjacency matrix afterwards. The
flow chart of this process is shown in Fig.9. Comparing to
Fig.5, there are only three differences:

1. In this process we investigate the connectivity among
polylines rather than segments;
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Fig. 8. Flow Chart for Computing the Polylines

2. The distance between the head and tail from the same
polyline needs to be compared as well, because it is pos-
sible that a single polyline is a closed polygonal contour;

3. The adjacency table is updated according to the mini-
mum distance check.

Select a polyline and save
in new polyline matrix
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polyline tail and its head
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polyline tail and all other polylines
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Fig. 9. Flow Chart for Connecting Polylines in Order

Fig.10 shows the intersection between a model and the
i slicing plane, and two contours, LiLyLsLgL11L19L3 and
LyL7L9Ls, are included. The area enclosed by the interior
contour is hollow, and the area nested between the interior
contour and the exterior contour is solid. Assume that from

the calculation for the previous layers, the connectivities of
LiLyL¢, Lal7LoLs, L11L1oL3 are already known, and the in-
cident facet of Lg just starts to get intersected with current
slicing plane. After traversing all facets, four polylines will
be generated, and the details are shown in Table 1 (Assume
the index of a facet is identical to the segment which is in-
cident to this facet. i.e., Segment L; is incident to triangular
facet 7;). When we finish this layer, the connectivity between
P, and P>, P, and P4, P5 and itself, P4 and P; can be deter-
mined. The adjacency table needs to be upgraded accord-
ingly and Table 2 shows the adjacency before and after this
update.

L

Fig. 10. An Example of Self Topology Information Reuse

Table 1. Polyline Information
Polyline | Member Segment | Head | Tail
Py Ly, Ly, Lg T Ts
P Lg T3 T3
P3 L4, L7, Ly, Ls n Ts
Py Ly, Lo, L3 T T3

Typical layer thickness used by existing AM processes
is usually between 50 wm and 100 um, but as a continuous
AM process, CLIP can have a layer thickness as small as
1 um [10]. After adopting such a tiny layer thickness, on
one hand, the possiblity that the same facet adjacency infor-
mation can be reused for many layers is high; on the other
hand, the effect of reusing this adjacency information is sig-
nificant comparing to the closest point method. Three mod-
els, tooth aligner (Fig.11(a)), hearing aid (Fig.11(c)) and ver-
tebral column (Fig.11(e)), are selected as test cases to go
through both the classic closest point method and the pro-
posed slicing method with topology reuse. These models are
also typical human-centered products which have great de-
mands for mass customization. The test environment is: 64
bit Windows 10 Pro system laptop with Intel(R) Core(TM)
i7-4600U, CPU @ 2.10GHz 2.69 GHz and 8GB RAM, and
the layer thickness is set as 1 um. The results are shown in
Table 3. It is apparent that by reusing the topology infor-



Table 2. Adjacency Table Update

Facet | Neighbor Before Update | Neighbor After Update
1 2 3,2
2 1,6 1,6
3 10 10,1
4 7 57
5 9 9,4
6 2 2,8
7 4,9 4,9
8 6,11
9 7,5 7,5
10 11,3 11,3
11 10 8,10

mation, the time consumed for slicing can be dramatically
reduced.

s

(b) (d)
Fig. 11. Test Cases: (a) original tooth aligner, (b) deformed tooth
aligner, (c) original hearing aid, (d) deformed hearing aid, (e) original
vertebral column, (f) deformed vertebral column.

4 Intra-model Topology Information Reuse

In previous section, we introduced an improved slicing
method, which takes advantage of the piecewise continuity in
mesh topology. It can be applied on a template model to ob-
tain contour files. Due to the similarity existing among cus-
tomized products, we can derive other models by modifying
the template. This modification can be any arbitrary change
on the mesh geometry (vertex position), and the mesh topol-
ogy is expected to be held. Fig.12 shows three deformed
hearing aid models, and they all share the same mesh topol-
ogy with the original one.

During the slicing for the template, each necessary ad-
jacency is explored only once, and it is saved in the adja-

Table 3. Time Statistic Comparison for Self Topology Reuse

Model Size | # Layers tcp 1SR
Aligner 545k 14k 67m8s | 3m55s

Hearing Aid 327k 8.8k Sm25s 43s
Vertebral Column | 549k 10k 55m56s | 1m37s

The “Size” shows the number of facets, and “# Layers” is the
number of layers. Time units are in minute (m) and second (s).
“tcp” and “tsg” are the time consumed for closest point method
and self topology reuse, respectively.

(c) Deformed 2

(a) Original (b) Deformed 1 (d) Deformed 3

Fig. 12. Deformed Models Derived from the Template

cency table. To enable the intra-model topology information
reuse, this adjacency table is exported after template slicing.
It is loaded first when we start to slice the customized model.
Therefore, at least part of necessary adjacency is known for
the customized models, and their slicing can be much faster
comparing to the model whose connectivity is totally un-
known. It is possible that the exported adjacency table still
has some entries whose values are -1 (which means corre-
sponding edges of these entries do not intersect with any
slicing planes during the template slicing, e.g, parallel to the
slicing planes). However, in the modified model these edges
may get intersected with slicing planes, and this is because
of the vertex position change and/or slicing plane position
change. The same strategy as the closest point method can be
applied on these edges to further accomplish the adjacency
table.

Three test cases, deformed tooth aligner (Fig.11(b)), de-
formed hearing aid (Fig.11(d)) and deformed vertebral col-
umn (Fig.11(f)), are selected to demonstrate the efficiency
from intra-model topology information reuse. The test envi-
ronment is the same as Section 3, and the layer thickness is
also set as 1 um. The time statistics are report in Table 4.

Table 4. Time Statistic Comparison for Intra-Model Topology Reuse

Model cp ISR TIAR
Deformed Aligner 68m6s | 3mS4s | 1m37s
Deformed Hearing Aid S5m27s 43s 34s
Deformed Vertebral Column | 54ml17s | 1m39s | Iml4s

“t;aR” 1s the time consumed for intra-model topology reuse slicing,
and the time for loading the adjacency table is included.



5 Inter-model Topology Information Reuse

Sometimes modifying the template model only by
changing the vertex position cannot generate desired cus-
tomized feature, and local feature add-on and/or removal
might be necessary. For example, a customer or a manu-
facturer may want to add a unique monogram on a specific
customized product to differentiate this product from oth-
ers. The monogram can be numbers, characters, or even QR
code, and it is not easy to be achieved by changing the mesh
geometry only.

Adding a feature to a mesh model can be accomplished
by Boolean union, and some commercial softwares, such as
Magics, can do this without any difficulty. The union oper-
ation merges two manifold mesh models into one, and the
resultant model has to be manifold as well. During this pro-
cess, the facets at or near the conjunction have to be merged,
cut, or deleted. For mass customization, the impacted facets
may only be a small part of the whole model, but the original
mesh topology has been changed. If the impacted facets can
be identified, we can edit the adjacency table accordingly to
make it still reuseable. Unfortunately, this topology change
occurred during the modification is not traceable for most
mesh processing softwares.

In order to reuse the template topology, the add-on fea-
ture is saved as a separate manifold mesh model, and it
is placed at the designated position relative to the template
model. In the following slicing process, the template and the
add-on feature are sliced independently, therefore, the topol-
ogy information for the template can still be reused. After
both parts have been sliced, the contour profiles from both
parts are combined together to convert into binary images.
Fig.13 is a hearing aid model with 3D personalized mono-
gram, and we use this model as an example to illustrate the

details.
(b) (©)

Fig. 13. Hearing Aid with Monogram: (a) hearing aid model, (b)
monogram, (c) resultant model.

(a)

For the original hearing aid model (Fig.13(a)), the ad-
jacency table derived from template slicing still can be used.
Comparing to the hearing aid model, any add-on feature usu-
ally has a smaller size in terms of number of facets. In
this example, the hearing aid model has 327,428 triangles,
whereas the monogram only contains 6,932 facets. Along
this line, whether the connectivity of add-on feature is known
is insignificant. Because the monogram is an add-on feature,
the polygonal area enclosed by the contour of template and
that enclosed by the contour of monogram must have some
overlap (That is to say they have to at least share some seg-

ments in order to be connected to each other). This overlap
results in intersection of the contours, and leads to invalid
loops. Because CLIP is a mask projection based SLA pro-
cess, we can skip the process of invalid loop identification
and removal, which is usually required in planar polygon
offsetting problem, to generate a valid image directly from
contour with invalid loops.

In this paper, the concept of winding number [20] is
used to generate aforementioned valid images. If we adopt
the convention that the exterior contour is oriented counter-
clockwise (CCW) and the interior contour oriented clock-
wise (CW), the winding number is defined as following [20]:
Definition 1: Let P C R? be a set of oriented polygonal con-
tours, ¢ C R? be a point, and r C R? be any ray from ¢ to
infinity that intersects no vertex of P. The winding number
o(r, P) of r with respect to P is:

o(rP)= Y ¥(re)

e;eP
where for each edge e;, ¥(r,¢;) is defined as follows:

0 if r does not intersect ¢;;
Y(re) = 1

—1 if e; crosses r in CW as view from gq.

if e; crosses r in CCW as view from g;

In order to determine whether a single connected region is
solid or hollow, positive winding rule is selected. If the
winding number for this region is positive, it is classified
as solid, and the pixels on the image it covers are set as
foreground. Otherwise, the region is identified as hollow,
and its corresponding pixels on the image are set as back-
ground. Fig.14(a) represents the contour at a specific height
for the hearing aid model with monogram, and the calcu-
lated winding number is shown in Fig.14(b). Fig.14(c) is the
binary image after conversion which can be used for CLIP
directly. It is noteworthy that this method is also capable of
handling feature removal, and the principal idea is the same
as Boolean difference. In this application, the orientation
of the contour from removing feature needs to be reversed.
Fig.14(e)-(h) shows an example for feature removal.

6 Conclusion and Discussion

In this paper, we embraced the idea of reuse in the
computational field for additive manufacturing. The emerg-
ing CLIP technology can dramatically reduce the fabrica-
tion time, and now the pre-fabrication computation becomes
the bottleneck. By taking advantage of the high similarity
existing among customized products, we proposed reusing
the topology information to accelerate slicing process. This
reuse was implemented in three levels, including self reuse,
intra-model reuse, and inter-model reuse. Self reuse is based
on the piecewise continuity in mesh connectivity, and it
reuses the topology information explored from the calcula-
tion for previous layers. This improved slicing algorithm
does not aim at decreasing the order of asymptotic time com-
plexity, instead it is trying to reduce the size of input by



(d) (h)

Exterior Contour Interior Contour

Fig. 14. Hearing Aid with Monogram: (a) contour with feature add-
on, (b) winding number for feature add-on, (c) image for feature add-
on, (d) zoom-in image for feature add-on; (e) contour with feature
removal, (f) winding number for feature removal, (g) image for feature
removal, (h) zoom-in image for feature removal.

eliminating redundant calculations. Comparing to the clas-
sic closest point method, time saving is significant, but this
method consumes more storage. For a given model and
a specific layer thickness, the total number of connectivity
needed to be explored is a constant. If all necessary con-
nectivity is known, the asymptotic time complexity is linear.
Intra-model reuse utilizes the topology information obtained
from template slicing, and expects to attain a near linear time
complexity. Customized model which is suitable for intra-
model reuse can be derived from the template by applying
vertex position change on all three dimensions as long as the
mesh topology persists. And inter-model reuse was also pro-
posed to take care of local feature add-on and removal, which
is also very common in practice. It treats the add-on/removal
feature independently to keep the mesh topology from tem-
plate intact, so this information can be reused. In the contour-
image conversion, Boolean operations are adopted to render
a valid mask image. Experimental results show that promi-
nent time saving can be achieved by adopting the proposed
method.
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