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Abstract

Purpose: Given an intersection-free mesh surf&eve
introduce a method to thicke®into a solidH located at
one side ofS. By such a surface-to-solid conversion
operation, industrial users are able to fabricate a dedigne
(or reconstructed) surface by rapid prototyping.

Desigrfmethodologyapproach: In this paper, we first
investigate an implicit representation of the thickenddiso
H according to an extension of signed distance function.
After that, a partial surface reconstruction algorithm is
proposed to generate the boundary surfédeof H, which
remains the given surfacon the resultant surface.

Figure 1: The dference between surfacfsetting (left) and
thickening (right), where the bolded curve denotes thergive
freeform surface to be remained on the resultant solid.

Finding: Experimental tests show that the thickening results
generated by our method give nearly uniform thickness and
meanwhile do not present shape approximation error at the
region of input surfac&. These two good properties are
important to the industrial applications of solid fabricat

3D printing (3DP), etc. In order to fabricate a designed
model (or shape) into a real object by these rapid prototypin
methods, the model is usually represented as the boundary
representation (B-rep) of a solid R3 (ref. [2]).

In the applications of design and manufacturing, there is a

Research limitatioryimplications: The input polygonal demand for a geometric modeling tool to convert a freeform
model is assumed to be intersection-free, where models ~ Mesh surface (usually in the form of open surface) into a
containing self-intersection will lead to invalid thickeg thin-shell solid that can be fabricated by rapid prototgpin
results. machines. The freeform mesh surfaces to be processed could
be a surface region trimmed from a designed model. In or-
Originality /value: A novel robust operation to convert a der to physically check the fitness of the designed model

freeform open surface into a solid by introducing no shape to other objects, a prototype surface of the model needs to
approximation error. A new implicit function that gives a be fabricated. Moreover, the surface to be thickened (and
compact mathematical representation, which can easily then fabricated) could also be a patch reconstructed from
handle the topological change on the thickened solids. A the scanned point clouds. Many RP fabrication procedures
new polygonization algorithm that generates faces for the  require the solid model having nearly uniform thickness so
boundary of thickened solid meanwhile retaining faces on that large residual strains will not be generated by the non-
the input open mesh. uniform shrinkage of materials. The freeform surfaces to be
fabricated are usually represented in the form of piecewise
Keywords: Thickening, mesh surface patch, signed distance, linear mesh surfaces, which are not limited to rectangular
surface to solid, rapid prototyping. or triangular parametric surfaces and could have high genus
topology. Therefore, theftsetting techniques for paramet-
. ric surfaces in the literature (e.d., [3-5]) cannot be diyec
1 Introduction used here. Moreover, although thsetting operation (e.g.,

) ) ) ] o [6H8]) in solid modeling can computeffeetting shells for
Rapid prototyping (RP) is a very important fabrication t0ol  genera| 3D freeform models, the computed shell are located

to help designers to realize thg prototype of their product — J, hoth sides of a surface patghthat does not satisfy the
especially for those products with freeform shape. Common qqjirement described below (see the left of[Big.1 for an il-
rapid prototyping techniques (ref.[1]) include ective laser lustration).
sintering (SLS), stereolithography (SLA), fused deposition . . . -

. X . . Offsetting the input mesh surface one-side by explicitly
modeling (FDM), laminated object manufacturing (LOM), moving vertices may lead to self-intersections. For exam-

*Corresponding Author; E-mail: cwang@mae.cuhk.edu.hk ple, as shown in the right of Fig.1, the intersection-free-on




side dfsetting result in a surface that hasfeient topology  tions with the help of volumetric representations, whicé ar
to the input surface. It is also not clear how to define the reviewed below.

boundary of this “one-sideftsetting”. Although it is possi- The thickening operation proposed in this paper closely
ble to “project” the boundary of input surface onto th& 0  relates to the fisetting operation, which can be applied to
set surface and cutioundesired regions, the projection and curves, surfaces and solids. In the earlier work of Rossigna
cutting df steps involve many numerical predicates and will and Requichd 6], the mathematical basis fsetting solids
sufer the robustness problems [9]. In this paper, we definewas described. Thefiset techniques for curves and surfaces
a compact representation for thickened solids, which help 0 have been extensively studied by Pham [11] and Maekawa
the robust and féicient computation of resultant models in  [12]. For dfsetting a 3D surface, the mostflitiult is-
boundary representation. sue is how to ffectively and éiciently remove those self-
The mesh surface trimmed from an existing model is ex- intersected regions that do not belong to the result#it o
pected to be not changed during the thickening. Specifi-set surface. Most of recent surfacésetting approaches
cally, the input mesh surface is required to be remained as(e.qg., [3[4]) focus on solving this issue. However, the inpu
part of the boundary surface of the resultant solid (i.ee, th of these approaches are parametric surfaces with rectngul
output of thickening operation), where most of the RP ma- parametric domains (or triangular parametric surface sisch
chines use triangular mesh surfaces as the standard represe[5]), which cannot be directly applied here to the piecewise
tation of input models. The given surfaeis remained on  |inear surface patches. For the applications in QBBM,
the boundary of the resultant solid so ti&tan be fabri-  more and more models are represented by piecewise-linear
cated. Figurél2 shows such an example on fabricating a surfreeform surface (especially those objects reconstriioted
face for helmet design. On a head model reconstructed fromscanned 3D point clouds or scanned volumetric images).
a scanned point cloud, designers can draw freeform curves ¢ dfsetting operation for 3D surfaces can be extended
(see Fid.2(a) and (b)) and the mesh surface is then timmed, compute the fisets of 3D models by firstffsetting all
off by these curves into a new freeform surface patch to begyfaces of a model and then trimming (or extending) these
fabricated (see Figh2(c)). After applying our mesh thicken gset surfaces to reconstruct a closed 3D mddél[6, 13, 14].
ing operation, the surface patch is converted into a theitsh  These earlier approaches first compute a superset offthe o
solid (see Fi@2(d)) and fabricated into a real object asho st syrface byfsetting 1) vertices into spheres, 2) edges into
in Fig[2(e). The physical fitness check can be taken by thisyjinders, and 3) faces into parallel faces. Then, they trim
prototype and the head of mannequin. that superset by subdividing its elements at their commen in
Problem Definition  Given a two-manifold mesh surface tersections and deleting the pieces that are too close to the
patchS, a thickening operation generates a triangular meshoriginal solid. This is a very expensive computing process
that represents the boundary surfaéeof a solidH, which ~ and the trimming at tangential contacted regions is numer-
is located at one side & and has a user specified thickness ically unstable. Although the recent work in solid model-
r. Meanwhile,¥p € S (p € R3), the distance betwegnand ing can remove the self-intersections more robustly dfd e
OH, ciently with the help of other representation (e.gll [ 3})1
. . simply applying the solid fbsetting operator to a mesh sur-
dist(p. 9H) = infyqeon lIP - all, face patchS will generate a solid on both side & which
must be zero. does not satisfy the requirement defined in our objective of

To solve this surface thickening problem, we develop a surface thickening to remai on the boundary surface of a

new method in this paper to produce the triangular mesh"esultant solid (see Fig.1). .

surface ofgH in two steps. First, an implicit representa- ~ Many dfsetting approaches for 3D solids seek the help
tion of the thickened solidH according to an extension of of volumetric representation of solids to remove the self-
signed distance field is defined on an uniform grids with Intérsections on the result offeetting. Widely used rep-
(2 +1)x (2 +1)x (2' + 1) nodes, where each node stores a bi- resentgnons in these approaches include voxel-based-repr
nary value to indicate whether the node is inditiéoy value ~ Sentation[[18, 17], ray-based representatidn [3, 18, 1@, t
‘). In this step, a hierarchical assigning algorithm isele fast marching method [20, 1], distance-field based repre-
oped to assign the values of grid nod@ceently. After that, sentation[[2P=25], or Binary Space Partition (BSP) tre¢.[26
a new partial surface reconstruction algorithm is invesig ~ Some of them can be applied to solid modeling operations
to generate the surface 6H. To satisfy the requirement of ~ that are more general tharffgetting (e.g., Minkowski-sum,
dist(p,8H) = 0, the given surface patc® is only modified general sweeping, etc.). However, to the best of our knowl-
to a new surface patc8 by splitting the triangles located ~€dge, none of these approaches can generate a mesh sur-
on the boundary o8 if necessary. Other triangles @are face that satisfies the requirement of being coincident with

remained, and the reconstructed mesh surfacesHoare  the input surface patch. The proposed mesh thickening ap-
stitched to the boundaries 6f proach generates the indication field on uniformly sampled

grids with the help of distance-field. Nevertheless, the-nov
elty here is more than using the distance-field to remove self
intersections. Details are discussed in the following sabs
The related work in literature can be classified into surface tion.

offsetting, solid dsetting, and other solid modeling opera- Lastly, the partial surface reconstruction algorithm igak

1.1 Literature review



Figure 2: Application of using the thickening operationlie thelmet design and prototype fabrication. Given a headehind
(a), designers can draw freeform curves on the surface dfa¢hd model (see (b)) and cut out the triangular mesh surtgtca p
for modeling the helmet from the head model (see (c)) by usiegnethod in[[I0]. The thickening operation is then uttize
to fabricate a solid model with relatively uniform thickisesee (d)), which is passed to a mask projective SLA machine t
produce a prototype of the helmet by resin (see (e) for thaltyedn (d), the newly reconstructed triangles are dispthyn
blue color and the triangles coincident with the given stefpatch in (c) are displayed in gray color. It is easy to fired tnly
triangles on the boundary of the input surface patch aréwlle other given triangles are remained on the resultaritse.

to the dual contouring (DC) algorithm [27] to convert the 1.2 Contributions

implicit representation of a solid into B-rep accordingt® i

zero-level isosurface. In the basic DC algorithm, the igipli ~ Major technical contributions of our work fall in three as-
function for a solid is first sampled on uniform cubic grids. Pects.

A grid cell with its eight grid nodes having inconsistént

side (or outside) configurations is named as a boundary grid e A novel mesh thickening operation for solid fabrication
cell. In each boundary cell, a vertex on the resultant mesh is proposed in this paper. In literature, there is no such

surface is created and located at the position minimizieg th thickening operation available for inputs with general
quadratic error function (QEF) defined by the Hermite data piecewise-linear surfaces.

samples on the grid edges of the cell. For each edge that has

one endnside but the otherutside, two triangles are con- e The new thickening operation will generate a new solid
structed to link four vertices in the cells around the eddee T H lying at one side of the given surfaBe where an im-
resultant B-rep is formed by these triangles. The basic DC piicit representation of this solid is defined by extending
algorithm is recently modified to generate intersecticefr signed distance functionsfiigient filters are developed

mesh surfaces [7. 28] and manifold-preserved surfaces [29] o evaluate the results of point-membership classifica-
Differently, in our approach, the triangles reconstructed from tion on the solid.

the uniformly sampled grids is required to stitch onto the ex
isting triangles inS. We develop an extension of the DC
algorithm to achieve this goal by 1) positioning the veice
onto the boundary curvéS of S when a cell intersect8S
and 2) neglecting the construction of triangles at the regio
occupied by the given surfa& Details will be discussed in
Sectiorl 4.

e To obtain the boundary surfacgl, of H, a partial sur-
face extraction algorithm is investigated for generating
the B-rep by remaining on the resultant surface. It
is very important for solid fabrication that no shape ap-
proximation error is generated on the surface to be fab-
ricated.



+ By the signed distance function in Definition 1, we can
define the point set of the thickened sdidS) for S as fol-
lows.

Definition 2 The point set of the thickened solt(S) hav-
ing the thickness for a given two-manifold surface pat&h
is defined as

H(S) = {p| sDist(p, S) € [, 0], ¥p € R3\B(S)uUaS, (3)

whereB(S) is
Figure 3: The signed distance-field of a given oriented ) . 3
surface$S (left) classifies theR? space into three regions B(S) = {plarg inflip-qil € S, Inf_lp—qll <. Vp € R7),
(see right): 1)sDist(p,S) > 0 (the region in blue color), 4)
2) sDist(p,S) < 0 (the region in green color), and 3) and ‘" and ‘U’ denote the subtraction and the union of point
sDist(p,S) = 0 (the black solid curve and the red dashed sets respectively.

curves).
In our definition of the thickened solid, the point set of a

thickened solid excludes the points whose closest poiets ar
Rest of the paper are organized as follows. After giving on the boundary o§ (i.e., all points inB(S)). As shown in
the mathematical definition of solids produced by our thick- Fig[4, if these points are included in the point sets forkhic
ening operation in Sectidd 2, a hierarchical filtering mettho ened solids, the given surface pat&hwill be smoothly ex-
is presented in Sectidd 3 tdheiently evaluate the solid on  trapolated by the boundary surface of the thickened solid.
uniformly sampled grid nodes. Sectidn 4 concentrates on theThis results in a solidH that the given surfac& cannot be
partial surface reconstruction algorithm that generdte 3t easily identified on the resultaéitd. Industrial applications
rep ofdH. Several experimental tests are given in Sedtion 5 prefer to generate a solid on which the given surface patch,
to demonstrate the function of our approach, and our paperS, can be easily identified (as shown in Elg.4(d)). The points
finally ends with the conclusion section. in B(S) must be excluded frorkl(S); however, the boundary
of S, 4S, must be included it (S) to result in aregularized
solid (ref. [2]).
2 Shape Representation Note that, the solid defined in EQL(3) is located at the ‘in-
terior’ side of the given surface patch (i.e., the non-pesit
This section discusses the mathematical representation ofegion in‘R3 defined bysDist(p, S) — the green region in
solids generated by our mesh thickening operation. Fig[3). Similarly, a thickened solid in the non-negative re

gion can be defined bsDist(p, S) as
Definition 1  For a given two-manifold surface pat&hthe

signed distance from a poipte R3to S is defined as {p | sDist(p,S) € [0,r], Vp € R3}\ B(S) U IS.

Or to obtain such a solid by flipping the orientation of all
(1) triangles on the given surface patsh Therefore, in the rest
(P-0c)-nc=0) of our paper, we only discuss about the boundary surface
generation method for the solid defined in ER.(3).

(D*C)ﬂ,:
SDist(p, S) = { gp_c>.nc|llp ~cl ((P-0)-Ne#0)

wherec is the closest point gf on S as

¢ = arg,inf lIp - gl 2 3 Fast Evaluation of Grid Nodes

The definition of thickened solid(S) in Eq.(3) is an implicit
representation, which is going to be converted into the mesh
Different from the signed distance field for solids with closed Surface ofoH. We sample the soliH on uniform grids,
boundary surfaces, the signs for distances to an open surfacwhere each grid node stores its signed distancs.tdrhe

are defined according to which side $fthe query poinp sampling distance (i.e., the widtt, of cubic grid cell) is a

is located. Specifically, the sign of inner product between parameter that can be selected by users. However, selecting
the vector p — ¢) and the normal vecton,, of surfaceS at value ofw greater than half of (i.e., the specified thickness

c. This is an extension of signed distance fields. The sign ofof H) may let the newly created boundary surfagel (\ S)
distance to the surfa@partitions theéR 3 space into three re- ~ fall in the same grid cell which holds the original surfsge
gions (see Fi@l3 for an illustration). Note that, the rechéals ~ Such a case will result in a poor mesh surface according to
curves (in the right of Fifl3) represent the region of pomts the limitation of DC algorithm that each cell will generate
with sDist(p, S) = 0 butp not onS. only one vertex on the resultant mesh.

andn. is the surface nornfhbf S atc.

1The input two-manifold surfac is oriented, thus its normal vectors Remark 1 The width of uniformly sampled gridsw,
point to one side o08. should be less thary?2.



consists of several parts, the construction of narrow digta
field arounddH is more dificult than the narrow distance-
field for solid dfsetting in [7]. A looser bound for the set of
valid grid nodes is given by introducing tleandidate region
of valid grid nodes as follows.

Definition 4 Candidate region Q in R3 of valid grid nodes
is defined as a set of points, where any pa@jné Q must
(a) (b) satisfy|Dist(g, S)l < r + V3w.

The candidate region of valid nodes defined a superset of
valid grid nodes, which is actually arffeet solid ofS with
B%) the dfset value ( + V3w).

Remark 2 For a sphere centered atwith diameterd,
this sphere has no intersection with the candidate region if
|sDist(0,S)| > d +r + V3w.

(O -BS) (d)

This remark is used to develop an hierarchial assigning-algo
rithm for grid nodes. Without loss of generality, we assume
Figure 4: The illustration for the definition of a thickened that there are (2+ 1) x (2' + 1) x (2' + 1) grid nodes to be
solid H: (a) the given surfacg and its dfsetting result, (b)  assigned for the thickened soli(S) (with | being an in-
the solid including the points with the closest points on the teger). Starting from the bounding bdx of all these grid
surface boundarys, (c) the open point seB(S) as defined  nodes, we recursively subdivide the boundary box into eight
in Eq.(4) must be excluded, and (d) the thickened sdli8) sub-boxes. For a sub-box, if the distance from the center
as defined in EQ.{3). It is easy to find that the boundary of o of its circumsphere to the given surfaBeis greater than
given surface is not clearly presented on the resultard #oli  d + r + V3w (according to Remark 2), the subdivision is
the points with closest points on the surface bound&rare stopped and all grid nodes in this sub-box are assignadtas
included (e.g., as the solid shown in (b)). belonging to the candidate region. Otherwise, the sub-9ox i
further subdivided until a sub-box with only eight grid nede
is obtained, which cannot be further refined. When reaching
The spacd that bounds a thickened solid can be es-  the finest level of the hierarchy, the signed distance from a
timated by enlarging the bounding box $fwith r. There- gird node toS will be determined by [30] and stored; mean-
fore, the signed distance-field & (according to Definition  while, whether this grid node is inside the soktwill be
1) is sampled il on uniform grids with widthw. To efi- determined according to Definition 2. Figlie 5 illustrates t
ciently search the closest poinf on S according to a query  hierarchical structure (i.e., an octree) for assigningvtilae
pointq, the swept sphere volume hierarchy (SSVH) of trian- on grid nodes.
gles in [30] is adopted here to determine the informatioh tha
needs to be stored on grid nodes. As analyzediin [7], though
the closest point search based on SSVH is fast, using it to de-
termine the signed distance value for all nodes on grids with 4 Partial Surface Reconstruction
moderate density (e.g., 252257x 257) may take more than
several hours. However, such comprehensive search is not
necessary as the surface reconstruction only considdss cel In this section, we present the partial surface reconsamict
intersectingdH. To speed up the node value assignment, we algorithm that generates a mesh surfa¢efor 9H, which
classify the grid nodes intealid andinvalid ones. The def- remains the given surface patghas part of it. Our recon-
inition ensures that the minimal box in the sampled distance Struction algorithm is an extension of thiesal contouring

field has all nodes with valid distance values if the box inter (DC) algorithm [27] conducted on the uniformly sampled
sects the boundary of solH. grid nodes. Briefly, in DC algorithm, every grid-box with

some grid nodenside a solid H while other nodesutside
Definition 3  For any grid node, if its distance to the bound- Will generate a vertex for the resultant mesh surfisceThe
ary of solidH is less thany3w with w being the width of grid ~ position of vertex is determined by minimizing theadratic
cells, this grid node is defined asalid grid node; otherwise,  error functions (QEF) for obtaining a good shape approxima-

it is called aninvalid grid node. tion (ref. [27]). For each grid edge having one ending node
inside and ancther outside, a quadrangle is constructed by
By this definition, the grid cells interseéH only have valid linking the vertices in the four grid boxes around this grid

grid nodes. Therefore, a good strategy for generating a mestedge. In general, these four vertices are not coplanarg-ther
surface ofdH is to compute a narrow signed distance field fore, the quadrangle is split into two triangles to have a de-
only near the valid grid nodes. However, the boundarilof  terministic representation &fl.
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o + odooocdooocdo N edge on the given mesh surfaBemay have several newly
clolotelodofocedoacdate . created vertices attached. Each triarifijgy on S adjacent

to these edges will be replaced by a set of new triangles
connecting the vertices associated withy and its edges.
This can be implemented by sorting all vertices along the
triangular edges and applying a minimal area triangulation
(ref. [32]). See the re-triangulated faces in the right of[§;
which are displayed in dlierent colors. The mesh surfafe
after this re-triangulation is coincident to the input s

4.1 Boundary tracking and processing patchs.

Figure 5: An example hierarchical structure which céi e
ciently detect the grid nodes not belonging to the candidate
region (in yellow) of a given surface (illustrated by thedbol
black curve).

First of all, in order to let the reconstructed trianglescétto 4.2 Face generation

the given surface patc, the grid cells that intersect with the

boundary curves @ are determined (calldzbundary-curve This subsection discusses the method to generate polygonal

cells). Different from the original dual contouring algorithm, faces for the surfacéH \ S.

the vertices generated in these boundary-curve cells are lo

cated in a dferent way. Moreover, the boundary cunds

of the given surface patc8 are processed to eliminate the

gap between the newly reconstructed surface regionSand

by a method similar to the boundary stitching(ini[31]. The original DC algorithm generates a closed mesh surface
Instead of detecting the intersection between the boundaryby constructing a quadrilateral face for each of the boundar

edges ors and all the grid cells, which is neitheffieient nor grid edges. However, as part of the surfété has already

robust, we construct the boundary-curve cells and track theexisted inS and must be exactly remained, the face genera-

boundary edges in them by a top-down detection algorithm.tion step must neglect the construction of faces in these re-

Using the bounding box of all the grid nodes as a root, gions.

an octree based hierarchy is constructed. Each node on the ) )

octree spans a cubical spacelti and stores the boundary Reémark 3 For a boundary grid edge with two end nodes

edges that fall in this cubical space. When constructing the"aving signed distances ®asds andde, it hasds > 0 or

octree, the refinement of a node is stopped if no boundaryde = 0 if this edge intersects the given surface pzich

edge falls in the space spanned by this node. Leaf nOdesI'herefore, eitheds > 0 ord, > 0 is a necessary condition

of t_he octree at the finest level are the b_oundary-curve cellsg, neglecting the face construction on a boundary grid edge
which intersectS (see the cubes shown in Fily.6).

Unlike other boundary grid cells in the DC algorithm, Definition 5a A cross-section region on the boundary sur-
vertices in the boundary-curve cells for the mesh recoostru faceoH of H is defined as
tion are generated and located in dfelient way. First of
all, if there are more than one boundary verticessah a
boundary-curve celtyq, the vertex closest to the center of

Cond IS Selected as this cell’s vertex, which will be connected Definition 5b A set of points on the boundary surfaésl
by triangles to form the resultant mesk. I there is N0 ot |y satisfyingsDist(p, S) # 0 and with their closest surface

boundary vertex in a boundary-curve celhd, & New Ver-  qint not ongS is defined as thanner-shell surface region.
tex will be created on one of the boundary edges,jg and

located at the place closest to the centecgf. After con- Remark 4 For a boundary grid edge intersectifig atp,
structing vertices in all the boundary-curve cells, a bampd  if the closest point, of p on S satisfiesc, € dS, the face

Definition 4 A grid edge with one end nodsesidethe solid
H and another end nodritside is an edge that intersects the
boundary surfacéH — calledboundary grid edge.

{p| arg inf Ip—qll € 4S, ¥p € 4H}. (%)
YqeS



Original Surface Region

Cross-Section Region

N\ \ Inner-Shell Region Figure 8: Face generation for the resultant mesh surfécce

‘ \\ V (left) the quadrilateral faces are generated on both therinn

\\\\ J shell region (in green) and the cross-section region (ie}plu

gg;;se“"’” N 4 and (right) the holes are filled and quadrilateral facesplie s
into triangles.

Figure 7: The boundary surfag# of H consists of three _ _ _
parts: thénner-shell region, thecross-section region and the ~ The reconstructed quadrilateral faces will cover the inner
original surface region. shell region and the cross-section region meanwhile cannec

ing to the boundary edges &f (see Fig.B for an example).

Specifically, the faces for the inner-shell region and tlossy
constructed according to this boundary edge is in the cross-section region are constructed simultaneously. The fates i
section region. the cross-section region can be classified by Remark 4. Dif-
ferent from the original DC algorithm, the faces overlap the
input surfaces are neglected in this modified face generation
step.

On the mesh surface generated by our extended dual con-
touring algorithm, a few holes may be generated near the
boundary curves of the given surface pa&ttome of these
holes are generated in a boundary-curve cells holding more
than one boundary vertices, where only one vertex is used in
the face generation step. Other holes are caused by neglect-
ing the face generation on a boundary grid edge in mistake,
which may happen because of roundl-@rors. Such holes
e Firstly, we obtain the intersection point between all can be easily filled by the minimal area triangulation method

boundary grid edges aniH by the bisection method. in [32]. Moreover, the non-manifold entities generated in

The closest pointg of an intersection poing is then DC algorithm can be eliminated (or repaired) by the method
searched by the method df [30]. The Hermite data presented in[31]. Note that the triangles ®must not be
(@, ﬁ) is stored on the grid edge for positioning ver- changed. An example of the repaired mesh surface is shown

tices in the next step. in the right of Fid.8.

e Secondly, the vertex in each boundary grid cell is cre- )
ated and located at the average position of all inter- 4.3 Shape processing

section points on _the grid edges of .th's cell. For the In DC based algorithms, the faces generated according to the
boundary-curve grid cells, as the vertices have been cre-

ated and located on the existing boundary edgés ob boundary grid edges do not always mte_rpolate the Hermite
. o .. sample data stored on the boundary grid edges. The faces
new vertex will be generated and the positions of exist- -
. . . generated by our method above also have this problem. As
ing vertices will not be changed. . .
] ] ) _shown in the left of Fi§ll9, the shape of reconstructed saerfac

* Thirdly, if the ends of a boundary grid edge have dif- \ear the boundary between the cross-section region and the

ferent signs for their signed distances3pthis edge is

' > d : inner-shell region is not very smooth. We process the shape
possible to intersect the original surface region (accord- of reconstructed faces iteratively.

ing to Remark 3). Therefore, we further check in which

The boundary surfacgH of H consists of three parts includ-
ing the cross-section region, theinner-shell region and the
original surface region (see Figl7 for an illustration).

In our modified dual contouring algorithm, faces are only
constructed on the inner-shell regions and the crossesecti
regions. Specifically, after constructing the boundamweu
grid cells and processing the boundary triangleSdhy the
method in Sectiof 411), the polygonal faces fdérare con-
structed on the grid edges intersecting ithrger-shell region
and thecross-section region in three steps.

region the intersection point between this edge aidd e Step 1). Apply a Laplacian operator to smooth the nor-

is located. If the intersection point is in the original sur- mal vectors of the faces located at the cross-section re-
face region, this boundary grid edge is neglected. Other- gion.

wise, a quadrilateral face will be created by connecting Step 2). Update the normal of the Hermite data stored
the vertices in four grid cells adjacent to this boundary in a face at the cross-section region by the smoothed

grid edge. The Hermite data of a boundary grid edge is normal vector of this fa@e
also stored in the face constructed on it, which will be 2This is because that the normal vector of a poijrit the cross-section

used in the next step of shape optimization. region is notﬁ.




e Step 3). Compute the optimal positiap of a recon-
structed vertex (i.e., notincluding the vertices @) by
minimizing the QEF defined by the Hermite data stored
in all faces adjacent tg, and movev to a new position
py* = (1-a)py+a0y, with p, being the current position
of vanda being a blending factoi( = 0.25 is selected
in all examples of this paper).

e Step 4). Update the normal vectors of all reconstructed
faces (i.e., faces not ds).

Repeatedly running these steps for 10 to 20 times will gen-

erate a smoother surface and form sharp edges between tr'§
cross-section region and the inner-shell region (see g ri
of Fig[d for an example).

Figure 10: (Top row) The thickening result on a face model
which is obtained by scanning the face of an individual. {(Bot
tom row) The thickened solid model can be used to build a
stand by solid fabrication.

engineering. Comparing to build the whole femur model,

Figure 9: The mesh surface of a thickened solid before (left) significant less processing time and materials are needed to
vs. after (right) shape optimization. From the silhouefte o fabricate a physical model for fitness checking of the match-
the blue region, we can find the improvement of shape on theing faces (notice that they are not changed in our approach).
processed mesh (right). The blue region is the reconsttucte Physical models in both these examples are fabricated by a
boundarygH(S) \ S, of H, and the gray region is the input mask projective SLA machine.
mesh surface. Notice that the method given in Definition 1 to assign
signs for distance-fields requires the input mesh surface to
be intersection-free. Detailed analysis about evaluaiggs
for the distance-field to a given mesh surface can be found
in [33]. If a self-intersected mesh surface is given, ineotr
sign may be given to a grid node therefore leads to an incor-
rect representation for the thickened solid. As shown in the
7Ieft of Fig[12, unwanted solid will be generated (see the sep
Q740 CPU plus 4GB RAM. arated blue bump above the shoulder) when self-lntersectlo

According to our experimental tests, the most time- 9CCUrs On the input surface patch. After removing the self-

consuming step in our mesh thickening algorithm is the eval- Ntersected triangles, a correct solid will be obtained ac-
uation of values on grid nodes. Even after applying the fastcordmg io Definition 1 and 2 (see fallso Eig.12). For the
evaluation method presented in Secfibn 3, the step to generme,Sh surface generated by our mod|f|_ed dual contouring al-
ate the narrow signed distance-field does still dominate thegor't_hm’ the _method presented Ir [7] is used to prevent the
computational time of our algorithm (especially when the self-intersection.

resolution of grid nodes is high). More than 60% of the time ~ When being applied to a closed mesh surface, the thicken-
is spent on this step. However, the computation in this steping result will be the same as “one-sideffsetting. Using a
can be easily parallelized to run on the multi-cores of CPU. Plane to clip the “one-side”fésetting shows dierent shape
Our primary implementation by using OpenMP can reduce comparing to the model obtained from 1) clipping the given
the time in this step into around/4 of the original time  closed mesh model and 2) thickening the clipped open sur-
when running on the above laptop PC with 8 cores. We testface. See Fif.13 for an example to illustrate thigedence.

our mesh thickening operation on several examples. Table Our last experimental test is to check the shape approx-
1 gives the computational statistics of our algorithm on dif imation error presented on the mesh surface of a thickened
ferent examples and inftierent resolutions of grid nodes. It  solid at the original surface region. Figlird 14 shows arglys
is easy to find that our algorithm caffieiently generate the  on the helmet example by using the publicly available Poly-
mesh surface of the thickened solid from a give surface patch MeCo [34] to visualize the geometric error. It is noffdiult
Figure Z0 shows an application of using our thickening oper- to find that no error is presented between the given surface
ation to build a stand from a scanned surface patch of humamatch and the original surface region on the resultant mesh.
face. Figurd_Tll demonstrates the application in biomedical The analysis of other examples in this paper gives the simila

5 Implementation Details and Results

We have implemented the proposed mesh thickening opera
tion in a program by €+ and OpenGL. All the results shown
in this paper are generated on a laptop PC with Inter Core i



Table 1: Computational Statistics

Input Time for Res. 12& 128x 128 (sec.) Time for Res.: 256< 256 x 256 (sec.)

Model | Fig. | Thickness$ | Trgl. No. | Grid Eva. | Face Gene] Shape Opt.| Grid Eva. | Face Gene] Shape Opt.
Helmet 2 -2.5 10,822 1.03 1.16 1.33 6.07 4.93 5.37
Pig-Tail 0.5 204 0.310 0.180 0.460 1.87 0.980 1.95
Face 10 2.5 23,154 0.983 0.499 0.734 5.74 2.06 2.79
Femur 11 2.5 8,856 1.28 0.552 0.828 8.04 2.52 3.31
Sculpture | [I2 3.0 57,396 0.954 0.538 0.479 5.15 1.92 1.59
Repaired | [13 3.0 134,136 0.850 0.654 0.743 4.29 2.21 2.33

*The input thickness is reported as a value with reference to the avatggdemgth of the given mesh surface patch.

Figure 11: Application in biomedical engineering: the lowe

part surface of a femur model is selected to be thickened and

then fabricated into a physical model which can be used inFigure 12: Input mesh model is required to be intersection-

surgical planning and physical check of products such as im-free; otherwise, incorrect result will be generated (leftl a

plant or prosthetic limp. top) — see the separated blue bump above shoulder. A correct
result will be generated (right and bottom) after removimg t

self-intersected triangles on the input surface patch.
results.

6 Conclusion tool for solid fabrication.

In this paper, we develop a novel thickening operation to

convert a given intersection-free mesh surface p&totio a

solid located at one side & for solid fabrication. The solid ACknOWIedgmentS

is represented by an implicit function defined on an extensio

of signed distance-fields. We developed a partial surface re The research presented in this paper was partially sugporte
construction algorithm to generate the boundary surface ofby the Hong Kong Research Grants Council (RGC) General
the thicken solid, which remains the given surf&en the Research Fund (GRF): CUHKL7508 and CUHK417109.
resultant model without introducing any shape approxima- The second author is supported by the National Science
tion error. Moreover, the model generated by the proposedFoundation grant CMMI-0927397. Some models used in this
thickening operation has nearly uniform thickness. Thetmes paper are downloaded from the AIM@SHAPE Shape Repos-
thickening operation presented in this paper is a very lisefu itory.



Figure 13: Hollowing vs. thickening: (a) our mesh thickenoperation can also be directly applied to closed mesh®esf
obtain the hollowing results — the left most figure shows #®ultant inner mesh surface, and (b) as a comparison, tlekGre
sculpture model is also clipped into open surface and thaduxt the thickening operation.
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