A Reverse Glue Approach to
Automated Construction of
Multi-Piece Molds

Mold design can be a difficult, time-consuming process. Determining how to split a mold
cavity into multiple mold pieces (e.g., core, cavity) manually can be a tedious process.
This paper focuses on the mold construction step of the automated mold design process.
David W. Rosen By investigating glue operatio_ns :_:md its relations with parting faces, an approach _bas_ed

. on a new reverse glue operation is presented. The key to the reverse glue operation is to
generate parting faces. A problem definition of parting face generation for a region is
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1 Introduction ~Ry) are generated in Phase 2, whose faces are marked by ma-

Many consumer products involve the design and fabrication ﬁpnta, yellow, and blugmedium, light, dark shading respec-

L . . ely (Fig. 2(@)). This is the fewest number of mold piece regions
injection molded thermoplastl_c parts. TO reduce time to market, ssible to ensure the mold can be disassembled and the part
is necessary to reduce the time required to test molded part de

sians. as well as mold desians. Rapid tooling. which uses a ras >cted. Since the regions cannot be combined further, they are
gns, as : gns. Rap 9 Wiled mold piece regions and each of them corresponds to a mold
prototyping (RP) technique to fabricate tools or patterns, can re-.Stece M,~M). In the combination process, a feasible parting

duce tooling cost and time espec_ially when on[y small numbers §|rection (PD,~PD,) is recorded for each region. That is, along

parts are needed]. By using rapid tooling, delivering prototypethe parting direction of regiofR;, the mold pieceM; car; be

gftl)rlf ﬁ'g\'/vgjvrg;a;%lrj‘?svit:‘metag |§:|s r;hir?rg\slofavgekrsoeeego%noﬁz g?l%nslated from the injection molded part without any interference.
: ’ 9 9 q P i the combining process, we also record the parting lines of each

sign methods. . _ . s - .
Mainly from the geometric perspective, we develop a syster’gglon (PL;), which are the non-intersecting closed continuous

atic approach and a related system to automate several impor aps defined by edges along the boundary of the regiefer to

mold design steps, including selection of parting directions, part-'g' Ab)). If a mold cavity MC) related to the part is given, we

L h ; . an construct mold pieces as shown in Fig) 2or the mold piece
ing lines, parting surfaces, and construction of mold pieces. S gions

e ne ol s rcess o e hases 8 v, 8 PR i consre n s apr s cnd s olows
) pp P » 'egion g roblem MPC: Mold Piece Construction.A solid polyhedral

combination, are pres_ented ia). _In this paper, we present aMhart P and a mold cavityMC are given. Suppose regions
approach for constructing mold pieces based on the mold configlJ- . -
) . . . K(F,E,D) (1=<i=<Kk) are also given, where
rations generated in Phase 2. Our approach is presented in t
general context of designing configurations of mold cavity plates, regionR, :
1

side actions, and form pins, those parts of the mold that form the - .
; . 2. E is the boundary edges of the facesHnrepresenting the
molded part shape. We have applied our methods primarily to the parting line of regiorR,

design of mold inserts that are fabricated using stereolithography3 D is a direction which makes an anale of at most 90 de
The general term “mold piece” is used to describe cavity plates, ™ with the outward normals of all facesglﬁ 9
inserts, or other parts of the mold used to form the part shape. WeGenerate bodieM - ~M. such that:

1 k :

will refer to the collection of all of these “mold pieces” as the :
“ L : . . . (a) After M;~M, are assembled together, they folC with
mold cavity;” hence the main challenge being addressed in this ™ cavity P inside. That is, MC—P=M,UM,U ...

paper is how to decompose the mold cavity into a collection of UM, , where— andU are the Boolean operators, subtrac-

thf?errr?r?;er? ci)lenp(I:(;(r:r?gi.nation rocess, several mold piece re- tion and union, respectively.
9 P ! P (b) Faces ofR; are formed and only formed byl; in the in-

gions are generated with their parting directi¢R®) and parting jection process
lines (PLs). We use an example that is shown in Fig. 2 to illus- o e . .
(PLs) . 1 examp . 9 . (c) M; can be disassembled in directi®D; without interfer-

trate the region combination results. For a simple part with a ence with other mold pieces
through hole and two grooves, three mold piece regioRg ( The remainder of this paper has been organized in the following

Comibuted by the C ter-Aided Product Developm@APD) Committ manner. In Section 2, we review the related work in the automated

ontribute: y the Computer-Aide roauc evelop EDA ommittee H H H H : _

for publication in the QURNAL OF COMPUTING AND INFORMATION SCIENCE IN construction of mold pieces. Both academic and industrial ap

ENGINEERING. Manuscript received Dec. 2002; Revised Jun. 2003. Associate Editcp.roaches are investigated. |.n Section 3, the principles and repre-
R. Crawford. sentations related to mold piece construction and the reverse glue

. F consists of a set of connected facesPothat belong to
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Fig. 1 Mold design process

operation are presented. Criteria for generating parting faces, tire proposed for automatically splitting the mold core and cavity.
key step of our approach, are presented in Section 4. An algoritiThey are the approach based on extending parting lines and that
for parting face generation and two examples are presentedpifised on sweeping.

Section 5. We present our algorithms for constructing two-piece

and multi-piece molds in Section 6. The system implementation2.1 Approach Based on Extending Parting Lines. A mold

and results are discussed in Section 7. Conclusions are sum@gyvity can be cut into two pieces by a parting surface. For parting

rized in Section 8. lines not in a plane, Tan et al5] presented a parting surface
generation method. After getting the parting lines for a given part-
2 Review of Related Work ing direction, an outer loop and inner loops are generated. A con-

C?x hull algorithm is applied to the outer loop. Each edge of the

Considerable work has been performed in the injection mo . . . . .
design area. Recently, work haspfocused on autom]ated methEHg is projected to an adjacent side face of the mold cavity. The

for multi-piece mold desigfid] and improved methods for parting projection direction is perpendicular tp the parting direction byt
line and surface generation. In the latter area, Majhi ef4jl. Parallel to the surface normal of the side face of the mold cavity.
presented a parting line generating approach for a convex polydl planar faces generated by projecting hull edges can form a
dron. The authors identified two flatness criteria and generated@ting surface for the part. For each inner loop, triangular facets
parting line that is as “flat” as possible. However, for a giverre created within the loop. Shin and L&, Serrar[7], and Nee
parting line, we did not find literature discussing generating “flatet al. [8] used a similar approach to form the parting surface to
test” parting face to form mold pieces. Currently two approachesplit mold cavity into two halves. More recently, Priyadarshi and

D‘ﬁg
R Mz
R
>,
ia) Mold Piece Regions ib) Parting Lines of Regions ic) Constructed Mold Pieces

Fig. 2 Regions and mold pieces of a part

Paring_2

gn“
Shut-Off

{a) A part by Mold piece | () Mold Piece 2

Fig. 3 Part with mold pieces generated by two approaches
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Gupta[9] adapted Tan’s approach to create parting surface for arold design software systems can automatically split mold core
outer loop while used a surfacing method, called covering, to fitamd cavity for a part. We investigated five leading systems as
surface over the inner loops. listed below.

This approach is quite straightforward. Extending the given (1) MoldWizard: From Unigraphics[13], this is a highly au-

parting lines outward into faces splits the mold cavity into two
mold pieces. However, two problems are identified.

(1) For non-flat parting lines, the parting surface generated by
this approach is also not flat. This is not accordance with
the best practice of mold design, that is, the parting surface
should be planar to decrease manufacturing complexity and
to increase the shut-off force to reduce material fl<d.

For example, for the part in Fig.(& one mold piece gen-
erated by the above approach is shown in Fif),3and the
mold piece generated by our algorithm is in Fi¢c)3 Part-

ing faces are shown in re@hadegl Compared with Fig.
3(b), the mold piece in Fig. @) is less expensive to fabri-
cate. Furthermore, less material flash is expected in molded(3)
parts because the parting surface has better accuracy and
surface finish. This is very important in rapid tooling since (4)
mold pieces fabricated by layered manufacturing methods
will have rough surface finish for near-flat faces.

Two different algorithms (extending parting lines and
triangulation/covering based on different principles were
developed individually in the literature to handle the outer
loop and inner loops of parting lines, respectively. In com-

)

) ©)

tomated product that incorporates some industry best prac-
tices to guide users through the steps required to construct a
mold. Based on user’s input, the main steps for constructing
core and cavity for an industrial part include the following.
First, parting lines for the given part are identified by the
designer. Then for each parting edge, a sweeping direction
is specified and a parting surface is generated. These part-
ing surfaces together with other generated from inner loops
cut the mold cavity into two mold pieces.

Moldplus: As a supplementary program ftastercan®,
Moldplus[14] generates parting surfaces for given parting
lines, apparently in a similar manner to MoldWizard.
QuickSplit: This splitting tool developed bg€imatron Ltd.

can separate core and cavity with sliders and inga&g$
Magics RP: Materialise developed a rapid tooling module

for this system[16], which automates the design of the

insert tool, based on the STL file of a part.
IMOLD: This is a supplementary program fdnigraphics
and SolidWorkq17]. It has a moduleCore/Cavity Buildey

to handle the parting of cores and cavities for both solid
and surface product models.

parison, the approach presented in this paper can handl&he approach to generation of parting surfaces used in IMOLD
both outer and inner parting lines using the same approaethas presented ifil8], which is based on extending parting lines.

2.2 Approach Based on Sweeping. Conceptually removing
an injection molded part from a mold in the parting direction i
similar to sweeping part faces in the same parting direction. H
and Tan[11] described an algorithm using sweep operations and

For other systems, we did not find published works on their split-
.ting approaches. However, we believe all systems use the ap-
llroach based on extending parting lines.

Boolean operations to generate a mold core and cavity. Fir8t, Mold Construction Principle and Related
sweeping the part in the parting direction generates a solid. Th%presentations

using two mold plates to subtract each end of the solid, two mold

pieces are generated. The algorithm does not consider interpal "€ Pasic idea in our mold construction approach is to separate

parting lines. So for a shape with a through hole, the algorith
will not generate the mold pieces correctly. Urabe and WijigBf

e mold cavity into pieces at parting lines by generating parting
aces that are parallel or perpendicular to the parting direction and

also present a mold construction method based on the sweepin%lgh that the resulting parting surfaces are as flat as possible. The

faces into bodies. Then they are united with plates and mold wa
to form core and cavity pieces. The sweeping operations

in challenges are to identify parting lines that lead to the best
angt of parting faces and to generate those parting faces. After

Boolean operationgunite) are time consuming and can have rOgenerating parting lines and faces, mold pieces are constructed by

bustness problems.

a new “reverse glue” operation that is an application of boundary

representation Euler operations, rather than the more complex and

2.3
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Industrial Approaches. Currently several commercial time consuming sweep and Boolean operations used by others.
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Fig. 5 Parting face generation based on edge loops

Suppose a mold cavityM C) is given for a molded partP). edges and vertices that comprise parting lingsgeherate sepa-
FurthermoreM C containsP entirely inside(Fig. 4a@)). As defined rate shells using Euler operationfkrh (make face, kill ring,
in Problem MPC, mold pieces should forRinside andMC hole), and 3 generate separate solids. Step 1 involves swapping
outside when they are assembled together. Therefore, any gepartner coedges and low level Euler operations.
ated mold piecéVl; related to regiorR; consists of three kinds of SinceMC and P are known while M; on M,) and (M, on
faces(Fig. 4(b)): M;) are unknown, Problem MPC is transformed into a parting
1. Faces related to part regiéh (Fregion: FOr each facd of face generation problem, which is discussed in the next section.
R;, there is a corresponding fa¢é in M;. Facesf andf’
are in the same position with opposite face normals. For pgt
regions as shown in Fig.(@, their corresponding faces
Fregion are represented in greémedium shadingin Fig. 4.1 Parting Faces. Two kinds of parting facesqutside part-
4(b). ing facesandinside parting facesmay exist in a mold piece, as
2. Faces related to the mold cavitl \jc): Some faces oM; shown in Fig. 5. Outside parting facéSutside PF connect part
come from the mold cavity. Each face of the mold cavity i$aces with mold cavity faces in the mold piece. Correspondingly
assigned to one mold piece. For the mold cavity as showntineir boundaries are an outer parting loop of the adpsb in
Fig. 4(a) facesF ¢ are represented in yelloflightest shad- Fig. 5 and a parting line on the mold cavijoops a). Inside
ing) in Fig. 4(b). parting faces(Inside PH relate to the holes in the injection
3. Parting Faces(Fparing): Parting faces of a mold piedd; molded part. Their boundaries are the inner parting loops of the
are the faces that connect fadgg. 4ionandFyc to makeM;  part (loops c). For any region, there is one and only one outer
as a solid body. They are also the contacting faces betweggarting loop, with zero or more inner parting loops. We will use
different mold pieces when they are assembled togethéte term “parting loop” to denote parting lines and loops to em-
Parting faces are represented in (glérk shadingin Fig. phasize that they are loops of edges in the solid model.
4(b). Parting faces usually have normal vectors that are par-By definition, Fparting Mpi= Foutside Parting Mpi
allel or perpendicular tdD. To avoid non-planar parting +Fnsige parting mpi - Careful inspection of Fig. 5 shows that part-
surfacede.g., the mold piece in Fig.(B), parting faces with ing loops and faces are shared, in part, by the mold pieces. For
normals perpendicular tBD are generated, forming “shut- example, the vertical part of loop L3, overlapsPL,,; the re-
offs” in the mold. Shut-offs are pairs of vertical mold facesmaining part ofPL, , overlapsPL,,. Generalizing, we can write:
that meet to “shut off” the flow of polymer during molding

Parting Face Generation Criteria

[19]. Shut-off faces are generated by projecting edges in B(Foutsideparting Mpi) T B(Finside parting mpi)

parting lines onto a parting surface, then constructing faces —b(Fo..: Y+b(F , 1
from the edges and their projections. This is discussed fur- (Fregionmpi) +B(Fuc_upi) ( )_
ther in Sections 4 and 5. In Eq. (1), we assume &(Fyc wpi) and can generate easily

Gluing operations are commonly used in Boolean operation$aCesFregionmpi Since they are determined by part regign.
to “glue” part boundaries into a single solid boundary. Central t§(Fregionmpi) Can be generated easily.g.,PL;~PL3 in Fig. 5
a glue operation is a global topological Euler operatiofinrh ~ since an edge belongs t(Fgregionmpi) if its two neighboring
(kill face, make ring, holg[20]. A glue operation consists of threefaces  Fy,  and Fy, satisfy FyyeFregionuwei  and
steps: 1 merge two half-edge data structures into one data strué;, ¢ Fregionmpi- Hence, the boundary of oysigeparting MPi
ture that has two shells) 2oin the shells by applying thefmrh — andF,gige parting mpi Can be generated from E@l). Therefore,
operation, and Bmerge coincident edges and vertices that resulie are trying to generate a face set based on its boundary edges in
from kfmrh. Step 3 is implemented as a collection of low levethe parting face generation procegbat is, loopsPL,=faces
Euler operations. Fparting mi in Fig. 5. Hence, the problem is geometric recon-

By reversing the steps in the gluing operation, a solid can Is¢ructionproblem with an infinite number of solutions.
separated into multiple pieces, necessary for mold constructionThe approach to generating parting faces involves two main
The steps of th®everse Glueoperation are: lcopy and separate ideas. First, candidate parting planes are generated and tested.
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Since parting loop edges are projected onto these planes, we caB. Use a projection plane that contains as much of the parting
them “projection planes.” Shut-off face@ormals perpendicular loop as possible and that minimizes the total projection dis-
to PD) are generated by sweeping a parting loop edge onto a tance of the edges in the parting loop.

projection plane PP) by the operationf.=sweee,PD,PP), o o . .
wheree(V,,V,) is an edge of the loop antl, is the generated Criterion 3 Maintain a minimum strength_of mo_Id_ pieces.
parting face. Suppose the projected vertice¥ pandV, into PP Theoretically only one projection plane is sufficient for criteria
areV} andVj. If V,=V} andV,=V}, f. is null; otherwisef, is 1 and 2 However, this may I_ead to some mold pieces that_ are
the face formed by,V,, V,V5, 4V}, andV.V, . Second, hori- theoretically correct but infeasible to fabricate. For example, it is

zontal parting facegnormals parallel toPD) are generated by pos.ﬁblel to for(;n nar_rl_ovx((j“sli\{ers" iz the mold whhen.proj'ecting
tessellating polygons that are defined by portions of parting loop&'ting loop edges. To identify and prevent such situations, we
in PP and the projected edges from theeep ) operations. An determine the projection range of each parting edge, then classify

additional assumption is th&D is along the partZ axis. these edges and ranges_._AItz_ernative_pa_lrting planes can be evalu-
Given this approach, specific parting face generation criteria f8fed based on the classifications. This is presented next.

Problem MPC can be presented. 4.3 Projection Ranges. A part P with two regionsR; and

4.2 Generation Criteria. The three criteria we identify are Rz is shown in Fig. €). The parting loop related to the two
given as follows. regions has a parting ed@g . Suppose only one projection plane

Criterion 1: Disassemblable in directioRD; . Plane, is used. The parting face relatedEg will be Fp,ting: -

To disassemble mold piecel; in PD;, all the faces ofM; The generated mold piedé¢, will have two small features, which
should be able to be swept in the parting directRD; without are easily brokeriFig. 6(b)). In some extreme cases, e.g., if the
interference with other faces. Consequently, each generated padrmal of F, is perpendicular td®D;, mold pieces cannot be
ing face Fparing vi Should satisfy:normal (Fparingmi) - PDi=0,  fabricated SINCE p41ing1 OVerlaps withF .
where - is the vector dot product. Suppose parting directioRD is along theZ axis. In our ap-

Criterion 2: Flatness of parting faces. proach, gorojection range PR[Z,Z,] is defined as the range of

Itis desired to have a planar parting surface to decrease maReoordinates of projection planes onto which a parting edge can

facturing complexity and to increase the shut-off force in the inse projected without passing through the part. A projection range
jection molding process for less material flash. One way to MeR-computed for each parting edge.

sure the flatness of parting faces is based on the sum of face areagi o projection range of a parting edge is calculated based on

_ ok :
p(F)=2i_,area(F;). With the same boundary loops, smallefne nosition of its two neighboring faces. Each edge of a solid
p(F) leads to flatter parting faces. For example, comparing thg,qy has two coedgeE, and CE, [20]. Suppose two neighbor-
parting faces of the two mold pieces shown in Figh)Band(c), g facesF, andF, with normalsn; andn, belong to region&,

we can See’(FParting 2)<p(FParting 1) and R,. r i i i i
ng. . ,, respectively(Fig. 7(a)). They define a parting edge
However, the minimum sum of parting face areas cannot sating whose maximum and minimur@ values areZ, e and

calculated during parting face generation, since these faces E\;i”E' The coedge OEparing in F1 is CE; , while the coedge in
2

unknown. Instead, we use three heuristics that are listed bel@m" . ing " o
based on their prioritie§rom high to low. 218 CE,. For a parting directio?D, a_nd a projection plane P
higher than Z,,e, the parting face Fparingup
1. Make as many parting faces parallel or perpendicular tosweeEpaing,PD1,PP) should form an angley; with F;
parting direction PD;) as possible. Flat parting surfaces arghat is greater than some minimum,, that reflects mold strength
generally easier to fabricate. The best surface finishes @Fig. 7(b)). Otherwise, the generated mold pieces will be too
parts made by RP machines are achieved when the surfacgigk. Similarly  Fparting down=SWeeWEparting, — PD1,PP)
horizontal or vertical in the machirf®1]. Additionally, flat  should form an angle/, greater thany, with F, for a projection
parting surfaces help minimize flash during molding. planeP P lower thanZ,,¢ (Fig. 7(c)).
2. Generate the smallest number of parting faces. Our approachy) |¢ Eparting IS NOt alongPD;, then the projection range of a

is to fi_nd the smalles_t number of _pro_jection planes in the parting edge can be classified into four categories:
sweeping process. With fewer projection planes used, part-

ing faces will have a smaller number of faces, and generally 1. Up Range: ify;=ys and y,<ys, €dgeEp,iing has a pro-
look “flatter.” jection rang€ Z maxe , +°);
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Fig. 7 Approach to compute projection range of parting edge

2. Down Range: ify;<ys and y,=vys, €dgeEp,ing has a b. normal(F;)-PD=0 (1<i=<m) (criterion 1;

projection range %, Zineli c. Suppose faceg,} are the faces whose normals are in di-
3. Both Range: ify;= ys and y,= ys, €dgeEp,iing has a pro- rectionPD. The number of projection planes which contain
jection range(—oe,+x); {F\} is minimum (criterion 2;
4. Null Range: ify;<ys andy,<ys, €dgeEp,ing has a pro- d. SupposéF,} are the faces whose normals are perpendicular
jection rang€Zg if Zaxe=2Zmine=Ze ; Otherwise the projec- to directionPD and are generated Isweege,,PD,PP).
tion range is null; The projection plan® P is within the projection range of all

L N . - . e, (criterion 3.
(b) If EPa”ing 1SN t_he dlrecthn OPDP Its projection range Is Ournmethod for Problem PFG is presented next.
determined by its two neighboring parting edd¢g; and

NE, and, again, can be classified into the same four cat- Parting Face Generation Method
egories with an additional category: e

Limited Range: edg&p,ing has projection ranggz, ,Z,]. Three types of edges may exist in an edge loogrt edges,

c | - b dqf h mold cavity edgesand insert edgesPart edges come from the
_Consequently, projection ranges can be computed for each pattinn, faces of the injection molded part. Their projection ranges
Ing loop related to regioR; andPD, . For example, for the part- are defined in Section 4old cavity edgegome from the inter-

'Qg loop sho;vn in F'gf' &)’;he pr?Jectlon ranges ﬁre all Downge cinn of the mold cavity with parting facemsert edgesare
anges ¢, Zg] (part from Fig. 3. In comparison, the projection ,q4eq quring the parting face generation process. The projection

ranges of the parting looPL, shown in Fig. 8b) are all Up : ;
Rangeq Z, oy e ), for the part from Fig. 5. ranges ofmold cavity edgeandinsert edgesre Both Ranges

The edge l00®(F g cavity mpi) IN EQ. (1) is unspecified in 5.1 Parting Face Algorithm. For each parting loop L (ex-
Problem MPC. In the beginning of the process, we use a temprept PLy=the parting loop in the outside surface of the mold
rary loop defined by the intersection of the mold cavity witl a cavity (loopsa in Fig. 5)) and related projection ranges, the basic
plane which contains the most vertices of the outer parting loop stieps of the parting face generation process include: identify a
b(Fregionmpi)- The selection of the beginning loop will not af-parting plane based on the projection ranges of all unprocessed
fect the results of generated parting fa¢esfer to Example 5)1 edges; sweep edges into the plane to generate shut-off faces; add
Based on the criteria, we define the Parting Face Generation protsert edgesn PP to form 2D polygons; triangulate 2D polygons;
lem for Problem MPC as follows. form new edge loops from unprocessed edges and new edges

Problem PFG: Parting Face Generation.Suppose a projec- defined by the generated parting faces. This process can be stated
tion directionPD and several closed parting loo@IL(;) are given more formally as:

with their projection ranges. Generate faégs-F, such that: Algorithm: Parting_ Face Generation
a. The edge loopsPL; are the boundaries of face set Input: One parting loofPL, Projection Range®R for each
{F1,Fa, o Fols edge inPL.

R: TPD
E: E E: Z:
= E: E:
E 5 E | IE
ey
SN

AEE E. g E

& [IILTIITIL.
i | - L =

(k)

Fig. 8 Projection ranges of two parting lines
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Fig. 9 An outside parting face example

Output: Set of parting faces;paing - To find a projection plane in Step 6, a three step process is used.

1. Fparting=NULL First, all overlaps are determined among the projection ranges of

2. elist=edges inPL or PL+PL, if PL is the outer parting edges in a parting loop, effectively partitioning the edges. Second,

loop the partition that contains the maximum number of edges is se-
3. while elist contains one or more part edge<list is list of lected. This corresponds to heuristic 3 of Criterion 2 from Section
unprocessed edges 4.2. Third, a specific projection plane is selected that minimizes

4. form edge loops fronelist the total swept face area of edges in the selected partition. Assume

5. for each loop with one or more part edges the edges in the selected partition &g¢l=<i=<k). The two ver-

6. PP=identify projection plane fronPR of part edges tices that bound edgeE; are Vii(Xyi1,Yvi1.Zvi1) and

7. L,=edges inPL that are inPP Vio(Xviz, Yviz:Zyvi2). The Z coordinate of the best parting plane

8. L,=edges inPL that are not inP P nor vertical toPP (PP) can be computed as:

9. F,,=create shut-off faces usimyveely ) for edges of_, p

10. Ep=edges fronF, that are inPP .

11. E,=edges fronF 4, that are vertical td® P Zparting plane=Zi :Min 21 [12v,, = Zil+]2y,~zil]

12. For eachF¢, created by a projectable part edge or insert "
edge Xy =Xy )2+ (Yy — Yy )2 2

13. F parting™ = Fso VX, =Xy )%+ Yy, = Yy,) (2

14. For each projectable edgef L Steps 17-21 require explanation. Each edge has an attribute

15.elist=elist—e+Ey(e) + E,(e) // edges ofE, andE, that Projectablethat is updated to identify if it can be projected into
are related t@ the selected projection plane. If all projectable edges do not form

16. L,+=E, // Add insert edges if necessary for non-closed polygon,insert edgesnust be added to connect the projectable
parting loop edges at their dangling vertices. Suppesés a projectable edge

17. for each dangling vertex inj, while e, , is a non-projectable edge. Vert&k is their common

18. addinsert edge g that connect$L or PL, (dangling vertex. Our approach to find an insert edgeis given

19. eniny €m our=Split edgee,, in PL or PL,y and classify as follows. First, create half linds from V; to infinity, wherel;
segments by loop directions bisects the angle formed kg ande,, ; andl; passes through the

20.Lpt+=€p+emin, mold material(i.e., I; is on the material side o§ ande ;).

21. elist=elist—en+€m in+em ourt{coedge ofe;,} Check the intersection of thie with all edges inPL andPL,.

22. form polygorts) from edges in_, Supposes,, is the edge with the closest intersection vengx,.

23. F pariingt =triangulate polygofs) Then, (1) if e, is projectable, splie,, into two edges €1 ,€m2)

24. elist=elist—Epqjygons) by Vem, and generate an insert edgg(V;,Ven if V; is the end

25. delete edges ialistwhich form a pair of coedges // they arevertex ofe;, or ej,(Vem,V;) if V; is the start vertex o§;; (2) if
already correct in topology. €n IS not projectable, iterate,,; (j=1,2, . .. )until the next pro-

Fig. 10 Parting face generation process  (Iteration 1)

Z‘E' E'. E: Es

E: Es

(a) (b)

Fig. 11 Parting face generation process  (lteration 2 )
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(b)

Fig. 12 Edge loop in the mold piece Fig. 15 Parting face generation process

jectable edge is found, compute a feasible intersection vertexdf to PD, . Second, the number of projection planes is minimized
possible, and generate an insert eége The coedge 0B, is  (although we cannot claim a global minimim part by selecting
also added to the unprocessed edge loops. The two split edgg#anes that contain as much of the parting loop as possible. Third,
en ande,,,, are classified ag,, i, ande,, o such thae,, ;, isin the final selection of parting planes is based on minimizing pro-
the same direction ds,,, while ey, o, is in the opposite direction. jection distances. The third criterigmaintain minimum strengih
The examples in this section should clarify this presentation. IS ensured by enforcing a minimum angie, between part faces

After closed edge loops are formed with all their projectabland projected faces during the determination of projection ranges.
edges, parting faces in the projection plane can be generated bgoth outside and inside parting faces can be generated via the
triangulating the 2-D polygons formed by the closed edge Ioop§l_)0ve process. We use two examples to illustrate these basic steps.
This topic has been studied extensivélyg., sed22—24)). ) ) )

The computational complexity of algorithm 5.2 Example_ 1 OutS|d_e Parting Face_s With In_sert_ Edges.
Parting Face Generationwill be analyzed briefly. Assume that A molded part with two regionsR; andR,) is shown in Fig. %).
there aren,, edges in all parting loops. Then, the complexity off € related parting loop EPL, ., and the edge loop in the mold
the algorithm is Ol(\f,e) in the worst case. This can be realized bf@V1V ISCPLi.1 (Fig. 9b)). EdgesEs andE; of CPL, , areNull
estimating the number of times each of the three nested loops ﬁlngeswfgllF()eLall OtheL edggs grd&Jp Ranges The projection
execute. Note that the number of parting loop edges, is typi- ' 9°> © N are s _ownt;n 'gr']@a' hie | h
cally much less than the number of edges in the part. The numbeP.u“r.'g the first iteration through thavhile loop (S_tep 3, the
of dangling vertices is related to the number of loops formed i Q/ECtioN planéZ; is selected based on the projection ranges. By
the previous step which, again, is much smaller th sweeping the edges &IPL, ,, four parting faces;~F, are

Algorithm Parting Face Generationsatisfies the three criteria genera,te.dFlg._ 10@). In the ?rpjected que loop in pla,
presented in Section 4.2. The first criteriédisassemblable in €d9€Es iS projectable, whileg; is not projectable. Therefore an
PD)) is ensured due to the treatment of projection ranges. THisert edge is adde@xtension ofEg). Similarly, additional insert
second criterion(flatness of parting facgshas three sub-parts. edges are added for edge$, E,, Eg andEg (Fig. 1Qb)). Two
First, only parting faces are added that are parallel or perpendi@olygons €5,Fg) are formed in plan&,, which are then trian-

Fraeg s

(a) (k)

Fig. 13 Mold pieces related to parting faces

(&)

Fig. 14 An inside parting face example
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(a)

Fig. 16 Mold pieces related to parting faces

gulated. Eight edges of the boundary of face def~«F¢) are 4. Two Mold_PieceGeneration
added to the unprocessed edge lodpig. 10c)). Now the un- (PL;.PR;,PD, ,MC,M] ,MJ);
processed edge loops &L, ; andCPL; ,. 5. M;—M};
Edge loopsCPL, ; andCPL,; , are processed during the sec- 6. ifi=n—1. M.M.~:
ond iteration of thewhile loop. Based on projection rang€sig. 7' lse MC ' M”, 2
11(a)), planeZ; is selected as the projection plane. Parting faces "* else,ML—Mz.
F7~Fyo are generated in the projection process, whilg and  The algorithm to construct two-piece molds is:
F1, are formed by edge loops, then triangulatédy. 11(b)). Algorithm: Two Mold_Piece Generation
After all the edges are processed, the generated parting facemput: Closed parting loopsAL;) and related projection ranges
(F1~F1p) form two closed edge loopg8PLyc andCPL, , (Fig. (PR)); parting directionPD; ;
12). Loop CPLy is different fromCPL, ; which is initially set Boolean mold cavityM C with regionsRy (k=i, . .. ,n).
as the mold cavity loop. Based @PLy, we can splitthe mold  Qutput: Mold piecesM; and M.
cavity into two face sets and generate two mold pieidgsand

M, (Fig. 13 related to the parting faces. 1. rotateMC to align PD; with the Z axis; _
2. classifyPL; into an outer loofPL, and several inner loops
5.3 Example 2: Inside Parting Faces With Different PLy;

Projection Planes. A second molded part is shown in Fig. 3. initialize face sef painge—NULL;

14(a). In this example, we will focus only on the inside parting 4. find planeZ, which contains the maximum number of ver-
faces. Related to regiorR; and R,, an inner parting loop is tices of PLy;

CPL, 5 (Fig. 14b)). Its projection ranges are also shown in the 5. generate loofL, by intersecting MC withZ,;

figure. EdgesE,~E; have Up RangesedgesE, and Eg have 6. Parting Face Generation (PL3,Fparing): //  generate

Limited Rangesand Edge€s;~ E; haveDown Ranges PFoutside

Based on our process, the projection rangeG®PL, 5 is 7. generate looPLyc as the outside boundary of face set
(Z,,Z,), and the selected projection planeZs plane since it Fparting:
contains more edges i@PL, ;. Sweeping the edges GPL, 3 8. for each inner loofPL;

into Z, generates parting facés,~F3 (Fig. 15a)). All the pro- 9. Parting Face Generation (PLy,Fpaning); //  generate
jected edges are projectable. They define a polygon that forms PFinsige
faceF, (Fig. 15b)). Related to the parting faces, two mold pieces 10. set Fgartingbcopy_reversgfaces Eparting); /| faces in
M, andM, are generated as shown in Fig. 16. same position but reverse directions;

Instead of plan&,, we could have used pla® in the above 11. usePLy to split the mold cavity into face sefs,, and
process. However the total area of the generated parting faces will ~ Fyoun;

be larger. 12. setF'(R;)«copy reversefaces R;); // faces in same po-
sition but reverse directions;

6 Mold Piece Construction Algorithms 13. setF’(R,)«copyreversefaces Ry) (k=i+1,...n);

generateM , ——reverseglue (Fparting:Fup,F'(R1));

Each region specified in a molded part is related to one mold14‘
piece. The order in which the regions are processed, and mold
pieces are generated, affects the geometries of resulting molds.
We utilize two heuristics to order regions, based on industry best
practice[19]: (1) generate mold pieces for regions with parting
directions along the main parting direction fif&l; (2) generate
mold pieces for regions with larger volumgslculate by bound-
ing box first. Accordingly, regions are rank ordered &5,

R,, ... ,Ry_1. The overall mold piece construction algorithm is
given below. Its complexity is linear in the number of regions.

Algorithm: Multi_Mold_Piece Generation

Input: PartP with RegionsR; (1<i=<n) in directionPD;, and Vi
mold cavityMC=M —P.

Output: Set of mold piecel!; (1<i=<n).

1. rank region numberaccording to the main parting direction
and region volumes;

2. for 1sis=n-—1; Ve
3. generate closed parting loopBLl(j) and projection ranges
(PRy) for regionR;; Fig. 17 An example of null projection range
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(1) Two mold pieces with one projection plane for outside or inside parting faces.

oG B

fa}

-+

(4) Multiple meld pieces { Three mold pieces related 1o three regions).

m H: '..

Fig. 18 Results of tested industrial parts  (part regions with constructed molds )
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15. generatéM ,«reverseglue (F,’,amng,Fdown,F’(Rz)).

Parting face generation in Stef®) and (8) was discussed in
detail in Sections 4 and 5. Algorithiarting Face Generationis
invoked in each Step. For Stdfl), we utilize the approach of
[25] based on retriangulation to split any surface by a closed edge
loop in the surface. Face sk, contains faces that are “above”
PLyc (larger Z coordinate values while Fg,,, contains faces
that are belowPLy,c. In Steps(14) and (15), mold piece solid
bodies are generated based on the reverse glue operation that was
introduced in Section 3. The steps of the reverse glue operation
can be presented more precisely, given all necessary face sets, for
a single mold pieceNl,):

1. Create a new bodi, and add face$ paing: Fup, and
F'(Ry) to My;

2. ldentify all common edges d¥pqriing andF,,; swap their
partner coedges to seal the common edges;

3. Identify all common edges dfpaying and F'(Ry); swap
their partner coedges to seal the common edges.

Fig. 19 Stereolithography mold pieces and camera roller
prototypes

As can be seen, our algorithms are very efficient. The compu-
tational complexity of algorithmiwo Mold PieceGenerationis In addition, we tested our mold design results using the direct
O(nZ.+n} Npd =O(NgNpe (sincene>nye), whereng is the num-  AlM tooling technique for the part shown in Fig. @8 The mold
ber of edges in the part. As noted, our algorithms do not rely gfleces were built in a SLA-3500 machine. The Stereolithography
Boolean or face sweeping operations. Additional analysis and k@old inserts were then installed in an injection molding machine
sults are presented [126]. to produce functional prototypes. A photo of the mold and molded

. . i prototypes is shown in Fig. 19.
Discussion: Edges With Null Range and Approach Based on

Extending Parting Lines. Among the five types of projection

ranges, a special casedill Rangeneeds further discussion. Part

P in Fig. 17 ha_s six verticesM; ~ Vg) an(_j parting edge€; g Conclusions

~E, based on directiod. Suppose the parting edges areNilill )

Rangeshence, no projection plar can be identified. In this paper we presented a novel method for the automated
The approach presented in Section 5 to identify a projectigi@nstruction of multi-piece molds based on parting face genera-

plane from projection ranges can be extended. If the current pfn and the reverse glue operation. Our method is general for

jection ranges are null, take the first edgein the loop. Suppose Poth inner and outer parting loops, and two-piece and multi-piece

vectorCE,;=V,—V,, thenS,=CE;x Z, N;=S; X CE,, wherex Mmold constructions. The method utilizes planar parting surfaces,

is the cross product. See Fig. 17. Therefore a plpe which but can generate non-planar parting surfaces if necessitated by

passes through, and has normaN,, can be used as the projec-Part geometry. We have demonstrated the mold construction

tion plane in the following steps in Section 5. method on molds to be fabricated by RP technologies, although it
Note that whenZV,;=ZV,, N, is actually the same ag. can also be applied to conventional machined molds.

ThereforeP, is a Z plane. Also, using projection planes with The generation of parting faces is a geometric reconstruction

(CE;XZ) X CE; as coedge normals is actually the approach basBblem, which is defined as Problem PFG in this paper. Different

on extending parting linef8]. Therefore the approach based orarting faces will lead to different mold piece designs. We pro-

extending parting lines is a special case in our approach that oRgsed three criteria for parting face generation, which include
handles edges with null projection ranges. disassemblabilityundercut-freg flatness, and mold strength. Re-

lated to the criteria, a new representation, projection range, was
. proposed and incorporated into the new parting face generation
7 Implementation and Tested Cases algorithm. Multiple-piece mold and two-piece mold construction
We implemented the algorithms in an experimental systeaigorithms were presented that utilized the parting face generation
(Rapid Tooling Mold Design Systemwith Microsoft Visual algorithm and the reverse glue operation. Complexity analysis
C++6.0. The system was based on ACIS6.2, a 3D geometsbowed that the algorithms were quadratic in the number of part
modeler provided by Spatial Technology, Inc. We extended tleglges in the worst case. Also, the operations are not time consum-
system to enable the algorithms to directly manipulate triangléag, in contrast to operations used in other mold construction ap-
Therefore, the inputs and outputs of the system can be STL filggoaches that utilize Boolean or face sweeping operations.
Several initial steps of the system were describeflinWe used We implemented the algorithms in an experimental system and
our implementation to design molds to fabricate prototype injetested parts of various complexity. Based on our test results, we
tion molded parts of different complexity. In addition to the tesbelieve our mold construction algorithms are very efficient. The
cases shown in Figs. 5, 10, and 15, we tested several industtést cases executed quickliyn under 45 secongsven for com-
parts by generating molds automatically using our systEig. plex parts. The system provides users with instantaneous visual
18). Among the tested parts, cas@s~(c) are examples of two feedback on the mold design results, which is very important for
mold pieces with only one projection plane required; dalés an  design-for-manufacturing. The results also validate the efficacy
example which requires two projection planes; césds an ex- and robustness of our approach.
ample with a complicated inner parting loop; and céges an Some limitations of our approach should be highlighted. First,
example of the multi-piece mold design with three regions. Faur methods require faceted part models. Second, only a local
each part, the part with regions highlighted, the given mold cavitglisassemblability evaluation is performed when generating parting
and the generated mold pieces are shown. The running time of daces(see[3] for a global disassemblability methpdrhird, we
system for all cases was very satisfactory. None of them toblave limited heuristics for generating mold designs that conform
more than 45 seconds on a PC with a 700 MHz Pentium Hb industry best practice. Each of these limitations will be ad-
processor. dressed in future work.
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