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1 Introduction livering prototype parts with turn-around times of less than two

. . ... weeks requires fast, proven mold design methods.
Many consumer products involve the design and fabrication OTEGiven the geometry of a part, depending on the selection of

injection molded thermoplastic parts. Due to t_he i_nterrelationshimold design variablee.g., parting direction and lingsa differ-
between part design, mold design, and fabrication process plai number of mold pieces may be required to form the part. It is
ning, the design of injection molded parts is a complex proceggsired to minimize the number of required mold pieces because
with several iterations of prototype parts. As a result, the lead-tim@yer mold pieces reduces the tooling cost and simplifies the op-
for prototypes can be a considerable portion of the whole desigration of the mold. Therefore in this paper we will consider the
process time. mold design problem for multi-piece mold design as:

Rapid tooling, which uses a rapid prototyping technique to fal?roblem MD: Mold Design. Given a solid part and a mold base,
ricate tools or patterns, can reduce tooling cost and time especialBsign the minimum number of mold pieces that can form the
when only small volumes of a part are neeflgl Figure 1 shows cavity of the part in the material injection process, and can be
the main steps of a typical rapid tooling process, direct AlMiisassembled properly in the part ejection process
(ACES Injection Molding, which makes use of the stereolithog- Mainly from the geometric perspective, a systematic method,
raphy (SLA) process. Molds can be classified into two-piecdulti-Piece Mold Design MethodMPMDM), is developed to
molds and multi-piece molds. Two-piece molds are the most cofddtomate several important mold design steps, including selection
monly used molds because they are relatively easy to design Sl parting directions, parting lines, and parting surfaces, and con-

manufacture. Multipiece molds contain more than two mola?lljvlcg(KAnDol\; Tn()lgezliz(n:w?:;:wg;zis ggﬁf?grh\rl\;?igr::sg;t;hSi\?gr?rgzrihes
PIECes, Wh'c.h are required for many c_omplex part shgpes. In 0% e construction of mold pieces based on the mold configurations
type of multi-piece mold, each piece is hand-loaded into a mo nerated in this paper is presentedah

base mounted on the injection molding machine platens. Duririg

material injection and part cooling processes, the molds are

clamped into the holding device. Finally each piece can be har@l- Review of Related Work

Puzzle  Mouldin§ of  Protoform  GmbH  (http://  pecause they are more commonly used and relatively easier to
www.protoform.dg. Combining multi-piece molding and Rapid design and manufacture than multi-piece molds. For the design of
Tooling techniques, it is possible to build injection molding toolgyo-piece molds, works cover the determination of parting direc-
for complex parts in a very short period of time. However, sincgon, parting line, parting surface, and undercut detecting individu-
multi-piece molds have more than one pair of opposite partingly (definitions of these terms can be found in mold design hand-
directions, it is more difficult and time-consuming to generate lsooks [3]). A systematic approach to consider all the above
good mold design. Particularly for rapid tooling applications, démportant considerations in a computer-aided mold design system
is not found. In this section we will review related works on
*Corresponding author. automatic mold configuration design in determining parting direc-
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Fig. 1 Direct AIM tooling process

matic mold design process, the selection of parting direction hparting directions, which may include number of undercuts, pro-
received much attention. In this section we review the propos@gtted area, draft angles, etc. Weight factors distinguish the impor-
approaches from their basic elements and the synthesis methadsce of one mold factor relative to another. The assignment of
these weight factors is based on how the corresponding mold fac-
or affects the cost, quality, and productivity of the mold.

'The methods to evaluate mold factors for different basic ele-
ments are summarized as follows.

1 Pocket: Chen et al[4] first formulated the determination of (i) Evaluate mold factor for pocketgfeatures.
parting directions as a visibility problem. Based on the visibility In [4], candidate directions were the directions computed from
of faces, the notion of a pocket is presented for detecting glolak Visibility Maps of pockets. Only one mold factor, number of
interference. For an obje€}, pockets of the object are the regu-undercuts, was considered. Hence, the mold factor for each can-
larized difference between its convex hull @Y and ). Wein-  didate direction is actually the number ®tmaps that do not
stein & Manoochehif5] and Vijay et al[6] presented approachescontain the candidate direction. [15,9,15, a similar approach
based on the same basic elements for the selection of partiggs used in evaluating parting directions. Besides number of un-
directions. ) ] dercuts, Gu et a[.7] also considered the projected area and thick-

2 Feature: Research results in feature modeling methods apss of the molded part, which were evaluated based on the
feature recognition have been used in automatic mold deSigndaunding box of a part.
several publications. Gu et 4] used a universal hint-based fea- gjnce face connectivity and faces not belonging to pockets or
ture recognition algorithm to recognize all features of a moldegayres are not considered in these approaches, the combinations
part, such as holes, steps, pockets, protrusions, etc. Fu[@al. ¢ nockets/features can be explored rather quickly, usually with

classified undercut features as Inside vs. Outside and Internalt\ﬁ% aid of a visibility map. However, problems may arise in con-

E)_(ternal. Based on their feature characteristics and gec_)metric Eﬂhcting mold pieces for non-connected faces as shown in Section
tities (threg-edge, four-edge and more than four-¢dgigorithms Also, limitations may occur in considering more mold design
to recognize these undercut types are presented. More rece owleage by adding extra mold factors

Yin et al.[9] and Ye et al[10] presented a volume-based metho \'3) Evaluate mold factor for all faces

and a hybrid method to recognize undercut features, respectiv In this approach, mold factors are evaluated for all faces, en-

Dhaliwal et glz[ll] presented a novel approach for creating mu.lt'ébling more mold factors to be considered. Urabe and Wit
piece sacrificial molds from feature-based part representations

such that each mold piece must be machinable using a 3- Pgmdered boxed area, projected area, number .Of non-hidden
machine. aces, number of undercuts and cone surfaces. Hui andIZn

3 Face:Face is a basic element of a CAD model. It is also use%onsider.ed ”“”?b.ef of undercuts and projected area. A more com-
in automatic mold design. Hui and T4t2] heuristically gener- prehen_swe decision model_was presente_ﬁlﬁ‘sj for the sc_elecﬂon
ated candidate parting directions from normal vectors of planﬁp parting surfaces for casting parts that included: projected area,

faces and from center-lines of holes and bosses to evaluate {RE'€SS, draw distance, draft, number of undercuts, volume of

geometry of an undercut. Later, Hui3] developed a partitioning ash, and dimensional stability. Related approaches and expres-

scheme to subdivide the cavity solid of a component along a givalpns for most of these criteria were also presented.

direction. In the search for main and side core directions, the HOWever, because it is quite time-consuming to test the mold
search space is the set of all normals to individual faces of tf@etors for all faces, only a small number of candidate parting
object and the opening of cavity solid. Urabe and Wrighg] directions or parting surfaces are considered in these approaches.

selected three principal coordinate directions as candidate parting » Parting Lines. There are fewer published works on the

directions for calculating mold factors to determine a parting diy;1omatic determination of parting lines. Tan, etf{4%] proposed
rection. Part faces are used in the calculation of mold factors. Alao

arting line generation method for a triangular sub-division of
based on part faces, Lu and Ldgé&5] presented a three- ihp ng n€ 9 I 'angu LL-CIVIS]
e

di . | detect thod t | the interf e product model’'s surfaces. In the method, a draw direction is
Imensional ray-detection method 1o analyze the INtererence €faceq first. Then, the algorithm triangulates and classifies the
ments and release directions in die cast or injection molded co

Qlirfaces into visible faces and invisible faces. Ravi and Srinivasan
ponents. [16] proposed a sectioning and silhouette method for parting line
2.1.2 Synthesis Approaches of Basic Elemen#dl the meth- generation that is capable of dealing with nonplanar parting sur-
ods used a similar synthesis process to evaluate a parting dirgses. Wong and coauthof$8] used a slicing strategy to locate
tion. That is, the parting lines of a product model along a draw direction. A
(1) For each candidate directiafy, V(d,) == weight_factor recursive uneven slicing method was developed to locate several
i parting surfaces for further evaluation. The approach is primarily
x mold_factor ; proposed to deal with free-form surfaces in product design. Majhi
(2) Find parting directiord: V(d) =Min[V(d,)]. and coauthors[19] discussed the problem of computing an
In Step(1), mold factors are some criteria used to determine thendercut-free parting line that is as flat as possible in mold design

2.1.1 Basic Element. There are three kinds of basic element
that are used in the determination of parting directions: pocke
features and faces.
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(a) Pockets with same PD (b) Different Criteria

Fig. 2 Examples for the problem formulation

for a convex polyhedron. Two flatness criteria for parting linepocketsP, and P5. However, ifPD, is chosen, only one core is
were given and algorithms were presented to compute a partimgeded to fornP,, P; andP,. Hence, the best solution to mini-
line based on the criteria. mize the mold piecesRD,) is different from the solution to mini-
The above approaches all used part faces as the basic elemenise non-covered pocket®D;).
In these approaches, either the parting direction was already sefn light of the problems of the existing formulations, our prob-
[16,17,18, or the parting direction will not cause any undercutfem formulation for Problem MD is presented as follows.
because of convex polyhedréh9]. Consequently, it may be dif- Problem MCD: Mold Configuration Design. Given a solid
ficult to combine the approaches to determine parting directiopslyhedral part in the Boundary Representatj@d], it can be
and parting lines into one mold design system, because differgrinsformed as a grapgB(N,A,L,E) whereN is the set of nodes,
approaches used different criteria and basic elements. In contrasis the set of arcd, is the set of attribute@abels for nodes, and
Dhaliwal et al[11] used part feature bounds to generate candidatejs the set of attributes for arcs, such that:
parting planes. Because their concern was accessibility to mold )
surfaces during machining, and they used sacrificial molds that do@ for each faceN; of the part, there exists only one nodeNn
not need to be opened and reused, their methods are not as applfi) for each common edge between fadés N; of the part,

cable to the present work as others. there exists a Unique aE[;J- in A Connecting them,

(c) for each faceN;, an attributel; (an integer numberis

. . assigned to represent the region number;

3 Problem Formulation of Mold Design Method (d) for each ara,; , an attributee, is assigned to represent the
An accurate problem formulation is significant because it will edge property. That is, If#1; , e,=1, and the related edge

affect the research approach and the problem solving process to be is defined as @oundary edgeotherwisee,=0, and the

used. Since Problem MD given in Section 1 is not computable, a  related edge is defined as amernal edge

more accurate problem formulation is needed for the mold design S ) ) .

process. Obviouslgemoldability is one important consideration mong all the c_omblnatlons @(N'A'L_’E)' find a configuration

in Problem MD, which is also considered in most existing prod®(N-A:Li Ej) (i=1,... K) such that:

lem formulations. However, another important consideratiace 1. for each face paiN,, andN,, if |,=1,=I, a path can be

Connectivity, is often omitted in the formulations. For eXample, found to link them with all nodes having the samén other

Chen, et al[4] presented a representative approach for determin-  \ords, all faces with are connectedface connectivity;

ing the parting direction of a part. Based on pockets and the Vis-2 - A directionPD exists for all faces with same valligso that

|b|||ty Map of Surfaces, they transformed Problem MD to a new the related mold piecMi can be disassemblédemoldabil_

problem formulation as: ity);

Problem SPCA (spherical polygon covering by antipod€syen 3. The total number of differentvalues(K) is minimized.

a set of spherically convex polygoNsg ,V,, ... ,V,,, find a pair

of antipodal pointsp and —p that minimize the number of;, From the Problem MCD, we can see mold configuration design is
containing eitheip or —p. actually a process of exploring and evaluating different face com-

This problem formulation is widely referenced and also adoptdtinations to find a grapts. For further discussion, we first give a

in several other approachgs,6,9. However, because face con-definition as:

nectivity is not considered in the formulation, several problendgefinition 1. A mold piece region Ris the set of faces that have
exist. First, it is assumed in the formulation that if several pocketee same attributg in the graphG(N,A,L; ,E;).

share the sam@D, they can be formed by a single mold piece In order to generate mold pieces for a given grive divide
without considering their actual positions. However, it is not athe mold design process into three phadgg. 3). First from the
ways true. For example, in Fig(® PD satisfies the V-maps ¢f; boundary faces oP, we generate basic elements that serve as
and P5;. However, sinceP,, which lies betweerP; and P5, starting points for exploring different face combinatioffsig.
cannot utilize the sam®D, it is difficult to construct a single 3(b)). Second we combine these basic elements into several mold
mold piece forP, and P5 although their V-maps intersect. Sec-piece regions, and find parting directiéRD) and parting lines
ond, the criterion of minimum non-covered pocket number is n@PLs) for each regionFig. 3(c)). Finally, for a given mold base,
always the same as the criterion of minimum mold piece numbere construct mold pieces for each mold piece region according to
For example, for a part as shown in FighRby using the crite- its PD and PLgFig. 3(d)). Corresponding to the three phases, the
rion of minimum pocket numbeBD, will be chosen as the part- remainder of this paper has been organized in the following man-
ing direction. Therefore two additional cores are needed to forner. In Section 4, we discuss suitable basic elements for Problem
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(a) Part faces (b) Basic elements (c) Regions of Part (d) Mold Pieces for part

Fig. 3 Mold design process

MCD and how to generate them from a p&t(Phase L In its neighboring facesAlthough the assumption will bring in the
Section 5, we analyze how to combine the generated basic gheeblem that further interference with other faces may happen
ments into mold piece region®hase 2 The final phase, con- after the mold piece is translated for some distance, a simulation
struction of mold pieceéPhase § is discussed ifi2]. The system moqyle can handle the problem properly by face sweeping and
implementation and results are discussed in Section 6. Finally, Werference testing.
give conclusions and future work in Section 7. For a mold pieceM; and its related mold piece regiét, three
. . . lemmas are given as follows for the demoldability Mf . The
4 Basic Elements and Their Generation lemmas consider the faces Rf, a neighboring face dR;, and a

For Problem MCD, conceptually if we try all different combi-neighboring mold piec#/; , respectively.
nations of attribute R for a part represented by graphLemma 1.Mold pieceM; can be removed from the facesRfby
G(N,A,R,E), we can always get the best mold design accordirgjtranslation in directiofPD if and only if PD makes an angle of
to our requirements and criteria. However, it is quite obvious that most 90° with the outward normals of all faceg F
this problem is strongly NP-hard. To solve this problem, suitablEherefore, lety(f) = (7, 7y ,7,) be the outward normal of a face
basic elements for Problem MCD should be considered first. fnand PD=(d,,d,,d,). Each face oR; will induce a constraint:
this section we present our basic elements based on analysis of

mold piece demoldability. Another requirement of Problem MCD, 70+ nydy+ 7,d,=0. (@)
face connectivity, will be considered in the combination process ) )
of basic elements, presented in Section 5. Suppose-; andF; are faces of region®; andR; respectively. If

- ) ) Fi andF; share an edgPE;, F; is called aneighboring faceof
4.1 Demoldability of Mold Pieces. In previous work R andPE; is called aneighboring edgef R, . SupposePE; is
[4,15], the demoldability of a fac is governed by the notion of rejated to two vector€E; and CE; (Coedges in theBoundary
complete visibility That is, for every poinp onF, if the ray from  Representation The vectors have reverse directions that define
p to infinity in the directiond does not intersect the pad,is a the interior side of face; andF; .
good parting direction for fac&. However, for multiple-piece | emma 2. Mold piece M; can be removed from a neighboring
mold design or form pin design, the requirement is less strict. ThgiceF; by a translation in directioRD without interference if and
is, mold pieces can be translated in different orders and in masfyy if (1) PE; is a convex edge d®) PE; is a concave edge and
than one direction in the disassembly process. For example, shm,’(pj)gol
P in Fig. 4 has an empty Visibility Map. However, it can bei emma’3. Two neighboring mold piecedt; and M; can be re-
formed by two mold pieces, Mand M,. In the disassembly pro- moved by translations in directiorBD; and PD; individually
cess, after removiniyl;, M, can be moved out in directid®D,,  without interference with each other at edB&; if and only if
and thenPD,. ThereforePD, is a feasible solution for fac& CE-(PD;x PD)) =0, or CE;-(PD;x PD;)=0.
even if F does not have complete visibility in directidD,.  From the lemmas, it is obvious that the demoldabilityhdf de-
Ther'efore instead of Complete V|S|b|l|ty, we will Us'e. pOSitiOnabendS on the convex and concave propertidgidnd their neigh_
relations of part faces to determine the demoldability of molgoring faces. Further considering the properties of combining
pieces. In this paper, we assume taahold piece is demoldable if f3ceg intoR; , we have two additional lemmas.
it can be translated away from the related mold piece region antemma 4. Suppose all the edges of a faEeare convex. FacE;
can be added to any neighboring regRpwithout increasing the
mold piece number or changing the demoldability of mold pieces,
+PD1 if a parting directionPD exists which makes an angle of at least
90° with the outward normals of all the faces of the region and
Fi.
Lemma 5. Suppose all bounding edggés ,E,, . .. E, neighbor-
ey ing regionsk; andR, are convex. These regions can be combined
into one region without increasing the mold piece number or
changing the demoldability of mold pieces, if a parting direction
F PD exists which makes an angle of at least 90° with the outward
normals of all the facef,,F,, ... F,.
The proofs of the above lemmas are giver{2i]. Based on the
lemmas, two observations are given:
Observation 1. After combining faces into regions, two faces

// with a concave neighboring edge are more likely to be in the same
region than those with a convex edge.
Fig. 4 Mold pieces for a pocket with empty V-map Observation 2. A face with only convex edges is more easily
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(a) A Combined Region (b) Concave Regions

Fig. 5 Basic element comparison example

combined than a face with concave edges. Although much flexibility can be obtained by using faces as basic
Based on the above analysis, the basic elements we propose toalsments, the number of part faces is much greater than that of
for Problem MCD are concave region and convex face, which aregions, pockets, or features. For example, the paRlstown in
defined as: Fig. 5(@) has 10 faces. In comparison, the numbers of pocket and
Definition 2. A Concave RegianCVR(r), is a subgraph of concave regions are 1 and 5, respectively.

G(N,A,R,E) given in Problem MCD, such thatl) for every In the next section, we present our approach to generate concave
nodeN; that belongs to the subgraph, related attribyter; (2) regions and convex faces from a given part.

for each arcA;; related toN; andN;, if attributer;=r;=r, the

edge associated with the arc is concai®;for each arcA;; re- 4.3 Generating Approach of Basic Elements. Since a
lated toN; andN; , if attributer;=r andr,#r, the edge associ- combined region can be decomposed into concave regions and

ated with the arc is convex. convex faces, we use an approach with three steps to generate the
Definition 3. A faceF is aconvex facé all edges ofF are convex Dasic elements of a paft
edges. (1) Classify all edges ofP into concave and convex;

A related definition, combined region, is also given as follows. It i straightforward to determine if the dihedral angle of two
Definition 4. A Combined RegianCR(r), is a subgraph of Neighboring faces is less than 180°.
G(N,A,R,E) given in Problem MCD, such thatl) for every (2) Generation of combined regions and convex faces;
nodeN; that belongs to the subgraph, related attrioyter; (2)  This step is similar to the algorith®iIND_CVR for the genera-
for each arcA;; related toN; and N;, if attributer,=r andr; fion of concave regions given [#]. Basically for any two neigh-
#r, the edge associated with the arc is a convex edge. boring faced~; andF;, if the edge between them is concave, they
Therefore, a combined region can be a concave region, or a regihiould belong to the same region. Alternatively, the approach
with several convex faces, or a combination of some concag&en in[4] could be used to construct a convex MOMH(P) first,
regions and convex faces. then generate pockets by the regularized difference between
. . . ] CH(P) andP.

4.2 Analysis of Basic Elements. Comparing the basic ele- (3) Generation of concave regions and convex faces for com-
ments of our approach with those of others, we list the similaritiggned regions.
and differences below. The essential step to generate concave regions is to split the com-
(1) Comparison with Pockets _bined region based on convex internal edges. The algorithm
“Pockets” [4] and “concave regionsf5], are actually combined gpjit_Region(SR uses a face defined by convex internal edges
regions as defined in this paper. However by adding the conceptpd  convex edges internal to a combined regiansplit a given

concave region, our approach is able to handle more general sighion. For each newly generated region, the function is executed
ations. From Definitions 3 and 4, it is clear that a concave regigacyrsively.

is different from a combined region in its internal edges. As aR|gorithm: Split_Region

example, pockeR in Fig. 5a) is a combined region since it has|npyt: A combined regiorcR

seven convex internal edgemarked in blug By splitting R oytput: A set of concave regiorByg.

along the convex internal edge’,can be decomposed into five

concave region®; ~Rs. Therefore mold design for the part can 1. Test the parting directioPD) of CR if PD is not(0, 0, 0,

be generated by considerii; ~Rs instead ofR, which has an addCRto Scyr and return.

empty Visibility Map. Since a combined region may consist of 2. Find all convex internal edges @GR

several concave regions, we beliexeoncave region is a more 3. If no convex internal edges exist, then & to Scyg, and
basic element than a combined region return.

(2) Comparison with features 4. Find a faceF gy which has convex internal edges, and con-
Dividing part faces into concave regions and convex faces is more  Struct a split surfacéspi; from Fgpi; .

general than classifying faces into features and under@égs 5. Split each facd; of CRinto F;” andF; by fspiit-

Section 2.1.1 Based on their edge characteristics, features andg. Generate a regioBR" by adding all faces;" .

undercuts can be divided further into three-edge, four-edge and;  Generate a regioB R~ by adding all faces; .

more than four-edge. Howevel| these features are actually spe-
cial cases of concave regio8o if we just consider the relation of
parting direction and faces in Problem MCD, concave region and9
convex face are much more general. '
(3) Comparison with faces Usually a combined region needs to be split only when it does not
Faces are one of the most basic elements of a 3D CAD modeéave a feasible parting direction, as shown in Figs. 5, 6 aii¢).12

8. Add connecting faces iICR* and CR™ to new regions

CaII'SpIit_Regionfor eachCR;.
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Fig. 6 Different splitting faces and orders

Since the main criterion in region combini§ection § is to test and convex faces. In this section, we first discuss our evaluation
if a parting direction exists for two regions, we can use the partirgpproach for region combination. Then the combining process and
direction of a region to judge if further splitting is necessary. Thalgorithm are presented in Sections 5.2 and 5.3, respectively.

test in Step(1) subjects only the combined regions with no fea- 5.1 Evaluation of Parting Direction. The three criteria

sible parting direction to sted®)—(9). - . o .

For a part withn faces, the algorithm can generate concav;énonZ'ic:eeéEg Inair;r?:;rinmhlfnﬁDru?rfr?t?grcgfnrr:]%clgv'ti)gca feetlriglgoesl_rt-
regions in O(*) time. In the algorithm, face splitting in Stetf) biging procgss face connectivity can be de?ermined quickly and
is studied in[22]. Except for Step4), the steps are straightfor- : ' -

: " asily based on boundary representation data structures of faces
ward. In St_ep(4), seve_ra_l faces may be qandldate s_pl_lttlng face 20].yThe number of mo?clj pi?eces can be determined based on
By using different splitting faces and different splitting order: rrecording the current region number. However, much more effort

different regions will result, as will different mold designs. Fo is needed to evaluate feasible parting directions quickly. There-
example, for combined regidR shown in Fig. 6a) there are four P g al - quickly.
fore, we focus on how to evaluate a feasible parting direction for

convex internal edges. Consequently, any of fages F,, Fs, the faces of a region

or F,) can be selected as the splitting face, resulting in(24 . . .

different combinations. The splitting results Bffor some of the <%Up5vﬂieoitvrv‘z%°'§o'r; ;gg(?:o)sicz Qf p!anér)faﬁdjir e(itf)ln
selections are shown in Fig.(tﬁ._Since the generated concave'; =,(d d,.0) is a feasible partling d?;xeczgnng{ .from Lecton
regions are different, the mold pieces generated for the part e erK‘)W_' z '

be different. A straightforward way to get a unique dividing resu ’

is to use all the faces that have one or more convex internal edges 71,0+ 710+ 771,0,=0
to split the faces of all regionéncluding the newly generated
faces. So faceF in Fig. 6(@) will be divided into 9 small faces as 72,0+ 7240y 172,0,=0

shown in Fig. @b) (Divide all). However, by algorithm analysis,

the complete splitting require8 (n-b°" time, wheren is the face

n:Jmt_)tehr offpartP, anld ? c alr%_some cobns_tantls. Fotr Iargetr;ebI DO+ 77nydy+ 77,4,=0
algorithm for complete splitting is obviously not acceptable ) -
Therefore a good approach to select the splitting faces and th'éﬂI t"he above problem, W.OEQ3] _defl_ned \ﬁ5|b|I|ty Map (V-
orders is necessary. The heuristic we uséiist a face composing MaP’” to calculate the feasible directions that satisfy the above
the largest number of convex internal edges to constryg f constraints. For a planar surfaég its V-map is a hemisphere

Comparing our results to the results of complete splitting, we m ntered on the unit outwgrd normal. By calculating the intersec-
miss some face combinations in the latter process. ons of all V-maps of region faces, allowable draw rangefRof

In the next section, we discuss how to combine the basic efgd" P& computed. Several approaches and algorithms based on
ments into mold piece regions. spherical polygons have_ been presented for dn‘ferent_ appllcatlo_ns
[23-26. An example to illustrate the above process is shown in
S . Fig. 7(a) which is presented ifi9]. Based on the recognized un-
5 Combination of Basic Elements dercut features, a celff{) is calculated based on the intersection
After basic elements are generated, solving Problem MCD bef their V-maps. Finally the central point of the céll is selected
comes a process to find a good combination of concave regi@assthe optimal parting direction of the part.

(a) A Case given in [9] (b) A Case given in [27]

Fig. 7 Two examples of V-map.
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The V-map and the calculation approaches based on spherical Subject to: dp;,= 7,;dy+ nyidy+ 7,d,=0
surfaces are widely referenced and used in most mold design pa-
pers. However, the algorithms and related data structures are for each faceF; (plane constrainys
rather complicated, and take considerable computational time. As .
a simple egample, a case given[@7], which is F;hown in Fig. Skt Syidy+;d,>s; for each faceS;(sphere constraints
7(b) would take 77 minutes on a Sun Ultral0 workstation. After solving Problem PDLP, we know(i) if a solution PD
In order to explore the combinations of basic elements better, \(g, ,d, ,d,) makes f ¢, ,d,,d,)>0, PD is a feasible parting di-
need an approach that can evaluate the parting directions ofeation; (i) if the solution ¢=d,=d,=0, check unit vectors
region more quickly and robustly. For Problem MCD, we makeD,= #; X 5, and PD,= 7, X 5, by plane constraints, wherg,
two simplifications for determining a feasible parting directionand 5, are the normals of two region faces. If the constraints are
which are: satisfied,PD, or PD, is also the solution of Problem PDLHii)
(1) Calculate a feasible direction instead of the whole feasible otherwise, there is no feasible parting direction.
range. Problem PDLP is a linear optimization problem. It is well stud-
For Problem MCD, we calculate the parting directions of regioried in operations resear¢B8]. For a linear programming problem
for two reasons: in 3 dimensions, several algorithms can solve it dn)@me (n is
(i) to determine if a removable mold piece exists for a region tthe number of constraintsind linear storagg22,29. Therefore,
be combined. Since the main concern here is whether a partithg@ running time to solve Problem PDLP is satisfactory even for a
direction exists for two regions or a region and a face, the actualgion with a large number of faces. A test example was used to
draw-ranges are not important. verify this, consisting of a cylindrical boss on top of a planar face.
(i) to find good parting directions to construct mold pieceBy setting different surface deviations, the cylindrical surface of
Even if the feasible draw ranges for each region are generatedha boss can be approximated by different numbers of faces. The
parting directionPD still needs to be selected based on somiace number and corresponding running time for solving Problem
criteria in constructing a mold piece. PDLP are listed below. The testing time was based on the LINGO
Therefore only onéD, instead of the whole range, needs to bgystem(www.lindo.com) on a PC with a 700 MHz processor. The
calculated in combining two regions or a region and a face. Alsesults obtained for the three cases arg@i, 0.0, 1.0.
if the criteria used in selectingD from the feasible range are (g Surface deviation—0.002; Region face number: 34;
followed in the calculation of a direction, the saf@® should be Time=0.16 second.

found for each mold piece after the region combination process.(h) Surface deviation—0.0001 Region face number: 143;
Thereforethe evaluation ofPD in the combining process can beTime=0.17 second.

formulated as an optimization problerSince only one direction (c) Surface deviation-0.00001; Region face number: 224;
is calculated, it is evident that the optimization approach is mughme=0.20 second.
faster than the use of spherical algorithms. By formulating the evaluation of parting direction as a linear pro-
The ease of ejection is usually used as the criterion to_chooserﬁm, the solution process becomes much faster. Therefore we can
parting direction from a feasible rangé,9]. For a faceF in a explore more combinations of regions and faces in less time. Re-
mold piece, its ease of ejection can be determined by the drgffeq to Problem PDLP, two discussions are given as follows.
angle and the area in shear contact with the related part fg§Rcyssion 1: Quadric and Parametric Surfaces.
during the mold-opening operation. In this paper we also use it afihough the algorithms in this paper are limited to planar sur-
a criterion to calculaté®D. SupposeA; is the area of a fack;. faces, quadric and parametric surfaces can also be handled by
The face normaly; , forms an angler with a directionPD. Inthis  55hroximating them with a series of planar surfaces. This is dem-
paper we use the valug-dp;=A;-(7-PD) to evaluate the ease of ynstrated in Section 6.
ejection forF; in PD. If we take  and PD as unit vectors |7 pjscussion 2: Verification of Minimal Draft Angle.
=1/PD|=1), dp=cos) andA;-dp; is actually the projected For 5 part to be fabricated by the injection molding process, the
area of the face ifPD. Therefore, we can determine if a feasibley,faces that are parallel to the parting direction must be drafted at
parting direction exists for regioR by solving an optimization |east an angle in order to ease the ejection of the part and reduce
problem forPD(d, . dy ,d;): the possibility of damaging the part and mo[@3. For a complex
model, the designer may lose track of which surfaces are drafted
and which are not. Consequently a tool to automatically detect
those non-drafted and under-drafted surfaces is necessary.
Suppose the minimum draft angle for a partqig,. If the
parting direction is given, the only task is to find faces with out-
ward normals forming an angle between 90y, and 90°

n
Maximize: f(d,,d,,d,)=>, A-dp,
=1

SubjeCt to: dp, = 7]Xidx+ ﬂyidy+ nzidZBO

for each faceF; (plane constrainis + ymin With the parting direction30]. However, the draft angle of
a face depends entirely on the parting direction of the face. There-
d;+dj+dZ=1 (sphere constraint fore the verification of draft angle is actually an integrated prob-

lem that should be considered in the mold configuration design
(2) Use a set of planar surfaces to approximate the unit sphere. process
To solve the optimization problem more quickly, we further sim- In our approach, we can replace 0 in the plane constraints of
plify the problem by approximating the unit sphere with a set gfroblem PDLP with a variablel f= sin(y,,). Therefore we can
linear faces. By setting an appropriate surface tolerdoberd use the constraintp, = 7,;ds+ 7y;d,+ 7,;d,=df to find all con-
heighd, a sphere can be approximated by triandles used 144 cave regions with non-drafted or under-drafted faces. Also if we
triangles. These triangles can be pre-generated and used for dojfow the same criteria in the region combination process, we can
regions. Suppose the equations of a triangleare gx+s;y be sure that all mold piece regions have only well-drafted faces in
+5s,z—5=0, and face normalg;,s,;,s,;) is toward the inside. their parting directions. However the assignment of minimum
We can formulate a linear problem for evaluating a feasible padraft angle y.,;, may influence the resulting number of mold
ing direction. pieces.

Problem PDLP: Parting Direction Linear Problem. . N .
ring Lirect I 5.2 Region Combination Process. After the basic elements

n of concave regions and convex faces are generated, we need to
Maximize: f(dxydy,dZ)ZZ A-dp, find a combination that satisfies the requirements of Problem
=1 MCD. In this paper, we assume all the concave regions of a part

92 / Vol. 2, JUNE 2002 Transactions of the ASME



CR of Part P CR of Part P

CXF
Combining

(a) Before combining (b) After combining

Fig. 8 Edges and faces of a region in a CXF combining step

have a feasible parting direction. Also the faces of a conca®ippose convex facésF,, ... ,NF, are the neighboring faces of
region will not be divided into different regions in the combiningCR To determine ifCR can combine witiNF;, the unit normal
process. Two observations we make about the combining proc€sgye; , 7ynr1, 7;nr1) Of NFy is added as a plane constraint:
are: dpi+l:77XNFldX+ 77yN|:1dy+ 771N|:1d220 to the formulation Of

Observation 3.To get the minimum number of mold pieces, dif-Problem PDLP foCR _ _
ferent regions and faces are to be combined into larger regions/¥§ can simplify the solution approach according to the properties

the extent possible. of linear programming. For a linear problem with three variables,
Observation 4.To maintain the connectivity of a region, only theeach linear constraint is actually a half plane in 3D space. So the
region’s neighboring faces need to be evaluated. feasible region is a polyhedron obtained by the intersection of all

Since a convex face is more flexible than a concave/combintiwe half planes. According @8], one of the corner points of the
region, we can focus on concave/combined regions in the combieasible region is always an optimal solution. Suppd3@
ing process. That is, we let regions grow individually by combintd, ,d,,d,) is the solution of Problem PDLP with half plane
ing neighboring convex faces and regions, and updating their pagbnstraintsh,, ... h;. If a half planeh;,, is added as a new
ing directions and parting lines. This region-growing processonstraint, we know froni22] that:
continues until no further change happens. The resulting regions o ) . )
are the mold piece regions & Some definitions of edges and 1. If PD satisfies the constrait, ;, the new optimal solution

faces are necessary. PD’=PD.
Definition 5. For a concave/combined regidhthat is generated 2. If PD does not satisfy constraiit, ;, PD’" must be one of
as a basic element, all its composing faces are calleccone the intersection points ofi; ., with hy~h;, or the linear

faces(COF) of the regionR, and all the edges of the core faces are  problem is infeasible.
the edges oR. An illustrative example is shown in Fig(8. . L . .
Definition 6. Neighboring facegNF) of a regionR are the faces Fpr the Igtter case, an glgorlthm running in linear time is also
that do not belong to the region but share at least an edgeRuithd/VeN to flnd the new optimal solution. So the app.roach also runs
Before the combining process, the parting direction of a regidR O(n) time, but it should have a smaller coefficientrotom-
can be calculated by solving Problem PDLP. The parting lines Bfred to the approach of solving the problem again.
the region are composed by the edges such that one of its coedgdk PD’ exists for a region and its neighboring faisé; , they
has an owner face that belongsRpand another coedge has artan be combined into one region.
owner face that does not belongRoThe faces that do not belong Definition 7. The neighboring convex faces that are combined
to R can be recorded as the neighboring faces of the region. into a regionR are called theConvex Face$CXF) of R.

In the region-growing process, there are two possible cases: Accordingly, the faces of a region are composed of core faces
(1) A Region Combined with a Convex FacgFig. 8). and convex faces. One difference is that a core face will always

CR1 and CR2 of Part P CR1' of Part P

Region
Combining

(a) Before combining (b) After combining

Fig. 9 Edges and faces of two regions in a combining step
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(a) Different Combining Results of Regions and Faces (b) Mold Fabrication Knowledge

Fig. 10 Two example parts

belong to the region, and a convex face may leave the region ta(8) else IINFy belongs to regiolCR;,

join another region as shown later. As shown in Figure 8.b, the (9) if combinable regionCR; ,CR,,) =TRUE, then
region’s parting lines and neighboring faces change after the con{10) combineCR,,, with CR,, updatePE and NF of
vex faces are combined. CR,, change- TRUE.

(2) A Region Combined with Another Region (Fig. 9). (12) if change= TRUE, then Go to Stefl).

Suppose a neighboring facBlE;) of CR, is also a convex face (1) else return.

(CXFy) of another regiorCR, (Fig. 9a)). SOCR; andCR; are  pased on our algorithm analysis, the computation time of the
two neighboring regions that are candidates for combining 'ntoaﬁgorithm isO(n2), wheren is the face number dP. A heuristic
larger region. Since the convex faces@R, andCR, are more 4" reqyce the running time is that if the tests in Stésr (9) are
easily switched between regions than their core faces, CONVgXyative in an iteration, they need not be repeated in later itera-

only COFs ofCR, andCR,, and the convex faces to connectr?cord neighboring convex faces and regions that are not combin-

COFs, are formulated as planar constraints in Problem PDLP..lf *respectively, and check these arrays first before solving

the linear problem has a solution, two regions are combined i b1 PDLP.

one regiorCR; (refer to Fig. $b)). And the core faces @R are  gteps(6) and(9) need to be discussed further. Conceptually, by

the faces considered in the planar constraints of Problem PDLRing different combination orders and different rules in functions

All the convex faces oCR, and CR, are then tested as neigh-compinable convex face and combinable region, different mold

boring faces to determine if they can be combined G, . designs can be obtained. An illustrative example is shown in Fig.

To get convex faces to connect COFs of two regions, the origif(a). Suppose a cavityR;) and an extrusionR,) are created in
nal face of a convex face also needs to be recorded in the cofcesF, andF, respectively. FaceB;~F4 are perpendicular to
bining process. That is, if a neighboring faEe shares an edge F, and F,. No draft angle is considered. Sixteen combination
with a region face~,, we should record originK;) = F; besides results can be obtained for the part by trying different combina-
recordingF, as the convex face @R So as shown in Fig.(®), tions of convex facesH3~F¢) and regions(R; and R,). For
if NF3 of CRy andCXF, of CR; are the same face, the originalexample, R, +F,+F,+Fs+F,+Fs+Fg versusR,; and R;
face ofNF; in CRy is added to planar constraints©R,. We can  +F, versusR,+ F;+F,+Fs+Fg. Since the related mold de-
recursively do the same thing for the face orightf) until its  signs have the same number of mold pieces and each mold piece
original face is a core face. Similarly, the original facesCXF;  can be disassembled properly, they all satisfy the requirements
can be added t€R,. The resulting core faces &R; are shown given in Problem MCD. Therefore they are equally good designs
in Fig. 9b). from the geometric perspective.

Based on the combining process presented in this section, amnstead of generating and recording all the alternatives, we
algorithm for the region combining process is presented in th@nsider more design knowledge in functions
next section. combinable convex face and combinable region The heuristic

S . . rules we consider are listed as follows with some explanations.

5.3 Combination Algorithm and Design Knowledge (1) Core/Cavity property of a region.

Based on the data structures given in the last section, our regiRfeqgion R can be classified as an internal or external region

combination algorithm is  listed below as _Algorithmgcopging to its parting lines. That is, if a loop of the parting lines

Combine Region (NF and PE are sets ofNF and PE respec- g o internal loop of a neighboring fadg,is an internal region;

tively): . ) . otherwise, it is an external region. For example, the parting lines

Algorithm: Combine Region of R, in Fig. 10a) form an internal loop ofF;. SoR; is an

Input: A set of combined regiorScyr and convex faces d®. internal region, whileR, is an external region.

Output: A set of combined regior&:yr and convex faces d?. Generally internal regions are related to core mold pieces, and
(1) change-FALSE. external regions are related to cavity mold pieces. To facilitate the
(2) for a regionCR; in Scyr, ejection of a part from a core mold piece, convex faces with
(3) for eachNFy in NF, _ vertical normals td®D usually go with the cavity side instead of
(4 rneregion.num(NFy); core side in the mold design. So the resulting mold design for the

(5)  if rn=0, then [INFy is not in any region part given in Fig. 10a) is R, , F, in core side, andR,, F,~Fg in

(6) if  combinable convex faceCR; ,NF,)=TRUE, cavity side.
then (2) Main parting direction of a region.

(7) combineNF, with CR;, updatePE and NF of For a part with many regionR;, we may get several parting
CR;, change-TRUE. directionsPD;. Among them, a pair of opposite directions is the
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Fig. 11 Results of four tested parts

Two-piece mold

38 regions

main parting direction(MPD) of the mold design. Our approachregions inScyg according to some heuristic rules. For example,
to determine MPD is to find a pair of directions with the maxiregions can be ordered by their volumes. Hence, regions with
mum region volumes among aRD;. That is, we find parting |arger volumes can be combined with neighboring faces and re-
directionsPDy which are in the same or opposite directions. F%ions first. As another example, regionsSg, can be classified
eachPDy, a volume of the related region is calculated from itfhto two setsSeyr, and Seyr according to some criterion, such

bounding box. The sum of all region volumes is assigned to th@ whether their PD is MPD. Then we can let regionsSiyr,
direction, andMPD is the direction with maximum volume. In combine with neighboring faces and regions first.

general, it is preferred to combine a vertical face with a region '(Ql) More design knowledge

MPD than a region in a side direction. o .
(3) Combining order of a region. By considering more mold design knowledge, we can get mold

The order of regions irBcyg affects the combination result, asdesigns that are more compatible with mold design practice. Our
does the order of neighboring facesNiF for a region. For ex- region-based approach is very flexible in enabling the addition of
ample, the part shown in Fig(9 has five regionsR,~Rs. De- new design knowledge. To consider more design knowledge, re-
pending on the order &%, R related toR; , R, andR,, we may lated heuristic rules can be formulated and added to the
get a combination result witR;, R,, R;, andRs as one mold combinable convex faceandcombinable regionfunctions in al-
piece region, and?, as the second region. We may also get gorithm Combine Regionto generate different mold designs.
result withR;, R,, andRs as a mold piece region, amR} , R, as As shown in Fig. 1(b) a simple rib part is given as an illustra-
another region. tive example. Suppose mold pieces for the rib part are to be fab-
Therefore, before the combination process, we can reorder theated bySLA machines. Further assume surface finish require-
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Table 1 Running Information of Test Parts.

Part Information Region Number Running Tireec)

Face Concave Region After Region Region
Part No. face No. Generated Combining Generation Combining
(@ 18 12 3 2 0.50 0.50
(b) 330 207 28 2 2.46 7.19
(c) 606 489 38 2 8.17 10.53
(d) 544 336 32 3 3.05 35.68

ments of 2um are specified for the two opposite fadesandF,.
According to our knowledge of th8LA process, such high sur-
face finish can be achieved only by building the mold pieces such
thatF; andF, are all top surfacef31]. Therefore we need to add Fig. 12 Regions of a fiber connector.
a constraint that, and F, cannot be combined into the same
region in order to build them as the top surfaces. Consequently we
can get a better design which satisfies the fabrication requiry 51
ments, although this may lead to a three-piece design instead (ﬁlsﬁ/

nomial-time algorithms and enable the design of useful

> J ds. The algorithm for splitting regions is one example. Al-

two-piece design. . rT‘tzgough complete splitting can generate a unique result of concave
. Baseq on the generated regions, our approach to construct gions and convex faces, the running time of the approach is not

pieces is presented [i2]. feasible. So some heuristics are needed to select splitting surface

. and splitting criterion in region splitting. By generating small re-

6 System Implementation and Results gions, the efficiency to explore face combinations is improved.
We implemented the proposed algorithms in an experimentBiie region combination algorithm also utilized heuristics, as dis-
system(Rapid Tooling Mold Design Systenby using Microsoft cussed extensively in Section 5.3. The heuristics used were se-

Visual C+ +6.0 and ACIS6.2. ACIS is a 3D geometric modelefected primarily for their utility in designing molds that were to be
provided by Spatial Technology Inc. The linear programmingabricated using stereolithography. Most likely, the heuristics
solver we used for Problem PDLP is Lingo5.0 provided by Lindshould be modified for other methods of fabricating molds.
Systems Inc. We have used our implementation to design molds tAs a criterion to find feasible combinations of regions and
fabricate prototype parts of different complexities. Four test parigces, the parting direction of a region needs to be calculated. The
whose molds were generated by our system automatically @@cess of calculating a V-Map and making selection from it can
shown in Fig. 11. For each part, we display the graphical resultsle¢ simplified into a linear program. We demonstrate that solving a
key steps. Different colors are used to represent regions and clifear program provides a satisfactory solution much more quickly
vex faces. We also list part information, region information, an@nd easily than other methods in the literature. Additionally, de-
execution time of each part in Table 1. All the test results atection of non-drafted surfaces is an important step in mold de-
based on a PC with a 700 MHz Pentium Ill processor. sign. Since draft type is tightly related to a parting direction and
The speed of our system is satisfactory. The running time fparting lines, the detection should be executed in the determina-
the tested industrial parts is less than 40 seconds in generatfiig process of parting direction.
mold piece regions. In cage), since combined regioR has no The results shown in Section 6 validate the efficacy and robust-
feasible parting direction, it is divided into eight concave regiongess of our approaches. Parts b,c,d in Fig. 11, as well as others,
by using AlgorithmSplit_Region FacesF; andF, are chosen as were molded in stereolithography-produced molds that were de-
the splitting surfaces because they have the largest numbersigied by our system. We have not found any examples where
convex internal edgeSection 4.3. In case(d), an additional step mold designs produced by our system were infeasible.
was added in the CAD file preparation process. That is, we usedlhe heuristics used in our methods have worked well in most
faceA in Fig. 11(d) to split all the faces of the camera roller partparts studied. However, for some complex parts, such as the part
This is because the circular end faces of the flanges will not be Fig. 12, we observed that some combinations of regions and
split into two in the region generation and combination proceskices are never explored due to the local effect of heuristics. These
After splitting them(seeF, andF,), all faces in the part can be combinations of regions and faces may result in a better mold
assigned successfully to regions. Recall that both the split regid@sign from a global perspective. Currently we are exploring

and region combination algorithms run in tifG&n?). methods(e.g. building a region-combining tre¢o generate and
record all feasible mold design candidates, and then select one
7 Conclusions and Future Work from them.
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