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ABSTRACT

The presence of an already molded component during the second and subsequent molding stages
makes multi-material injection molding different from traditional injection molding process.
Therefore, designing multi-material molded objects requires addressing many additional
manufacturability considerations. In this paper, we first present an approach to systematically
identifying potential manufacturability problems that are unique to the multi-material molding
processes and design rules to avoid these problems. Then we present a comprehensive
manufacturability analysis approach that incorporates both the traditional single material
molding rules as well as the specific rules that have been identified for multi-material molding.
Our analysis shows that sometimes the traditional rules need to be suppressed or modified.
Lastly, for each of the new manufacturability problem, this paper describes algorithms for
automatically detecting potential occurrences and generating redesign suggestions. These
algorithms have been implemented in a computer-aided manufacturability analysis system. The
approach presented in this paper is applicable to multi-shot and over molding processes. We
expect that the manufacturability analysis techniques presented in this paper will help in
decreasing the product development time for the injection molded multi-material objects.

Keywords: Automated manufacturability analysis, generation of redesign suggestions, and
multi-material injection molding.

1 INTRODUCTION

Over the last few years, a wide variety of multi-material injection molding (MMM) processes
have emerged for making multi-material objects, which refer to the class of objects in which
different portions are made of different materials. Due to fabrication and assembly steps being
performed inside the molds, molded multi-material objects allow significant reduction in
assembly operations and production cycle times. Furthermore, the product quality can be
improved, and the possibility of manufacturing defects, and total manufacturing costs can be
reduced. In MMM, multiple different materials are injected into a multi-stage mold. The sections
of the mold that are not to be filled during a molding stage are temporally blocked. After the first
injected material sets, then one or more blocked portions of the mold are opened and the next
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material is injected. This process continues until the required multi-material part is created.
Nowadays, virtually every industry (e.g., automotive, consumer goods, toys, electronics, power
tools, appliances) that makes use of traditional single-material injection molding (SMM) process
is beginning to use multi-material molding processes. Some common applications include multi-
color objects, skin-core arrangements, in-mold assembled objects, soft-touch components (with
rigid substrate parts) and selective compliance objects. Typical examples of each class of
application are shown in Fig. 1.

There are fundamentally three different types of multi-material molding processes. Multi-
component injection molding is perhaps the simplest and most common form of MMM. It
involves either simultaneous or sequential injection of two different materials through either the
same or different gate locations in a single mold. Multi-shot injection molding (MSM) is the
most complex and versatile of the MMM processes. It involves injecting the different materials
into the mold in a specified sequence, where the mold cavity geometry may partially or
completely change between sequences. Over-molding simply involves molding a resin around a
previously-made injection-molded plastic part. Each of the three classes of MMM is
considerably different. Each specific MMM process requires its own set of specialized
equipment; however, there are certain equipment requirements that are generally the same for all
types of MMM. Techniques described in this paper are applicable to over-molding and multi-
shot molding.

Currently only limited literature exists that describes how to design molded multi-material
objects. Consequently very few designers have the required know-how to do so. Consider an
example of a two piece assembly consisting of part A and part B to be produced by multi-
material molding. In fact, many new users believe that if part A and part B meet the traditional
molding rules then assembly AB will also be moldable using multi-material molding. By
moldable we mean that the assembly (or part) can be molded using one or more MMM (or
SMM) processes such that basic functional and aesthetic requirements for the part or assembly
are satisfied and the mold cavity shape can be changed (i.e. mold can be opened, pieces may be
removed or inserted and then mold can be closed) without damaging the mold pieces. However,
this notion is not always correct. Fig. 2 shows an assembly to be molded by MMM. In this case,
both parts can be individually molded without any problem. However, molding them as an
assembly using over-molding process leads to manufacturability problems. After molding the
inner part in the first stage, it is not possible to carry out second stage molding as the injected
plastic will flow over the inner part and damage the surfaces of the already molded component.
This emphasizes the need for developing new design rules that are specific to addressing
manufacturability problems encountered in multi-material molding. Detection of this problem
and corresponding redesign suggestion will be described in sub-section 5.3.

On the other hand, there are molded multi-material assemblies where at least one of the parts
would have not been moldable as an individual piece using traditional molding. However, this
part can be molded when done as a part of the assembly. Fig. 3 highlights such a case. Although
application of traditional plastic injection molding rules would have concluded that component B
cannot be manufactured, it is possible to mold assembly AB by choosing an appropriate molding
sequence. For example, in this case we first need to mold part A and then mold part B using
overmolding operation.



The reason why MMM appears to be significantly different from SMM can be explained as
follows. The part that has been molded first (component A) acts as the “mold piece” during the
second molding stage. Thus, a plastic mold piece is present in addition to the metallic mold
pieces during this molding stage. Hence, this second stage is fundamentally different in nature
from conventional single-material injection molding. Fig. 4 illustrates this condition by depicting
the two molding stages in rotary platen multi-shot molding. Although the shape of the core
remains identical in both the stages, the cavity shape changes and already molded component A
acts as an additional “mold piece” in the second shot.

Moreover, the first stage part that acts as plastic “mold piece” is not separated from the final
assembly. This forces us to avoid applying some of the traditional molding design rules on
certain portions of the gross shape of the overall object also referred as gross object. By gross
object, we mean the solid object created by the regularized union of the two components. That is
why, simply ensuring that the first stage part and the gross shape are moldable do not solve this
problem either. Fig. 5 illustrates this fact; blindly checking all the faces of the gross object for
presence of undercuts leads us to wrongly conclude that it cannot be molded. In reality, this is
not the case and we should only test the faces that need to be demolded (i.e., separated from the
mold pieces) during that molding stage while determining a feasible molding sequence.

Based on the above discussion, we conclude that a new approach needs to be developed to
analyze manufacturability of molded multi-material objects. In the current paper we only
consider manufacturability problems arising due to the shape of the components and the gross
object. Fig. 6 shows an example where undercuts create problems; they need to be eliminated in
order to form a feasible molding sequence. The gross object shown in that figure cannot be made
by any MMM process, because neither of the two components is moldable due to the presence of
deep, internal undercuts. Slight redesign of component A enables us to carry out MMM operation
— component A can be injected first and then component B, provided they have similar melting
points or A melts at a higher temperature than B. Section 3 systematically derives five such new
manufacturability problems that arise in multi-material molding from the state transition diagram
representing the process flow.

The next task in developing a systematic manufacturability analysis methodology is to develop a
detailed approach for applying these new rules. A comprehensive approach to outline how and
when the new multi-material molding design rules need to be applied and traditional single
material molding rules have to be applied, modified or suppressed has been proposed in Section
4. Finally, algorithms have been presented to detect violations of such rules and generate feasible
redesign suggestions in Section 5. All the algorithms have been implemented in a computer-
aided manufacturability analysis system. We conclude this paper by stating its contributions and
limitations in Section 6.

2 RELATED RESEARCH

A wide variety of computational methods have emerged to provide software aids for performing
manufacturability analysis [Gupt97a, VIie99]. Such systems vary significantly by approach,
scope, and level of sophistication. At one end of the spectrum are software tools that provide



estimates of the approximate manufacturing cost. At the other end are sophisticated tools that
perform detailed manufacturability analysis and offer redesign suggestions. For analyzing the
manufacturability of a design, the existing approaches can be roughly classified into two
categories. In direct approaches [I1shi92, Rose92, Shan93], shape-based rules are used to identify
infeasible design attributes from direct inspection of the design description. In indirect or plan-
based approaches [Gupt95, Gupt97b, Gupt98, Haye89, Haye94, Haye96], the first step is to
generate a manufacturing plan, and then to evaluate the plan in order to assess the
manufacturability of design. This approach is useful in domains where there are complex
interactions between manufacturing operations.

Several leading professional societies have published manufacturability guidelines for molded
plastic parts to help designers take manufacturability into account during the product design
phase [Bake92, Truc87]. Poli [Poli01] has also described qualitative DFM rules for all the major
polymer processing processes including injection molding, compression molding and transfer
molding. Moreover, companies such as General Electric [Gene60] have generated their own
guidelines for the design of plastic parts. Such guidelines show examples of good and bad
designs. It is left to the designer’s discretion to apply them as and when necessary. Basically,
there are two types of guidelines. The first type deals with manufacturability issues, whereas the
second type deals with part functionality. We will only cover the first type of guidelines here.
They are listed as follows.

a) Fillets should be created and corners should be rounded so that the molten plastic flows
smoothly to all the portions of the part. Use of radii and gradual transitions minimize the
degree of orientation associated with mold filling, thereby resulting in uniform mold flow
[Mall94]. Moreover, this also avoids the problem of having high stress concentration. Fig. 7
shows an example of how part design needs to be altered to get rid of sharp corners.

b) The parting line must be chosen carefully so that “parting” and metal “shut-off” flashes can
be minimized. Typically, flashes (solidified leakages of plastic material) occur along the
parting line, where the mold pieces come in direct contact with each other. Fig. 8 illustrates
how the stiffening ribs on a part have to be redesigned in order to change the location of the
parting line. This consequently changes the flash formation position. In the first case, flashes
run all along the part, destroying the part quality. However, they occur on the top surface of
the part in the second design, and hence can be easily removed later on.

c) Thin and uniform section thickness should be used so that the entire part can cool down
rapidly at the same rate. Thick sections take a longer time to cool than thin sections. For
example, in the first part shown in Fig. 9, the thicker, hotter sections of the molding will
continue to cool and shrink more than the thinner sections. This will result in a level of
internal stress in the portions of the part where the wall thickness changes. These residual,
internal stresses can lead to warpages and reduced service performances. If possible, the part
must be redesigned to eliminate such thickness variations altogether. Otherwise, tapered
transitions can be used to avoid residual stresses, high stress concentrations and abrupt flow
transitions during mold filling. Whenever feasible, wall section thickness must be reduced by
coring out sections of the molding, and by using ribs to compensate for the loss in stiffness of
a thinner part [Mall94].



d) Side actions (side cores, split cores, lifters etc.) must be used to create undercut features on
the part or the part should be redesigned to eliminate undercut features. Fig. 10 shows an
example of a plastic part, whose undercut region cannot be molded by any side action. A
simple redesign shown in this figure solves this problem.

e) Draft angles need to be imparted to vertical or near-vertical walls for ease of removal of the
part from the mold assembly. Fig. 11 shows that incorrect draft angles make it impossible to
eject the part. Tapering the side walls inward (towards the core side) resolves this issue
satisfactorily. Drafting also reduces tool and part wear considerably — sliding friction as well
as scuffing or abrasion of the outer (cavity) faces of the part are eliminated to a large extent.
Typically, the required draft angle ranges from a fraction of a degree to several degrees and
depends on a lot of parameters such as depth of draw, material rigidity, surface lubricity and
material shrinkage [Mall94].

Computational work in the field of manufacturability analysis of injection molded parts mainly
focuses on two different areas. The first area deals with demoldability of a single material part.
The demoldability of a part is its ability to be ejected easily from the mold assembly (core, cavity
and side actions) when the mold opens. Deciding if a part is demoldable is equivalent to deciding
if there exists a combination of main parting direction, side cores and split cores such that the
criterion of demoldability is satisfied. Chen et al. [Chen93] describe a visibility map based
approach to find a feasible parting direction that minimizes the number of side cores. Hui
[Hui97] describes a heuristic search technique for selecting a combination of main parting, core
and insert directions. Approaches based on undercut-feature recognition have also been
developed [Gu99, Fu99, Lu00, Yin0l]. The basic idea behind these approaches is to find
potential undercuts on the part using feature recognition techniques. Each type of feature has its
own set of candidate parting directions. The optimal main, parting direction is then chosen on the
basis of some evaluation functions.

Ahn et al. [Ahn02] describe mathematically sound algorithms to test if a part is, indeed,
moldable using a two-piece mold (without any side actions) and if so, to obtain the set of all such
possible parting directions. Building on this, Elber et al. [Elbe05] have developed an algorithm
based on aspect graphs to solve the two-piece mold separability problem for general free-form
shapes, represented by NURBS surfaces. McMains and Chen [McMa04] have determined
moldability and parting directions for polygons with curved (2D spline) edges. Recently,
Kharderkar et al. [Khar05] have presented new programmable graphics hardware accelerated
algorithms to test the moldability of parts and help in redesigning them by identifying and
graphically displaying undercuts. Dhaliwal et al. [Dhal03] described exact algorithms for
computing global accessibility cones for each face of a polyhedral object. Using these,
Priyadarshi and Gupta [Priy04] developed algorithms to design multi-piece molds. Other notable
work in the area of automated multi-piece mold design includes that by Chen and Rosen
[Chen02, Chen03].

The second area of active work deals with the simulation of molten, plastic flow in injection
molding process. Many commercial systems are available to help designers in performing
manufacturability analysis. Also, finite element analysis software like ANSYS, ABAQUS,
FEMLAB etc. can be used to predict and solve some problems, such as whether the strength of
some portion of the part is adequate. Since these types of problems arising during multi-material



injection molding are the same as those experienced in case of single material molding,
appropriate commercial packages can be used to overcome them.

3 IDENTIFYING SOURCES OF MOLDING PROBLEMS

Many different reasons can contribute to manufacturability problems during MMM. These
reasons include material incompatibility, interactions among cooling systems for different stages,
placement of gates, demoldability, and ejection system problems. In this paper we mainly focus
on the manufacturability problems that result from the shape of the multi-material objects.
Specifically, we focus on those manufacturing complications that arise due to the presence of
plastic material inside the mold cavity during the second shot. The work presented in this paper
is applicable to multi-shot rotary platen (shown in Fig. 4 and Fig. 12), multi-shot index plate
(shown in Fig. 13 and Fig. 14), and over-molding processes (shown in Fig. 15). Appendix A
describes each of these processes in details.

It is important to note here that part designs need to be modified significantly depending upon
the nature of the MMM process that will be used to mold it. Fig. 16 illustrates this idea by using
three different part designs. The first object can be molded by overmolding process only,
whereas the second object can be molded using either overmolding or index plate multi-shot
molding process. Rotary platen process should be used to mold the last part. Thus, it is clear that
specific process-dependent design rules are essential in multi-material injection molding.

Let us now try to systematically identify the manufacturability problems so that corresponding
design rules can be framed to handle them. These design rules will be later utilized by the
algorithms in Sections 4 and 5 to offer meaningful solutions once the problems have been
detected. A new way of identifying all the potential sources of manufacturability problems using
state transition diagrams and studying failure mode matrices is presented below. The
effectiveness of this technique is first validated by comparing the identified failure modes and
corresponding design rules with the established guidelines for traditional injection molding.
Afterwards, the same approach is adopted in order to detect and diagnose all the potential
manufacturability problems in MMM processes. This scheme is comprehensive with respect to
the state transition model; it does not overlook any of the potential problems that arises due to
the geometry of the multiple, heterogeneous objects.

Fig. 17 shows the state transition diagram for SMM. It is clear that five states have to be
completed successfully so that an acceptable quality part is obtained. Four common failure
modes are possible (shown in Figure 17 and Table 1). Even if any one of them occurs, a
defective part will be formed. These modes have been mapped into corresponding causes in the
matrix shown in Table 1. From that, design rules have been derived to alleviate each of the
problems. It may be noted here that a particular failure mode can be caused by multiple problems
and/or a single solution (design rule) may be sufficient to remove more than one problem. These
problems, along with the corresponding design rules are listed as follows:

1) Incomplete filling of the mold cavity: Solution is that sharp corners should have fillets. A
simple method can be used to detect such corners and round them. If the two tangent vectors
at the common intersection point between two edges create a sharp angle, then this



corresponds to a sharp corner. In that case, the two mating edges have to be truncated and a
small radius circular arc (fillet) has to be created to join the truncated segments such that the
tangent vectors change gradually along the arc of the circle.

2) Occurrence of flashes: The parting line should not cross faces on which flash is not permitted
to avoid this problem. An uneven slicing method suggested by [Wong98] can be used to form
the parting line for parts having planar as well as curved surfaces. Since flashes result in
ergonomic and aesthetic problems, parts should be designed so that the flashes generated can
be easily scraped out or minimized.

3) Presence of residual stresses: The wall thickness should be uniform and as thin as possible to
minimize this problem. A medial surface transform of the 3D part geometry can be computed
to obtain the associated radius function, i.e. the distance from the medial surface to the
closest point on the surface boundary. This function directly gives the values (and hence the
variation) of wall section thickness all along the periphery of the part.

4) Collision among the mold pieces and the molded plastic component: The first design rule is
that parts should be redesigned in order to remove such undercuts wherever possible. If this
is not possible, then feasible side actions must exist to mold such regions.

The second important solution is that faces with direction normals almost perpendicular to
the main parting direction should have adequate draft angles. Usually parts are so aligned
that the main parting direction coincides with the vertical axis. The problem of identifying
faces that need to be tapered and then actually drafting them has been studied extensively in
the mold design literature. Mathematically speaking, we want to give draft angles to all the
part faces whose normals are inclined at an angle close to 90 degrees to the vertical, i.e. the
angular deviation is greater than a threshold value. Although this analysis can be performed
reasonably easily using software-based techniques, the same thing can be accomplished more
efficiently using vertex programs in hardware [Khar05].

5) Tool wear and part damage — Exactly identical design rules as proposed for the previous
problem are needed to tackle this problem as well.

Thus, we can summarize that this methodology enables us to identify all the five published
traditional molding design guidelines listed in Section 2. Hence it makes sense to extrapolate this
idea for multi-material molding processes also. Fig. 18 shows the state transition diagram for
MMM processes. Here instead of four, as many as eight failure modes can result in a defective
part and formation of an acceptable quality MM object entails successful completion of nine
states. Mapping of the eight failure modes into corresponding problems (causes) and potential
solutions (design rules) has been done in Table 2.

However, as can be expected the scenario is much more complex in this case. Two kinds of
problems are involved here- some that are common to single material molding and some that are
unique to multi-material molding. Moreover, all the design rules for traditional molding cannot
be applied everywhere during the two stages of molding. Some need to be applied during the
first stage, some during the second stage and some during both the stages. Similarly, some design
considerations need to be taken care of only for the gross object, whereas some have to be dealt



with for one or both the individual parts as well. Again, certain SMM rules have to be used
selectively on certain faces of the two components or the gross object.

All these observations correlate directly to the inferences drawn in the introductory section,
where we concluded based on practical examples that an altogether new manufacturability
analysis framework has to be developed for MMM processes. In fact, our matrix clearly reveals
that all the new MMM design rules as well as modifications in the existing SMM guidelines are
necessitated by the fact that the second molding stage is fundamentally different from what is
encountered in conventional injection molding. Not only do we have to remove and insert new
mold pieces for the second stage, the mold cavity has a different look to it in the second stage.
Presence of a never-removed plastic “mold-piece” in the form of component A, causes additional
problems in injecting molten plastic, cooling it and then ejecting the gross shape without
resulting in any collision, tool wear, and part damage. All such manufacturability problems are
mentioned below.

1. Incomplete filling of the mold cavity — Sharp corners should have fillets in both the
components.

2. Occurrence of “parting” and metal “shut-off” flashes — Parting lines should not cross faces on
which “parting” and metal “shut-off” flashes are not permitted in either of the two
components.

3. Presence of residual stresses — Each of the two components must have thin, uniform wall
sections.

4. Collision among mold pieces and gross object, tool wear and part damage during mold
opening after completion of the final stage — Non-mating vertical walls should be tapered, i.e.
they should have adequate draft angles.

5. Additional possibility of collision among mold pieces (and finished/partially completed
object), tool wear and part damage during mold opening and closing in both the molding
stages — A feasible molding sequence should exist in order to eliminate these problems.
Henceforth this set of manufacturability problems is referred to as infeasible molding
sequence problem for the sake of brevity and easy understanding.

6. Undesired friction during mold opening and closing prior to beginning of the second stage —
All the mating faces whose normals are perpendicular to the mold opening direction should
be tapered so that it is reduced.

7. Occurrence of additional plastic “shut-off” flashes only in the second molding stage —
Aesthetically important mating faces should not be present where metal meets plastic. Crush
grooves (i.e., grooves designed to provide a tight seal between the already molded part and
the mold) should be created between such coplanar faces so that the second material is
blocked by the mold and cannot flash on the finished faces of the first component.

8. Excessive interface deformation — Unsupported, thin sections should not be present. Instead,
supporting pads need to be provided in order to lend extra rigidity to the first component to
withstand the pressure of injected plastic during the second stage.



9. Extra residual stresses in the gross object — Thorough thermal stress and fluid flow analysis

must be carried out using some simulation software to determine the best possible thermal
management solution (external mold heating and cooling) so that the insulation effect of the
already molded plastic is appropriately taken care of during the second molding stage.

A detailed description of each of the five new manufacturability problems and design rules is
given as follows.

Infeasible molding sequences: Infeasibility of molding sequences implies that the multi-
material object cannot be manufactured because the proposed molding sequence is infeasible.
Usually this problem is caused by the presence of undercut features and it manifests itself in
five different ways. They are listed as follows. All such reasons for the different types of
multi-material molding processes have been summarized in Table 3.

0 The two components are made of different materials and one of them has a higher
melting point than the other. Then this component has to be molded first and if it is non-
moldable then multi-material molding cannot be carried out. The moldability of the other
component and the gross object is immaterial in this case.

O Let us now consider that the two components are made of same material (different colors)
or different materials having comparable melting points. If none of the two components
are separately moldable, then no feasible sequence exists as the molding process cannot
be started at all.

o If the faces that need to be demolded in the second stage create impossible to mold
undercuts multi-material molding is not possible.

o In addition to the above three conditions, if the core-side faces of the first stage
component are in contact with any face of second stage component, or if those core-side
faces do not create enough contact with the core, it creates a problem in the rotary platen
multi-shot molding.

0 Analogously if in addition to the first three conditions if there does not exist any portion
on the first stage component that is not shared by the second stage component or if the
non-shared portion cannot be grasped by the index plate properly, index plate multi-shot
molding cannot be done.

Fig. 19 clearly highlights this infeasible molding sequence problem for different MMM
processes. Assuming that we are allowed to follow the sequence of molding A first and then
B in all the cases from material considerations, Fig. 19(a) clearly shows how removal of the
internal undercuts (caused by faces that need to be demolded) in component A enables us to
perform overmolding operation. In Fig. 19(b), sequence A, B is infeasible for rotary platen
process in the original part design as sufficient contact area for grasping is not present
between the core and component A. By modifying the component geometry slightly, this
problem is rectified. The original part design in Fig. 19(c) does not have any portion in A that
can be grasped by the index plate. Hence it needs to be protruded out from component B so
that A, B becomes a feasible sequence for the index plate process.



Undesired friction during mold opening and closing: Another important consideration
unique to MMM is how the molds for successive stages come in contact with each other and
with the partially completed component. If a component’s geometry is improperly designed,
there could be excessive rubbing between the individual mold pieces and/or rubbing between
mold pieces and component plastic during the opening/closing stages of molding. This
friction could damage both the molds and the parts being produced as well as put
unnecessary stresses on the molding press. It should be noted that if proper draft angles are
not used, then friction between plastic piece and mold piece presents ejection problems in
single material molding and hence may lead to higher part cost. However, the mold is not
significantly damaged. On the other hand, friction between two steel mold pieces in case of
MMM poses a very challenging problem and causes serious damages to the rubbing mold
pieces. Hence such friction cannot be tolerated.

A simple example of an improper design from frictional considerations and two
corresponding redesigns are illustrated in Fig. 20. In Fig. 20(a), the vertical mold walls will
tend to rub against one another and with the walls of first-shot material when the mold is
opened or closed. This effect is especially severe when metallic mold pieces rub against each
other and is undesirable but not so dangerous when a mold piece is in contact with the plastic
material. To avoid this, two possible redesigns are shown in Fig. 20(b) and Fig. 20(c)
respectively. Fig. 20(b) shows the preferred design where all the vertical mating faces of both
the components and the mold pieces have been tapered. Thin wall section is possible in this
case. However, sometimes vertical walls may be necessary from the point of view of
imparting relative motion. In that case, a compromise can be achieved as illustrated in Fig.
20(c). Part of the mating walls (where frictional effect is particularly disastrous) is tapered
and the remaining portion is kept vertical. This design works well in practice provided
comparatively thicker wall sections are used to withstand the additional ejector pin pressure
due to absence of draft angles. Of course, cost of such a design will be more as well.

Undesired material flash on finished faces: Flash is defined as the undesirable formation of
superfluous strips of material on a molded part’s surfaces and/or edges. Flash is a relevant
measure of ergonomics since it is generally thin and sharp, causing discomfort or even
scratches/cuts when held or otherwise interfaced with by a human. In general, the possibility
of flash occurrence should be minimized by the product’s design, or it will have to be
manually removed after molding (i.e. through grinding or filing). Flash occurs when some of
the molten resin escapes the intended mold cavity through thin gaps in the mold, usually
where the core and cavity halves meet. The resin then solidifies in the shape of the gap, and
the part is ejected with these unwanted thin plastic strips attached.

From Fig. 21 it can be observed that in addition to flash formed at metal-on-metal contact
surfaces, MMM allows for the unique occurrence of flash at metal-on-plastic contact surfaces
also. As with metal shutoff flash, plastic shutoff flash can be formed anywhere the mold
metal meets (“shuts off”) on plastic, as illustrated in Fig. 21(a). Crush grooves can be used to
eliminate this problem and Fig. 21(b) shows an aesthetically pleasing redesign of the object
which ensures that flashing takes place only in a small cavity and is not visible from outside.

Excessive interface deformation: The problem of excessive interface deformation for multi-
material injection molding happens when the second material is injected into the cavity. This
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problem usually happens in the over-molding or index-plate molding process. Two mold
stages for the two processes have different cores and different cavities. After the first stage,
additional cavities are formed on both sides of the partially finished object: one is on the core
side, and the other is on the cavity side. Therefore, if the partially finished object, i.e., the
first component, has a large area and small thickness along the mold opening direction, it will
be bent by the injected material under high pressure for the second shot. The bent component
will touch the mold pieces, thus the aesthetic quality will be seriously influenced. Also, since
the interface between the two materials is changed, the product with a soft skin and hard core
arrangement may have more quality problems. Fig. 22 shows a two-material object where the
component that is molded first has a thin, cantilever section. This makes it susceptible to
bending during the second molding stage. Ribs are added (as shown in the second figure) to
prevent this type of excessive interface deformation.

e Extra residual stresses during second stage of molding: Plastic material has far less
thermal conductivity compared to the metallic mold pieces. This may result in non-uniform
cooling of the second component — the faces that are in contact with the mold pieces will
cool faster than the faces that are in contact with the previously molded first component.
This, in turn, may lead to the presence of additional residual, thermal stresses in the second
component, which again, will significantly affect its functional utility. So in order to
minimize such undesired stresses, mold flow softwares like Moldflow Plastics Insight,
MoldflowWorks, MoldFlow Part Advisers etc. should be used to simulate fluid flow and
temperature/stress distribution in the object. The simulation results will guide us in coming
up with the best possible design of the mold, which may include integration of the
appropriate thermal management solution. This problem cannot be easily fixed by just
changing the part shape and will not be addressed in subsequent sections.

4 MANUFACTURABILITY ANALYSIS APPROACH

Given a multi-material object, we are interested in determining instances of the potential
manufacturability problems resulting from improper object designs.

We assume that the following input is available to the analysis approach: the assembly of a
multi-material object O = {(la, m ), (l, m,)}, the type of multi-material injection molding

process, the mold design and the mold opening directions. Mold designs are generated using
techniques described in [Li03, LiO4, Priy06]. Multi-material objects can be modeled as an
assembly of homogenous components. Each component |; of the object assembly is represented
as a solid model and has a material attribute m; associated with it. The material attribute m;
defines the material type of each homogenous component. This paper currently focuses on
objects with only two different materials.

As has been touched upon in Sections 1 and 3, manufacturability analysis cannot be done merely
by considering either the new or the traditional design rules in isolation. Rather, a judicious
combination of both the set of rules is necessary to correctly analyze the manufacturability of O
using l, and lp. All the steps in manufacturability analysis can be summarized in the form of an
approach which has been explained in the following paragraphs. Our methodology deals with all
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possible situations to accurately conclude whether it is, indeed, possible to manufacture O using
MMM with or without slight redesigning and reorienting operations. The rationale and the
logical flow of the approach come from the state transition diagram shown in Fig. 18.

Our approach consists of the following steps:

1) First we need to ensure that a feasible molding sequence exists (application of rule MR1).
This is done by using the approach described in Section 5.1. Results of this step are also used
in Steps 2 and 3.

2)

3)

Apply traditional injection molding rules on |; and I,.

a)

b)

First of all, we apply design rules R1 (absence of sharp corners), R2 (avoiding
undesirable flash) and R3 (ensuring thin and uniform wall sections) on both I; and I.

Then we need to apply rule R5 (imparting correct draft angles) carefully. First we find all
the vertical (or near-vertical) faces and let F, and F, be those faces for components I, and
I, respectively. Then we remove all mating faces (faces that are common to both I; and I,)
from F; and F, to obtain F1; and F», respectively. Finally we apply correct drafting (as
explained previously in Section 3) on all the faces of F,, which is the union of the sets Fi;

and Fz. Mathematically, F, =F,—(F,NF,), F,=F,—-(FNF,) and F,=F,UF,.

This suppression of rule R5 on the mating faces is due to the fact that these faces will
become internal faces of the object O once two-stage molding has been finished. We
should only apply draft angles to those vertical faces that are in contact with the mold
pieces during the second molding stage (external faces of the object O) so that O can be
removed easily from the mold assembly. This partial suppression of drafting often
simplifies the part design considerably. Such an example is shown in Fig. 23. Since the
inner component (I1) did not have a vertical main parting direction, there was no need to
taper its outer vertical walls (faces f and f;). Consequently, the inner, mating vertical
faces of |, should not have any taper either.

Applying MMM specific rules on I, and .

a)

b)

Design rule MR2 (tapering mating faces between I; and I,) is applied as explained in
details in sub-section 5.2.

Similarly, rules MR3 (verifying that no mating faces are present where metal “shuts-off”
on plastic) and MR4 (ensuring no unsupported, thin sections are present) are also applied
as and when necessary following the guidelines mentioned in sub-sections 5.3 and 5.4
respectively.

Finally, rule MR5 needs to be applied and adequate thermal management solution
(described in [Meng01]) needs to be obtained to ensure that the part cools uniformly.
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5 DETECTION OF MANUFACTURABILITY PROBLEMS AND GENERATION OF
REDESIGN SUGGESTIONS

This section describes detailed algorithms for detecting the four MMM specific
manufacturability problems described in Section 3 and providing feasible redesign suggestions.
Detection is done by checking whether the corresponding design rules are satisfied. It should be
noted that our method does not consider the functional requirements of the object. The designer
needs to determine if these suggestions are acceptable or not from the functional point of view.

5.1 Detecting Infeasibility of Molding Sequences

This sub-section describes the method for determining whether a feasible molding sequence
exists or not for a given multi-material injection molded object. Analysis of infeasibility of
molding sequence involves determining whether there exists a feasible molding sequence such
that the object can be made by the given multi-material injection molding processes. If no such
feasible sequence exists, then the method automatically determines the reasons and generates the
redesign suggestions. A formal algorithm for doing the same is described as follows. Input to this
algorithm is exactly same as that for the manufacturability analysis methodology described in the
previous section. Output is either a conclusion that object O is non-moldable by any MMM
process or a feasible molding sequence.

Our approach consists of the following steps:

a) Check whether m, and my are identical, and if not, whether they have similar melting
temperatures. If answer to any one of the above couple of questions is yes, then either of the
two components can be molded first. Preference is given to the one that has larger volume
and greater number of features (ribs, bosses, gussets, undercuts and so on). If one has greater
volume whereas the other has larger number of features, then preference is given to the
former as achieving adequate cooling is much more difficult during the second stage.
Otherwise, the component having higher melting point should be injected first. Let I, be the
selected component.

b) We now need to test the moldability of component I,. We analyze every undercut feature to
verify whether it is feasible to mold it using a side action. For this step we use the approach
described below. If it is infeasible to mold any of the undercut features, then a redesign
suggestion is generated: “Remove undercut feature such that the 1, is moldable”. However, if
such a redesigning operation also fails (due to functional requirements or some other reason),
then we conclude that I, is non-moldable due to the presence of an impossible to create
undercut.

c) If the previous step succeeds, i.e. I, is moldable or we are able to create a moldable version,
then we go to step d). Else if possible (from melting point considerations), we now try to
mold I, first, and then l,. I this sequence works (by testing as in step b)), we proceed to step
d); else we conclude that object O cannot be molded by the given MMM process and
terminate this algorithm.

d) The moldability of the gross shape has to be tested. Once again the approach described below
is utilized to verify whether it is feasible to mold every undercut feature that has been formed
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only by the faces that require demolding in the second molding stage. If it is infeasible to
mold any such feature, a similar redesign suggestion to that stated in step b) is generated:
“Remove undercut feature such that O is moldable”. If impossible to create undercuts are not
encountered and we intend to use overmolding process, then go to step g). However, if
moldability is satisfied but rotary platen or index plate MSM is going to be used to mold the
object, then we go to step e) or f) respectively. Else if moldability test fails, we again
conclude that O is non-moldable and terminate the algorithm.

e) If there is no contact between core-side faces of first component with any face of second
stage component and these core-side faces create enough grasping contact area with the
common core so that the component can shrink onto the core, then proceed to step g). At
least few millimeter of projection along mold opening direction is necessary to establish
sufficient contact. Else if both possible sequences have not been tried out, then go back and
try the other one. Otherwise, depending upon the problem cause, one (or both) of the
following redesign suggestions are presented: “Modify the design of first component so that
no face touching the common core is in contact with any face of the second stage
component”; “Alter the design of the first stage component in order to create enough contact
area between the core-side faces and the common core”. If such redesigning cannot be done,
then stop and report that O is non-moldable by using rotary platen multi-shot process.

f) If there exists a portion of the first stage component that is not shared by the second stage
component and this non-shared portion forms a stable grasp for the index plate, then go to
step Q). Else, just as in step e), if both the sequences have not been looked at, the other one
should be tried out. Otherwise, initially a redesign suggestion is generated as: “Modify the
design of the first stage part so that a portion of it is not shared by the second component and
this portion is large enough to be grasped properly by the index plate”. If such a redesign is
not feasible, then end and report that it impossible to mold O by using index plate multi-shot
process.

g) Let the obtained molding sequence be denoted as |1, |, and corresponding material attributes
be denoted as m; and m..

Now we will describe how to determine if a given undercut feature is moldable. Detection of
such features is done using the techniques described in [Priy06]. We start by faceting the
appropriate object Q (it can be either I, I, or O). The undercut feature F is represented set of n
facets: F = {f, ..., f,}. In our analysis we also use main parting directions +d and —d and mold
enclosure (rectangular box enclosing the mold assembly) dimensions.

Mold pieces forming the undercut features cannot be moved along the main parting directions
without intersecting the part. Fig. 24 illustrates this for a part which has two such undercut
features in the form of holes. So in order for a feasible side action to exist there should be enough
room around the undercut feature F such that the side action can be first translated away from the
undercut in a direction different from +d and -d. After completing this translation, the side action
is moved relative to the part Q along one of the main parting directions. Hence two translations
are needed to completely disengage the side action from Q. Now to determine if it is feasible to
mold F, we begin by analyzing each undercut facet f; separately. For every facet fi eF, we
compute a set of two translation vectors such that the side action which will mold f; can be
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removed from the mold enclosure. If at the end, intersection of all such sets is non-null, then we
conclude that F is moldable; otherwise it is not. Details of this approach can be found in
[Bane06].

As discussed earlier in Section 3, Fig. 19(a), (b) and (c) show three different examples where the
problem of infeasible molding sequence will be detected for overmolding, rotary platen and
index plate process respectively. The object shown in the left-hand side of Fig. 19(a) cannot be
molded by overmolding process due to the presence of impossible to mold undercut feature. In
this case the redesign suggestion is: “Eliminate undercut features F; and F, in component I,”.
Again it is not possible to mold the object shown in the left-hand side of Fig. 19(b) using rotary
platen MSM as the core-side faces of component A do not have sufficient contact area for
grasping with the common core. Hence, the corresponding redesign suggestion is: “Modify core
side face f; on I, such that the core remains in contact with |, during changing of cavity”.
Similarly, it is not feasible to mold the left-hand side object shown in Fig. 19(c) as the index
plate cannot grasp component A properly. So the following redesign suggestion is generated:
“Modify outer faces f,, f3, f4 and fs on I, such that there are faces on I, that can remain in contact
with index plate during changing of core and cavity after completion of the first molding stage”.
Right-hand sides of Fig. 19(a), Fig. 19(b) and Fig. 19(c) show possible redesigns of the three
left-side objects based on the above-mentioned redesign suggestions.

5.2 Detecting Undesired Friction during Mold Opening and Closing

Friction generated during rubbing of two metal pieces is significantly more severe than that
caused by the rubbing of a metal piece with a plastic one. Inadequate draft during traditional
injection molding leads to rubbing of steel mold piece with the plastic part. However, absence of
adequate drafts in MMM may lead to two steel mold pieces rubbing against each other, thereby
causing more serious damage to the mold pieces.

The method to determine the occurrence of this problem is summarized as follows. First, from all
the faces of the second component I,, find the faces F that are accessible from the common core
side. Second, from F, remove the mating faces between the two components. Then, check if any
portion of faces in F is parallel to the mold opening direction or not. Similarly for all the mating
faces between mold pieces, check if there exists any face such that its normal direction is
perpendicular to the mold opening direction. If yes, then the problem will happen. In that case,
highlight or mark all the critical faces (or portions of them) and generate the following redesign
suggestion “Reorient highlighted faces on |, and mold pieces such that they are not parallel to the
mold opening direction”.

We can also apply this rule to all the faces in the first component |; that are accessible from the
cavity side during the 1% molding shot and to all the corresponding mating faces belonging to I,
which run parallel to the mold opening direction. Although this is preferred, this is not
mandatory and it is up to the designer to enforce this or not. The designer may not want to apply
this because of functional requirements (e.g., avoiding slip during relative motion between the
two components) or aesthetics requirements. However, in that case the part section thickness
may need to be increased to prevent deformation due to additional ejection pressure.
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Fig. 20(a) shows an object for which there exists friction among the mold pieces and between the
cavity and first component I, during the first molding stage. Our algorithm analyzes this situation
and gives two different redesign suggestions:

e Preferred Redesign Option: “Add draft angle to faces fi, f1, f» and f, on Iy, I, and mold
pieces such that none of them remain parallel to the mold opening direction”

e A Workable Redesign Option: “Add draft angle to faces f; and f;; on I, and mold pieces;
retain the other parallel walls but increase the part section thickness suitably”

Fig. 20(b) and Fig. 20(c) show possible redesigns based on the former and latter suggestions
respectively.

5.3 Detecting Undesired Material Flash on Finished Faces

If two faces belonging to different components share one common edge, and the two faces have
the approximately the normal directions (i.e., the angle between the two normals is less than few
degrees) along the edge, then undesired material flash on the finished faces is likely to occur. If
the face covered with improper material is aesthetically important, then the object needs to be
redesigned by adding a groove along the common edge such that there is no direct contact
between the two faces. Consequently, the mold piece shape is changed, or slides are used.
Although additional cost of the order of few thousand dollars may be incurred in order to
incorporate this change in mold design, sometimes there is no other alternative due to aesthetic
requirements. Algorithm for doing this is described below.

1. Let F; be aesthetically important faces of I, let F, be the aesthetically important faces of I,
(designer needs to specify F; and F»).

2. If any face in F; and any face in F; are mating faces with each other, then remove those faces
from F; and F».

3. If any face f; in F; and any face f, in F, share a common edge e, and the normal directions of
both f; and f, are parallel to the mold opening direction, then the redesign suggestion is “Add
groove along edge e”.

Fig. 21(a) shows an object for which undesired flash will occur on the finished top face of the
first component during the second stage. Our algorithm analyzes this object and gives the
following redesign suggestion: “Add groove in I, along its circumferential edge e; between
coplanar faces f; and f, or f,.” The designer needs to select the width and depth of crush groove
and the system can automatically add crush grooves along the specified edges. Fig. 21(b) shows
a possible redesign based on this suggestion.

5.4 Detecting Excessive Interface Deformation

In addition to all of the strength design guidelines for single material injection molded
components (e.g. wall thicknesses, ribbing, etc.), MMM introduces some additional design
considerations to ensure adequate part strength. Many of these new considerations are a direct
result of the fact that jets of liquid plastic flow at high temperatures and pressures into the mold
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cavity and come into contact with the partially-completed component. If the component
geometry is not designed properly, it could be damaged during the subsequent material shots.

The method for detecting this problem is based on analyzing the strength of the partially finished
object, when the second material is injected into the mold in the second stage. Since both the
cores and the cavities are different for two stages in the index-plate molding process, the core of
the second stage cannot support the partially finished object very well. For the rotary-platen
process, the cores for two stages are the same, so the partially finished object can be supported
by the core against the injected material under pressure. Therefore, we only need to analyze this
problem for the objects molded by the over-molding or index-plate process.

The input for this method includes:

1. The partially finished object O

2. The assembly of the second stage mold
This method has the following five steps.

Step 1 is to specify the position and the dimension of the gate through which the second material
m, is injected into the mold. The pressure of the injected material is selected to ensure that the
mold fills in an optimal manner based on the flow length, volume, and material type. The
position and the dimension of the gate can be specified by the designer manually based on
experience or by using some material flow simulation software. As for the pressure of the
injected material, it is dependent upon the specification of the molding machine and the values of
some parameters related to the injected material. The pressure of the material in the gate can be
calculated by using the methodology presented in [Bryc96]. We assume that the value of the
pressure of the material injected onto the surface of O; is almost the same as the pressure of the
material at the gate.

Step 2 is to generate mesh for O;. Most FEA software provides the function of automatic mesh
generation for the geometric model of the object to be analyzed. We use Pro/Mechanica software
for generating the mesh.

Step 3 is to specify the properties of the material and the boundary conditions for O;. The
properties of m; can be obtained by plastics material property sheets. For this problem, the
properties need to include Young’s modulus and Poisson’s ratio. The boundary conditions for O
can be specified based on the mating faces between the assembly of mold pieces and O;. The
mold piece can constrain the translation of O; along the normal direction along the mating faces.
Then, the boundary conditions for O; can be specified by adding the constraint on all the mating
faces.

Step 4 is to add the load to O;. The load can be added to O; based on the pressure of the injected
material and the position and dimension of the gate. The position of the load can be specified
based on the position of the gate. The section area of the injected material is the same as the gate.
Then the load on the face of O; exerted by the injected material can be simulated as a force. The
value of this force is product of the section area and the pressure of the injected material.
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Step 5 is to determine the extent of the problem by using FEA software based on the first four
steps. The information obtained for the first four steps will be input into the FEA program. After
the problem is solved, the output can be viewed on screen. The output includes displacement at
various nodes. Based on the deformation displayed, the designer can determine if the problem is
significant or not.

As explained in Section 3, the reason for the problem of excessive interface deformation is that
the first component has a large area and small-thickness along the mold opening direction.
Therefore, the solution for this problem is adding supporting structures, such as interface pads, to
the first component. Then, during the second stage, the first component will not be deformed
significantly because of the support of the pads, which are in touch with the mold pieces of the
second stage. This solution will change the shape of the first component, thus changing the
interface between the two components. However, this change is under the designer’s control
such that both the aesthetics and functions can meet the designer’s requirements.

Fig. 22(a) shows an object for which excessive interface deformation occurs during the second
stage. Therefore, the redesign suggestion provided to the designer is “Add supporting structure,
such as ribs or interface pads, to the component A along the thin plate-like section S on the two
faces f; and f,”. The designer needs to select an appropriate interface pad or rib shape and a
pattern and the system can add those features to the parts. After adding these features the system
can be run again to assess the distortions of the interface. If needed additional interfaces pads can
be added to reduce the distortion. Fig. 22(b) shows a possible redesign based on this suggestion.

5.5 Implementation

We have successfully implemented the algorithms described in this section and tested them with
all the different types of examples discussed in the previous four sub-sections. The system is
implemented in C++ using Visual Studio 6.0 and Microsoft Foundation Classes (MFC). ACIS
7.0 was used as the geometric kernel. Any CAD system that produces “.sat” files can be used to
create input file for our system. More specifically, we used IronCAD system. The system accepts
an assembly of two parts, a molding process, a mold design and mold opening directions as
input. It analyzes the object and if any violation of multi-material molding design rule is found,
then it reports the violation and generates the appropriate redesign suggestions. All the steps
except FEA take significantly less than a second to run on parts similar in complexity to those
shown in this paper. FEA step is performed using Pro/Mechanica software.

6 CONCLUSIONS

For multi-material objects that are manufacturable using MMM, the processing cost is
significantly lower compared to the layered manufacturing processes for making these objects
when the batch size is large. Therefore, MMM is becoming increasingly popular in the
manufacturing industry due to its ability to produce higher-quality multi-material products.
However, currently very limited literature exists that describes how to design molded MM
Obijects.
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The presence of an already molded component during the second and subsequent molding stages
makes multi-material injection molding significantly different from traditional injection molding
process. Hence, we have developed a systematic methodology for performing manufacturability
analysis during design of molded multi-material objects. The following new results are reported
in this paper:

1. It identifies the following five types of manufacturability problems: infeasibility of molding
sequences, undesired friction during mold opening and closing, undesired material flash on
finished faces, excessive interface deformation, and thermal insulation effect of the molded
plastic component. These problems are unique to multi-material molding and do not occur in
traditional injection molding.

2. The paper describes an overall approach to perform manufacturability analysis at each of the
steps in multi-material molding. Not only does this algorithm utilize new design rules, it also
incorporates the conventional molding design rules in a suitable manner to come up with a
comprehensive analysis approach.

3. It also describes algorithms for determining the occurrence of possible manufacturability
problems for each of the above described problems. Our algorithms can also generate high-
level suggestions for redesign. Currently our algorithms do not attempt to modify the
geometry of the object. Such modifications will be carried out by human designers based on
the redesign suggestions generated by our algorithms. All the algorithms have been
successfully implemented on different examples in a computer-aided manufacturability
analysis system which clearly shows that the proposed design rules work well in practice.

We expect that the algorithms and techniques described in this paper will be helpful in reducing
the product development time associated with molded multi-material objects. This will also
result in a rapid acceptance of the MMM processes and make molded MM objects an attractive
design option.

Our current algorithms have the following restrictions:

e We have not considered manufacturing complications that might arise due to material
incompatibilities. The effects of warping, shrinkage and bonding between two dissimilar
materials need to be accounted in assessing potential manufacturability problems.

e Our current focus has been on manufacturing complications that arise due to presence of a
plastic part during the second molding shot. Different stages require different gate placement
and cooling systems. Interactions among these need to be considered in the manufacturability
assessment.

e Only two-material objects are considered in our implementation. Extension will be needed to
handle three or four material objects.

In conclusion, various MMM processes are rapidly becoming popular manufacturing processes
due to the expanded design space they provide. In particular, MMM lends itself well to
producing bio-inspired products with advanced material interfaces allowing such benefits as
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local compliance. We believe that the material described in this paper introduces readers to an
important class of processes that may enable them to gain competitive advantages by
economically realizing heterogeneous structures.
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APPENDIX A

The basic idea of Multi-Shot Injection Molding (MSM) is that after each material shot, the mold
is manipulated in some way, with the partially completed component still inside, in order to
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prepare for the subsequent shot. Unlike overmolding, which requires the partially completed
component to be physically removed from the mold and placed into another mold, MSM uses
mold manipulation instead of component manipulation to produce the desired component.
Because of this difference, MSM can greatly reduce cycle time and produce components with
much more complicated geometries and interfaces than overmolding.

There are several different techniques classified under the MSM process. Based on the methods
for transferring one stage to next stage, these techniques can be grouped into to the following
two main categories: 1) Rotary Platen, and 2) Index Plate. Each method will be discussed below.

The rotary platen type process contains two identical cavities mirrored across the centerline of
the platen which coincides with the axis of rotation. The stationary platen contains two
corresponding cavities with differing geometries. In essence, the rotary platen accomplishes the
task of switching the partially completed component between molds for each stage. This
eliminates the need for manually changing molds via hand or robot. For this type of MSM, the
core for both material stages is exactly the same while the cavity is different. This has been
shown schematically in Fig. 4. The process, as illustrated in a more details in Fig. 12, can be
described as follows:

1. The first shot of material is injected out of both barrels into their respective cavities of the
mold (not shown). This step produces one partially-completed component (of material A),
and discarded piece composed entirely of material B (in the form of cavity B). This is the
initial step that occurs only when a production batch is first being started. After the transient
period has passed and the machine is producing good components, steps 1-4 are cycled until
the production run ends.

2. The cycle starts with the n™ partially completed component (composed of material A) rotated
into position for the second shot (material B) (Fig. 12a).

3. Simultaneously, a shot from barrel B and a shot from barrel A are injected into cavities 1 and
2, respectively (Fig. 12b). The shot from barrel A produces another separate, partially-
completed component, referred to as the “(n+1)™ component”. The shot from barrel B flows
around, over, under, and/or onto the partially complete n™ component, completing it.

4. The mold is opened by shifting the rotary platen to the left, and the finished n™ component
(Fig. 12c) is ejected. Steps 1-3 are repeated until the desired n™ component of the batch is
completed.

Although Fig. 12 only shows a two-material rotary platen machine, it is possible to accommodate
more materials. Three-shot and four-shot injection molding machines are also available to
manufacture three-material and four-material objects respectively. Normally, depending on how
many different materials there will be, the rotary platen can be rotated by 90°, 120°, or 180°.
Special molding presses are required to provide the rotation needed for the core side.

The equipment setup for the index plate MSM process is similar to that of the rotary platen
process, with the addition of an extra piece: the moving platen at the far left. Instead of a
stationary platen and a rotating platen, index plate molding uses a central rotating plate
sandwiched between two platens. The index plate performs the function of switching the
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partially completed components between molds. Unlike rotary platen MSM, in indexing plate
MSM, both the core and cavities for each material stage are completely different. The only
common mold piece between stages is the index plate. This has been illustrated in Fig. 13. The
process is described as follows:

1) The first shot of material is injected out of barrel B into cavity 1 of the mold. This step
produces a partially-completed component, referred to as the “1% component”. This is the
initial step which occurs only when a production batch is first being started.

2) After the desired cooling period, the mold is opened by shifting the core side to the left (Fig.
14c). The index plate then rotates by 180° (Fig. 14e) and shifts to the left to close the mold
(Fig. 14a).

3) Simultaneously, a shot from barrel B and a shot from barrel A are injected into cavities 1 and
2, respectively (Fig. 14b). The shot from barrel B produces another separate, partially-
completed component, referred to as the “2™ component”. The shot from barrel A flows
around, over, under, and/or onto the partially complete 1% component, forming the final
product.

4) The mold is opened again, and the finished 1% component is ejected (Fig. 14d). Steps 2-4 are
repeated until the desired n™ component of the batch is completed.

Indexing plate MSM is more complicated than rotary platen MSM and requires more mold
pieces. This complexity further increases the mold cost and cycle time, but it also allows more
complicated objects to be manufactured.

Multi-shot molding also requires careful control of the mold temperature at all times so that any
moving or rotating components can function properly. For instance, if a brass slide or core lifter
is incorporated into a steel mold, the temperatures have to be controlled so that the slide/lifter
will not lock up or jam due to different coefficients of thermal expansion between the two
metals.

Overmolding is a process, which uses multiple molds to produce a multi-material component. In
essence, the first material is injected into a mold by means of standard single material molding
techniques and then moved to a different mold where the second material can be injected to
combine with the first material. This has been schematically shown in Fig. 15.

As with all MMM processes, it is desirable to use appropriate materials in overmolding to
control the degree of adhesion between two materials. If articulation is desired then incompatible
materials should be used. If bonding is desired, then compatible materials should be used. If
bonding is required, the time in between changing molds also has to be controlled so that the first
material is not given too much cooling time. The semi-finished component can be transported to
the second mold either manually or robotically.
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Table 1: Failure mode matrix for single material injection molding process

Possible Manufacturability problem Design rule to eliminate
failure mode problem
a. Incomplete filling of the mold cavity | R1: Sharp corners should
have fillets
1 R2: Parting line should not
b. Occurrence of flashes cross faces on which flash
is not allowed
R3: Sections should be thin
2 a. Presence of residual stresses and have uniform wall
thickness
a. Collision between mold pieces (core R4: Undercut features
3 and cavity) should be eliminated or
feasible side actions should
b. Tool wear .
exist
a. Collision between core and the part R5: Faces with direction
normal nearly
4 perpendicular to parting

b. Part damage

direction should have
adequate draft angles




Table 2: Failure mode matrix for multi material injection molding process

Possible Manufacturability problem Design rule to eliminate
failure mode problem
a. Incomplete filling of the mold R1: Sharp corners should have
cavity (1% molding stage) fillets
1 R2: Parting line should not
b. Occurrence of “parting” flashes cross faces on which flash is not
allowed
5 a. Presence of residual stresses in R3: Sections should be thin and
component A have uniform wall thickness
a. Collision between mold pieces MR1: A feasible molding
3 sequence should exist
b. Tool wear
4 a. Undesired friction MR2: Mating faces should be
sufficiently tapered
a. Incomplete filling of the mold Rules R1 and R2 should be re-
cavity (2" molding stage) applied on component B
b. Occurrence of “parting” and MR3: There should not be
5 “shut-off” flashes (both metal and aesthetically important mating
plastic) faces where metal meets plastic
. . MR4: There should not be
c. Excessive interface deformation . .
unsupported thin sections
MRS5: Thermal insulation effect
a. Presence of residual stresses in the of the already molded plastic
6 ross object AB should be taken care of
g Rule R3 should be re-applied on
part B
a. Collision between mold pieces Rule MR1 should be applied on
7
b. Tool wear the faces that need to be
: demolded in object AB
a. Collision between core and gross R5 (modified): Non-mating
8 object vertical faces of AB should have

b. Damage to the gross object

adequate draft angles




Table 3: Reasons of infeasibility of molding sequences

MMM process

Reasons for infeasible molding sequence

Overmolding

1. First stage component has impossible to mold undercuts

2. Faces that need to be demolded in second stage create
impossible to mold undercuts

Rotary platen MSM

1. Same reasons as in overmolding

2. Core-side faces of first stage component are in contact with
some face of second stage component

3. Core-side faces of first stage component do not create enough
contact area with the common core

Index plate MSM

1. Same reasons as in overmolding

2. There does not exist any portion of the first stage part that is
not shared by the second stage part

3. Even if such a non-shared portion exists, it cannot be grasped
properly by the index plate
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