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In-mold assembly is a promising process for producing articulated joints. It utilizes
injection molding to automate assembly operations, which may otherwise require
high labor times for production. Since injection molding is a high throughput process,
in-mold assembly holds considerable promise in bulk production of assembled parts.
However, current in-mold assembly methods cannot be used for manufacturing in-
mold assembled products at the mesoscale. This is because the process changes
considerably when the sizes of the molded parts are reduced. The premolded
component in a mesoscale joint consists of miniature features. Hence, when a high
temperature, high pressure polymer melt is injected on top of it, it is susceptible to
plastic deformation. Due to presence of a mesoscale premolded component which is
susceptible to deformation, traditional shrinkage models alone can not be used to

characterize and control the clearances. This dissertation identifies and addresses



issues pertaining to in-mold assembly of revolute joints at the mesoscale. First, this
dissertation identifies defect modes which are unique to in-mold assembly at the
mesoscale. Then it develops mold design templates which can be used for
manufacturing in-mold assembled mesoscale revolute joints. Further, issues related to
the deformation of the mesoscale premolded component are identified. Two novel
mold design solutions to realize mesoscale in-mold assembled revolute joints are
presented. The first involves use of mold inserts to constrain the premolded
component to inhibit its deformation. The second involves use of a bi-directional flow
of the polymer melt over the premolded component to balance the deforming forces
experienced by it. Finally, methods to predict and control clearances that would be
obtained in mesoscale in-mold assembled revolute joints are presented. To
demonstrate the utility of the tools built as part of this research effort, a case study of
a miniature robotic application built using mesoscale in-mold assembly methods is
presented. This dissertation provides a new approach for manufacturing mesoscale
assemblies which can lead to reduction in product cost and create several new product

possibilities.
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1 Introduction

1.1 Background

Manufacturing mesoscale 3D articulated devices with moving parts remains a
challenge for the manufacturing community. Manufacturing technologies exist for
large scale production of piece parts which are made of a single component.
However, assembling them into articulating joints is a challenging problem. Manual
assembly is not an option at the size scales involved. Current technology of using
complex micro-assembly systems are highly inefficient and can not be used for
production in high volumes due to the production time and cost involved. They also
pose design constraints which rule out several product possibilities. Hence scalable
and cost effective automated assembly methods suitable to high volume production

have to be explored.
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Figure 1.1 Babyplast injection molding machine
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Figure 1.2 Injection molding process (a) Simplified diagram and (b) schematic flow
diagram illustrating the injection molding process. [1]
Injection molding is a high throughput method for polymer processing and is being

used to produce a wide variety of products with varying shapes and sizes [2-6]. In this



process a high pressure, high temperature polymer melt is injected into a mold cavity.
This melt solidifies to take the shape of the cavity. After cooling and ejection of the
part from the mold, this process is repeated in a cyclic manner. One of a typical
injection molding machine which is used in the Manufacturing Automation lab at the
University of Maryland is illustrated in Figure 1.1. Figure 1.2 illustrates the injection
molding process.

In-mold assembly is a popular process which is used widely in the industry. Figure
1.3 shows some representative applications that have been manufactured using

different in-mold assembly methods.

S

Toys Medical Valve

Saw Housing Compliant Tooth Brush

Figure 1.3 Representative applications of in-mold assembly



In the past few years, many advances have also been reported in the field of
miniature molding. Figure 1.4 illustrates a piezoelectric sensor which was
manufactured using miniature molding methods. This method can be used to
accurately manufacture intricate miniature features such as that shown in Figure 1.4.
Considering the low cycle time of the injection molding process, this manufacturing

method is also highly cost effective.

Figure 1.4 Piezoelectric sensor made using miniature molding methods [7]

At the mesoscale, it is currently very difficult to manufacture intricate assemblies
due to the difficulty to assemble them. In-mold assembly at the mesoscale or
miniature sizes therefore holds tremendous promise and promise several new product
possibilities. Both the fields of in-mold assembly at the macroscale and miniature
molding of individual parts have seen several advances. However methods to
combine the two processes do not currently exist. This dissertation aims to combine
the benefits of both these processes and bring the manufacturing community a step

closer to mass production of in-mold assemblies at the mesoscale.
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There are two ways to realize the in-mold assembly process for a two-material
structure at the macroscale. The first method involves use of the overmolding process.

A component is first molded using a regular injection mold. This component is then



either manually or automatically inserted into another mold cavity before injecting
the second stage polymer. So essentially, two parts of the two-material structure are
produced using traditional molds. The process steps used to manufacture in-mold
assembled macroscale revolute joints is illustrated in Figure 1.5.

The second method involves use of a varying cavity shape mold and is often
referred as multi-shot injection molding process. In this method, the first stage part
does not leave the mold during the second stage injection. Instead, some of the mold
pieces move to create room for the second stage injection. Cavity shape change can
be accomplished in many different ways. Popular cavity shape change methods
include:

1) Realignment of one or more mold pieces after injection of the first stage

component to change the cavity shape;

2)  Swapping one or more mold pieces in the initial cavity with a mold piece with

a different shape; and

3) Adding partitions or shut off surfaces in the initial cavity and removing them

during subsequent stages.

Figure 1.6 illustrates these methods. While the cavity shape is being altered, the
premolded component should stay in place and should not move. Moreover, the
method should satisfy the assembly and disassembly constraints imposed on the mold
pieces. The first stage part is usually referred to as the premoloded component during
the second stage molding.

Micro- and meso-molding of polymers is a promising process that has gained

popularity during the last few years [9, 10]. Parts with features sizes as small as 10



microns are being molded [11]. New methods have been developed for mold flow
simulations, thermal management and time dependent flow during filling for
miniature parts [12-14]. In-mold assembly has also been successfully demonstrated at
the macroscale [8, 15-17]. This has proven to be an effective manufacturing process
to develop articulated parts with reduced production times and lead times.
Considering the success of micro and mesomolding and in-mold assembly at macro
scale, it is envisaged that mesomolding and in-mold assembly can be potentially

combined to develop a manufacturing process for making mesoscale articulated parts.

1.2 Motivation and Challenges

In-mold assembly methods for macro-scale rigid body joints have been successfully
developed and demonstrated in the past [8, 15-17]. But direct scaling down of
macroscale processes to the mesoscale is not expected to be successful. In order to
develop a scalable manufacturing process, it is therefore imperative to realize the
limitations of the process at smaller size scales. Development of a molding process
that combines the benefits of mesoscale molding and in-mold assembly requires us to
address several challenges. These challenges include: (1) developing mold
configurations that support molds with varying cavity shape to perform in-mold
assembly, (2) developing accurate positioning methods to realize cavity shape change
to avoid damage to delicate mesoscale parts created during molding, (3) developing a
method to limit the adhesion at the interfaces and hence provide articulation, and (4)
developing a method to successfully remove parts from molds.

Overmolding is not a viable option for making mesoscale in-mold assembled

revolute joints. This is because the overmolding process involves ejection of the



mesoscale first stage part from the mold cavity and insertion into a new mold. Owing
to the delicate mesoscale features that are present in the premolded component, this
process may lead to irreparable damages to the first stage part. As a result, cavity
morphing methods are the only feasible option for mesoscale in-mold assembly.
However imprecise movement of the core pieces in the mold for cavity change
operations can lead to the failure of the first stage part. An example of a failed

specimen is illustrated in Figure 1.7.

Pin sheared off due to Desirable First
inaccurate core movement stage part

Figure 1.7 Example defective component due to inaccurate cavity movement

Another impending issue in mesoscale in-mold assembly is that of the plastic
deformation of the premolded component. During the in-mold assembly process, a
premolded component is placed inside a second stage molding cavity. This premolded
component is subjected to thermal and mechanical loading during the injection
molding process. Unlike in macroscale in-mold assembly, one can observe significant
plastic deformation of the premolded component at the mesoscale if the component is
not properly constrained. This problem arises due to the fact that the meso-scale parts

have significantly less structural rigidity and thermal resistance compared to macro-



scale parts. However, the mechanical and thermal loading is not significantly reduced
at the meso-scale. An example defective component formed due to plastic
deformation of the premolded component is illustrated in Figure 1.8.

Pins bent by

second stage
melt flow

Second stage part First stage part
(LDPE) (ABS)

Figure 1.8 Example defective component due to plastic deformation of premolded

component

Figure 1.9 Example mesoscale revolute joint rendered ineffective due to excessive
flash
Flash is also another issue that is a cause of major concern in the case of mesoscale
in-mold assemblies. Considering the small sizes of the parts, the machining tolerances

available for manufacturing the molds are relatively low. Any inaccuracy in mold



machining/assembly causes gaps in the injection molding cavity which makes the part
susceptible to flash. This flash is difficult to remove owing to the low overall size of
the part. Also, flash on the revolving portion of the first stage renders the joint
ineffective since the extra material tends to jam the joint. An example flashed
mesoscale in-mold assembled revolute joint is shown in Figure 1.9.

Given these issues, mesoscale in-mold assembly is a challenging problem which
cannot be solved by the current state of the art. This dissertation is therefore seen as a

first step to overcome some of the major challenges in mesoscale in-mold assembly.

1.3 Dissertation Goals and Scope

The challenges outlined in the previous section elucidate that in-mold assembly at
the mesoscale is a non trivial problem. Due to the presence of a mesoscale premolded
component in the mold, the molding process is significantly different from
conventional injection molding. The goals of this dissertation are (1) develop novel
mold design solutions to enable in-mold assembly of mesoscale revolute joints, (2) to
understand and characterize the sources of deformation in joints and methods to
control it, as well as (3) to understand and characterize the clearance in joints and
methods to control it. This dissertation identifies some of the impending challenges in
in-mold assembly at the mesoscale. Mold design strategies have been developed to
address some of these challenges. Detailed computational models have been
developed to understand the in-mold assembly process at the mesoscale.

The computational models that are developed in this dissertation are aimed at
addressing only the onset of the defects during mesoscale in-mold assembly. The

models are not intended to capture the defects in highly defective parts. Hence the
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computational models can be used simply as a tool to select the appropriate mold
design parameters and processing parameters which will ensure manufacture of good
quality mesoscale revolute joints.

As part of this effort, detailed understanding has been developed in distinct aspects
of the in-mold assembly process. In order to develop a feasible in-mold assembly
process which can be used at the mesoscale, it is imperative to identify and categorize
the defects associated with in-mold assembly at the mesoscale. Mold designs
subsequently developed for mesoscale in-mold assembly should overcome these
defects.

In the next chapter, a detailed literature review on the contemporary issues in in-
mold assembly is presented. In order to identify these defects, it is necessary to
conduct experiments with different mold design configurations and record the
observations. However, overcoming these defects involves development of physics
based reasoning to understand and predict the defect modes. To model the defects, it
was therefore necessary to develop an understanding of the loads exerted by the
second stage polymer melt on the premolded component. Hence an experimental
technique to measure this force real-time during the injection molding process has
been developed. Chapter 3 discusses the defects associated with in-mold assembly at
the mesoscale.

Two different mold design configurations have been developed for accomplishing
mesoscale in-mold assembly. The first is designed to facilitate the in-mold assembly
process for polymer combinations having significantly different material properties

viz. melting temperatures. This requires significantly different designs compared to
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molds used for manufacturing macroscale in-mold assembled revolute joints. The
premolded component made of a polymer is highly susceptible to deformation due to
its small size and due to the high temperature and pressure it encounters due to the
flow of the second stage melt. This necessitates a mold design which constrains the
premolded component to inhibit its deformation. Chapter 4 will discuss this problem
and will explain a detailed mold design. Subsequently, a detailed mechanics based
predictive model is described to obtain the design parameters which would be
required for such a mold design.

For polymer combinations of comparable melting points, an alternate in-mold
assembly strategy is required. This strategy should ensure that the premolded
component does not get thermally softened due to the second stage polymer melt flow
around it. This is accomplished by minimizing the time of exposure of the premolded
component to the polymer melt during the filling phase. Hence a mold design
involving multiple injection locations can be used. Molds can be designed in such a
way that the flow of the second stage polymer melt from the multiple locations will
neutralize the forces on the premolded component. However, this mold design
exposes several other challenges.

One such challenge is development of an understanding of the tolerance of the mold
design to temporal misalignment of gates. If the gates are not positioned equidistant
from the premolded component, a temporal misalignment is induced. This causes
imbalance in the force neutralization. Chapter 5 discusses a strategy which uses a

multi gate mold design to prevent this.
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Another challenge involves the interaction between a polymer melt and the
premolded component as well as non-linear deformations of the premolded
component. An iterative approach to solving this coupled problem is described. This
methodology adopts the solutions to individual decoupled problems using
metamodels and applies them iteratively to the physical problem which needs to be
modeled.

Revolute joints require a clearance fit between the core and the cavity for desirable
operation. At the macroscale, this clearance can be obtained and controlled by
controlling the shrinkage of the molded components. However, at the mesoscale, due
to use of a reversed molding sequence, shrinkage may result in joint jamming which
is undesirable for production of revolute joints. Chapter 6 therefore presents an
innovative mold design method to control the joint jamming. The design utilizes the
plastic deformation of the small size premolded component as a desirable feature.
This plastic deformation is controlled using appropriate design parameters to
manufacture good quality revolute joints. A computational modeling method is also
described which predicts the size scales at which mesoscale in-mold assembly
methods are no longer feasible. A modeling effort is also described to select the
design parameters necessary to control the joint quality.

Chapter 7 describes a case study of a miniature robot which was in-mold assembled
using the mold design methods and computational modeling strategy described in this

dissertation.
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Finally, chapter 8 will present the conclusions of this work and the intellectual
contributions it has made. It will also suggest some future directions that can be

initiated as a follow up of this research work.
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2 Literature Review

In-mold assembly is a multi stage process where different polymers are sequentially
injected into the mold cavity to form an articulating joint. This process is very similar
to sandwich molding also known as co-injection molding, multi shot molding or multi
material molding [8, 16-32]. Hence it is necessary to develop an understanding of the
state of the art in in-mold assembly. Section 2.1 will review the body of work in the
area of in-mold assembly and allied fields.

Researchers have been studying in-mold assembly at the macroscale for several
years now [8, 16-19, 23, 25]. However, the in-mold assembly process at the
mesoscale is significantly different from that at the macro scale. It involves a
mesoscale premolded component acting as a mold-piece. During the second stage
molding, the melt enters the mold at high velocity impacts the premolded component
and then flows around it. Once the mold is filled the flow stops and the melt
solidifies. The flow of the melt can induce mechanical loading on the premolded
component due to viscous and/or impact forces. It is worth noting that the melt is a
non-Newtonian fluid and the mechanical loading occurs mainly under transient flow
conditions. In addition, the premolded component also gets heated up by the melt
entering the mold cavity. As a result of the heating the premolded part may soften and
its strength may be reduced. As a result of the time-varying themo-mechanical
loading, the premolded component undergoes elastic and under some conditions
plastic deformation.

Another important issue that needs to be addressed is that of clearances in the

mesoscale revolute joint. As explained earlier, the processing steps employed to
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fabricate a mesoscale in-mold assembled revolute joint, involves using the mesoscale
premolded component as a mold insert for the second stage part. Hence the
premolded component would be expected to undergo deformation due to injection
molding pressures and temperatures. These deformations are instrumental in
increasing the effective mold dimensions of the part. Subsequently the injection
molded second stage part has a tendency to shrink in the presence of the premolded
component. This shrinkage, if appropriately controlled, would provide the required
clearances for the operation of the articulating joint.

Hence, in order to gain proper understanding of the in-mold assembly process at the
mesoscale, it is important to address the problems and the corresponding state of the
art in the areas of:

1) Shrinkage in injection molded parts [33-51]. Section 2.2 will examine the work

done in this field.

2) Deformation of mold pieces due to injection molding [34, 48, 52-56]. This will
be dealt with in section 2.3.

3) Interaction between the high pressure, high velocity, non-newtonian flow of the
polymer and the premolded mesoscale component present as a mold piece
inside the mold [57-60]. This will be covered in section 2.4.

As mentioned before, a high pressure, high velocity, non-newtonian flow of the
second stage polymer melt applies a force on the premolded mesoscale component. In
order to characterize this force and thereby develop models to select appropriate
design parameters, it is important to develop experimental methods to measure this

force. Researchers have developed various experimental methods to measure different
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parameters of the injection molding process real-time. The state of the art in these
measurement techniques therefore will help develop an insight into an experimental
method to measure the forces applied by a polymer melt on a mold piece. This will be
reviewed in Section 2.5.

To overcome the problem of deformation of the mesoscale premolded component
due to second stage injection, an alternate strategy involves having multiple injection
locations or gates in the mold. These gates are placed in such a way that the forces on
the premolded component are balanced thus limiting its deformation. However, this
approach leads to formation of a weld-line in the second stage injection molded part.
The strength of a weld-line is known to be less than that of the base material [61-76].
Hence it is important to come up with strategies to attain the highest possible strength
of the weld-line while ensuring a functional in-mold assembled articulating joint. For
this purpose it is important to develop an understanding of the relevant body of work
conducted in the area of weld-lines in injection molding. This will be examined in
Section 2.6. Finally a summary of the literature review will be presented in Section

2.7.

2.1 Advances in In-Mold Assembly

Several researchers have studied sandwich molding, multi component injection
molding or co-injection molding [21, 22, 27-32, 77-79]. In this process, single piece
products are made out of multiple materials. The co-injection molding process utilizes
the contrasting properties of the materials to make a product consisting of both

materials. E.g. A tough material would form the skin of the molded structure while
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the core would be formed of a lighter material. This would make the sandwich
molded part tough on the outside while being light weight.

Zoetelief et al [77] in their work have described a numerical simulation of the multi
component injection molding process wherein they describe the mold filling process.
This helps in predicting the material distribution of the molded part.

Kadota et al [22] studied the structural gradient obtained in co-injection molded
parts. They conducted their studies on immiscible polymers such as Polystyrene and
Polypropylene injected simultaneously into the mold cavity. This study enabled them
to establish relationships between the properties of the product thus molded and the
processing parameters.

Schlatter et al [28] conducted a numerical investigation based on the transport
equation to determine the location of the interface in sequentially injection molded
sandwich molded parts. From their investigation they related the interface between
the two materials and the injection molding processing parameters.

Similarly several other researchers [21, 24, 27, 29-32, 78, 79] have studied the
properties of the skin and core obtained as part of a sandwich molding process.

Cheng et al [20] have described an approach for diagnosis of core arrival, core flow
speed, part solidification, part detachment from the mold, thickness of skin and core
and core length at the mold using a real time non intrusive, non destructive
methodology which utilizes integrated ultrasonic sensors. Part solidification and part
detachment inside the mold cavity were observed using ultrasound. They have also

presented ultrasonic techniques to measure the average flow speed, core, and skin
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layer thicknesses and core length. Their findings indicate that when the injected core
volume percentages increased, the core length became greater.

Arzondo et al [18] studied the adhesion between sequentially injection molded
parts. They conducted peel tests to evaluate the bonding strengths between ethylene
octene copolymer and a low-density polymer. Wide ranges of overmolding and
cooling interface temperatures and packing pressures were explored. Their findings
indicate that ethylene-octene copolymer can be used for overmolding on PP
homopolymer, and the bonding that can be obtained may be useful for a range of
applications. Other low-density polyethylenes and ethylene copolymers may or may

not be as good as the random ethylene-octene copolymer.
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Figure 2.2 Examples of multi-material objects studied by Kumar and Gupta [23]

In a subsequent work, Bruck et al [19] used geometric complexity to enhance the
strength of co-injection molded parts. They have reported results for both bonded and
debonded joints which have a geometrically complex interface. Their findings
indicate that increasing the geometric complexity of the interface, greatly enhances
the strength of the interface. Figure 2.1 reports the interfacial strength obtained for
different geometries both in bonded and debonded cases.

Kumar and Gupta [23] in their work, developed algorithms for automated design of
multi stage molds. Their focus was on designing molds for multi material parts which
are sequentially injected into the mold cavity. The class of parts that they have
studied is illustrated in Figure 2.2.

In a subsequent work Li and Gupta [25] developed algorithms for automated design

of rotary platen molds for multi stage injection molding.
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Gouker et al [17] in their work demonstrated a method to manufacture multi
material compliant mechanisms using multi-shot molding. In their work, they have
demonstrated the use of a combination of a rigid and compliant material in making
compliant mechanisms. They have noted that it is necessary to achieve high levels of
bonding between the rigid and compliant material which may or may not be
chemically compatible. Hence they have devised a method to enhance the strength of
the bond using geometrical complexity of the interface. Their findings indicate that an

interface as illustrated in Figure 2.3 can be used to obtain maximum bonding strength.

Soft Material

Hard Material

Figure 2.3 1-Degree of freedom combination interface [17]

Banerjee et al [16] suggested incorporating manufacturability considerations to
redesign assemblies so they could be fabricated using in-mold assembly. As part of
their work, they designed algorithms to identify design changes that were required for
fabricating the part using in-mold assembly methods.

Subsequently Priyadarshi et al [8] as part of their work, developed algorithms to

automatically develop mold design templates for manufacturing in-mold assembled
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rigid body joints. They verified these mold designs to fabricate physical molded parts
which were in-mold assembled.
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Figure 2.4 Mold design template for in-mold assembly of a prismatic joint [8]
In a representative work towards micro assembly using injection molding, Michaeli
et al [26] developed a process to manufacture hybrid microsystems by molding
polymer combinations sequentially using injection molding. The different classes of

products that they have studied are illustrated in Figure 2.5.

22



connection soft hnusigg

first compaonent
,r/ element ? o~ l
hard
moilding L e ow ‘::f;d J
] ure
second ponent defined by lost core
movable structures hard/soft- hollow structures
combinations
—_—
| — c—— ;
rd i electrically connected
light conductor | ~J_ o0 inlay part
|| casing
electrically functional
optical systems structures

Figure 2.5 Different aspects of micro assembly injection molding [26]

2.2 Prediction of Shrinkage in Injection Molding

Prediction of in-mold shrinkage is a very important step in ensuring required
clearances in in-mold assembled revolute joints. The problem of shrinkage continues
to receive attention from the research community. Several researchers have
performed computational and experimental investigations to develop models to
predict shrinkage as a function of processing conditions.

Huang et al [50] studied the shrinkage in parts manufactured using micro injection
molding. Their findings reveal that relative values of shrinkage in micro injection
molded parts to be the same as that for macroscale parts manufactured using injection
molding. Hence in order to understand shrinkages in mesoscale in-mold assembled
parts, it is important to develop an understanding of shrinkage modeling in the
macroscale.

Existing efforts have explored the effect of various processing parameters on the

residual stresses and the shrinkage observed in the injection molded parts. Several
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researchers [33, 38] have studied the effects of the mold walls on the shrinkage of the
part. Models have been developed that account for the compensation of the
volumetric shrinkage due to the application of packing pressure. They discuss the in-
plane shrinkage and the longitudinal shrinkage separately thus bringing out the
anisotropy in shrinkage of injection molded parts.

Titomanlio and Jansen [48] describe a decoupled model for the shrinkage of the
injection molded component in length and thickness directions. In this model they
incorporate the effect of mold wall boundaries in calculating shrinkage. They present
three separate cases where:

a) Only thickness shrinkage occurs

b) Only length shrinkage occurs

c) Both length and thickness shrinkage occur

Jansen et al [39] studied the shrinkage of amorphous Polystyrene when the holding
times and packing pressures were varied. They report that the packing pressure has a
significant effect on the shrinkage. The shrinkage was observed to change from 0.6%
to 0.1% by varying packing pressure. They also noted that the shrinkage tended to
increase along the flow length. Holding time was not noted to be a major component
unless it was less than the gate freeze off time. Several other researchers [38-40, 48,
49] have performed similar studies to correlate the shrinkage with processing
parameters. They report the packing pressure as one of the main influencing
parameters for shrinkage. Chen et al [49] report that a high packing pressure also
leads to negative shrinkage. Negative shrinkage can be attributed to high residual

stresses in the part due to overpacking as well as mold deformation. Figure 2.6
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illustrates the relationship between packing pressure and shrinkage for high density

Polyethylene (HDPE).
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Figure 2.6 Influence of packing pressure on shrinkage of HDPE [49]

Recent investigations have explored how the mold deformation affects the
shrinkage [34]. It has been realized that higher packing pressure leads to mold
deflections which significantly lower the observed values of shrinkage. This will be
covered in more depth in the next section.

Pontes and Pouzada [46] have investigated the effect of shrinkage in tubular fittings
on the force required for ejection of the part from the mold. To develop an
understanding of the ejection forces, they have conducted a study to correlate the
ejection force with the processing parameters. They have reported that the two main
parameters influencing the ejection forces are the holding pressure and the surface
temperature of the core. Increasing either of them leads to a decrease in ejection
forces. This is illustrated in Figure 2.7. The ejection forces are directly correlated with

the shrinkage of the tubular fittings. They note that tubular fittings shrink onto the
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core requiring higher ejection forces with higher shrinkage. Hence, lower shrinkage

results in lower ejection forces.
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Figure 2.7 Influence of the holding pressure and core surface temperature on the

ejection force for Polycarbonate (PC) [46]

Products with different geometries exhibit different shrinkage characteristics due to

different constraints imposed by the mold pieces on the shrinking parts. Investigations

have been conducted to explore how certain classes of highly specialized geometric

shapes shrink during the injection molding cycle [45].

Some studies have also been conducted to experimentally observe the shrinkage of

the product in-mold [35, 51]. Thomas and Bur [51] use Helium light as a sensor to

monitor the shrinkage of Polystyrene while it is still inside the mold. During the

molding cycle, the sensor performs four functions:

1.

2.

Detects the instant of mold filling at the sensor site
Monitors crystallization of crystallizable resins
Detects the separation of resin from the mold wall upon shrinkage

Monitors resin shrinkage and rate of shrinkage
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This is illustrated in Figure 2.8.
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Figure 2.8 Working principle of the sensor used for in situ monitoring of shrinkage in
PS [51]

Fathi and Behravesh [35] conducted similar experiments to visualize shrinkage of
Acrylontrile Butadiene Styrene (ABS) using a high speed camera. They also
introduced an obstacle pin in the mold to observe the shrinkage of the polymer around
the obstacle pin.

Hieber, in his work [37], describes a model for predicting the time dependent

shrinkage based on the experiments conducted by Thomas and Bur [51].
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Shrinkage prediction of crystalline polymers is a challenging task. This is because
of the complications of the crystallization process and associated material property
changes. This task is simplified for slowly crystallizing polymers because the
effective crystallinity of the polymer remains low after solidification of the polymer
owing to the short solidification times in injection molding. Han and Wang [36]
described an approach to predict the shrinkage for such slowly crystallizing polymers.
They conduct their studies on PET (polyethylene terapthalate). They obtain the

crystallinity of the final solidified polymer from equation 2.1.

_0-0, 2.1

=0 -0,

Here y is the crystallinity of the final polymer. Q,Q, and Q. denote the density of

the injection molded sample of the amorphous phase and of the crystalline phase
respectively. Finally they use a modified Hele-Shaw approximation (equation 2.2)
equation for simulation of the heat transfer. This equation takes into account the heat

generated due to crystallization of the polymer.
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Here u, v and w are the velocity components in the x, y and z directions respectively

(with z corresponding to the gap thickness direction.) Q is the density, C,is the heat

capacity, k is the thermal conductivity, 77is the viscosity, j/is the shear rate and H  is

the total heat generation due to crystallization.
Kwon et al [42-44] developed a model to predict the shrinkage of different kinds of

polymers. Their model takes into account the orientation of the polymer chains in the
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part leading to determination of the crystallinity, the effect of packing pressure and
the effect of anisotropy of the polymer on the shrinkage. In their approach, they
calculate the volumetric shrinkage of the polymer from equation 2.3.

- 2.3
S = Vi_‘/f

v —

Vi
Here S, is the volumetric shrinkage. V, is the initial specific volume of the melt and

V, is the final specific volume at room temperature. The initial specific volume is

calculated from the pressure and temperature conditions experienced by the polymer
inside the mold. The final specific volume is dependent on the PvT relationship of the
polymer which is calculated from the heat transfer equation. Subsequently, the
orientation functions of the polymer chains are calculated by measuring the
birefringence of the polymer. These orientation functions give rise to the final
crystallinity of the polymer which is then used to calculate the shrinkage in the length
and the width directions. Equations 2.4 and 2.5 show the length and the width
shrinkages respectively.

- 2.4
S, == (T, -T.) - yor, (T, —T.)- B, P,+S,

a c n 25
S, == (T, -T.)- ya,(T,,-T.)- B, P—S,

Here y is the final crystallinity of the polymer. &, &}, a;, «;, . and [ are the

orientation functions of the polymer after solidification. The explanation of each

orientation function can be seen in Kwon et al [42-44]. T, is the glass transition
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temperature, 7, is the room temperature and 7, is the melting temperature of the

polymer. S is the elastic recovery due to crystallization.

Yoo

Finally, the thickness shrinkage is calculated using equation 2.6.
S.=8,-(5,+5) 2.6
They verified these simulation results for amorphous [42] and semicrystalline [44]
polymers and polyesters [43]. Their results suggest that the thickness shrinkage is
most dependent on processing parameters like packing pressure etc. Figure 2.9

illustrates a sample result for amorphous polystyrene.
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Figure 2.9 Experimental and predicted values for shrinkage with varying packing
pressure [42]
Sridhar et al [47] argued that in the post filling stage, there is a gap between the

mold wall and the polymer. This gap has a different thermal resistance than the mold
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material and the polymer. Hence this needs to be taken into account while solving the

heat transfer equation for shrinkage modeling.
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Figure 2.10 Mold material influence on volumetric shrinkage (I. — Soft tooling; II. —
Hard tooling; III. — Conventional molds) [41]

In a recent work, Kovacs [41] has conducted a comparative study on the shrinkage
in soft mold and hard mold components. He considers three different types of mold
materials; these being, soft tooling (Epoxy), hard tooling (direct metal inserts) and
conventional molds (High Speed Steel). He argues that the thermal conductivity of
the hard mold and soft mold pieces are significantly different. This has a considerable
effect on the shrinkage of the parts. He has observed that shrinkage decreases with

increasing thermal conductivity of the mold. This is illustrated in Figure 2.10.

2.3 Mold Deformation during Injection Molding

Multi-stage molding involves the use of previously molded components inside the

mold. These pieces act as mold inserts. When the plastic piece present inside the mold
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experiences the injection pressure, it undergoes deformation. This deformation is
orders of magnitude greater than the deformation experienced by tool steel mold
pieces. Such deformation changes shrinkage characteristics significantly. Existing
shrinkage prediction models do not account for presence of plastically deformable
mold pieces. There is, however, considerable work in elastic deformation of the mold
due to overpacking.

Boitout et al [52] presented for the first time, a methodology to calculate the
residual stresses in the injection molded part after incorporating the effect of mold
deformations. For this purpose they present a simplified model to predict the
deformation of the mold due to the normal stresses on the walls of the mold induced
by the injection molding pressure.

Leo et. al [54] provided one of the first thorough investigations of thickness
prediction, taking into account the deformation of the mold. They found that at
nominal pressures higher than about 150 MPa, when using HSS molds, deviation due
to packing pressure needs to be taken into account. They take into account simple
elastic deformations of the mold due to the stresses applied. The gate size was found
to be an important parameter for mold deflection. It was found that the mold
deflection was proportional to the gate size of the cavity. The cavity deformation
leads to overpacking or negative shrinkage which is usually unacceptable for

industrial applications since it leads to problems with ejection.
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Figure 2.11 Comparison between measured pressures and simulated pressures versus

time [34]
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Jansen et al [48] also studied the effect of mold deflection on the shrinkage of a
molded component. Although their focus was more on establishing friction as one of
the major players in limiting shrinkage in the length direction under high packing
pressures, this was one of the earlier works to characterize the mold deflection and its
effect on shrinkage of the molded components.

Delaunay et al [34] studied the influence of mold deformation on the pressure
history observed in the mold during the packing phase. They note that the difference
between recorded and predicted pressure decay during the cooling phase rises
dramatically as the holding pressure increases. They compared different mold
materials in order to establish the effect of mold deviation on the pressure history.
This is illustrated in Figure 2.11.

They subsequently present a detailed description of the continuum mechanics
methodology used to calculate the mold deflection. As part of their experiments and
simulations, they find that in-plane shrinkage does not depend on mold deflection.
The model developed for strains due to mold deflection in the thickness direction is
described by equations 2.7 and 2.8.

v 2.7

I+v P
£ = S +S |+—|aT, -T,)——0-v
=[5, +5.) 1_0( (T, ~T,) = )j

_ 2.8
p D,
) t

a

Where v is defined as the Poisson ratio, E is the Young’s modulus, ¢ is the linear

expansion coefficient. S, is the local in-plane shrinkage measured in the filling flow

direction. §, is the local in-plane shrinkage, which is perpendicular to the flow
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direction. 7, is the mold temperature, 7, is the ambient temperature. ¢, is the empty

cavity thickness, 7, is the thickness after ejection and d is the deflection of the mold.
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Figure 2.12 (a) Calculated mold deflection versus residual cavity pressure (b) Mold
reinforcement effect on cavity pressure [34]
Pantani et al [55] in a subsequent work used amorphous polystyrene in order to

understand the effects of mold deflection by eliminating the factor of crystallinity of

the polymer.
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Carpenter et al [53] worked on establishing the relationship between the compliance
of the injection molding machine and the deformation of the mold. They argue that
since the one of the mold halves is movable, some deflection in the mold may occur
due to machine compliance caused by clamping pressure and injection molding

pressure. This is aptly represented by Figure 2.13.
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Figure 2.13 Effect of machine compliance [53]
Some researchers [56] have also studied the effect of mold deflection on the

prediction of the final dimensions of the injection molded components.

2.4 Fluid Structure Interaction for Non-Newtonian Flows

The interaction between a fluid and an obstacle in its flow is a problem that has
been studied by several researchers over the past several decades. This problem is
particularly of interest in in-mold assembly since it is necessary to understand the

interaction between the premolded component and the second stage polymer melt
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flow. Several researchers have assumed the flow to be a Newtonian flow and have
conducted simulations of fluid structure interaction for such flows. However, the flow
of a polymer in a mold cavity is known to be non-Newtonian since the viscosity of
the polymer melt is related to the shear rate of the flow [59]. Hence it is necessary to

treat the fluid structure interaction problem in this domain.
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Figure 2.14 Flow rate versus distance for constant injection pressure isothermal filling
[59]
Several researchers have conducted studies on simulation of polymer filling into mold
cavities. A representative work was conducted by Kumar and Ghoshdastidar [59].
They studied the filling of a cylindrical cavity with a polymer. They have considered
three distinct cases.
1) Isothermal filling at constant injection pressure

2) Isothermal filling at constant flow rate and
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3) Nonisothermal filling at constant flow rate. For this case, the viscosity of LDPE
is also a function of temperature.

For each of these cases, they have considered the filling of a thin mold cavity. From

this simulation, they have plotted the velocity profiles and pressure profiles as a

function of the time until the filling is completed. These profiles are illustrated in

Figure 2.13 and Figure 2.14 respectively

0003 ' ¥ [ i ] i H B
AL20% of Giling ume ™
AL 0% of filog nme 77" A
0-0025?;_-. A1 60% of Nlipg aeme """
e A180% of filling e - - -
r Al fiillingome — ~
0.002 v ° B
i I
v
Diszancz(m} o
P .
g.o0t - ¢
) oo
o :
0ccos 1. - Fillingume =0.863S
G lojecucn Pressure = 15.6 MPa
0 . ' - [ 1 ¥ L] 1 .l
0 1 1 3 4 < 6 7 ]
Velocity(m/s) —

Figure 2.15 Half melt velocity profile at various z-locations for constant injection
pressure isothermal filling [59]
In a subsequent study, De Besses et al. [57] studied the flow of a viscoplastic fluid
around a cylinder in an infinite medium. They assume the viscoplastic properties of

the polymer to follow the Herschel-Bulkley model. This model is described in

equation 2.9.
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n—1

_ . 7y
T[j_z K7 +7/ D[j if Tu>7

D, =0 if  7,<7,

Where Dj is the strain rate tensor defined by:

p =1 9u 210
"7 2|0x, o

and the second invariant of the strain rate tensor is given by

- 2.11
y=42D,D,
and the second invariant of the stress tensor is given by
1 2.12

W= > 7T

K is the consistency coefficient, n is the shear thinning index and 7, is the yield
stress below which flow is no longer deformed.

In their formulation, they calculate the force on an infinitely long cylinder which is
an obstacle in an infinite flow between two walls which are separated by a distance d.

The force distribution on the cylinder that was thus calculated is illustrated in Figure

2.16.
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Figure 2.16 Distribution of pressure and tangential and normal stress on the cylinder

surface as a function of angle
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Figure 2.17 Schematic representation of a channel confined Poiseuille flow over a
circular cylinder

Subsequently Mitsoulis [60] conducted the same simulations for a Bingham plastic.

A Bingham plastic is a viscoplastic material that behaves as a rigid body at low
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stresses but flows as a viscous fluid at high stress. The simulations that they have
conducted are also for an infinite cylinder in an infinite flow.

Esirgemez et al [58] studied the flow physics of a free round air jet prior to
impinging on a convex cylindrical surface. They plotted the forces on the cylinder

due to such a flow.
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Figure 2.18 Distribution of pressure coefficient (C,) over the surface of the cylinder
for the Reynolds number (Re) of 1 and a range of the power-law index (n) at S = 1.6

Bharti et al [80] studied the non-Newtonian Poiseuille flow around an infinite
cylinder in an infinite medium. The non-Newtonian properties of the fluid were

described as a power law which is described in equation 2.13. In this equation 771s the

viscosity of the flowing polymer, n is the power law index, K is the flow consistency

index and 7 is the shear rate of the flow.
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= 2.13
n=Ky

The flow medium was described as infinite in one direction and finite in the other.
This is illustrated in Figure 2.17. Their results indicate that the drag