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Abstract

In-mold assembly process has been used for manufagtarticulated structures at the macro
scale. But the in-mold assembly process at the scag® behaves differently and poses new
challenges due to reduced structural rigidity @& thesoscale premolded component. One of the
major challenges that need to be addressed iofhae plastic deformation of the premolded
component during the second stage injection. Thjgep reports a mold design strategy and a
detailed modeling approach to characterize andrabittis deformation. The following new
results are reported in this paper. First, a medesmold design with varying cavity shape is
described to perform in-mold assembly of the mealesevolute joint. Secondly a transient flow
based modeling approach to determine the forcesrixmed by the mesoscale parts due to
injection molding is described. These forces arganticular interest in the in-mold assembly
perspective since they are forces applied on tempided component due to flow of the second
stage melt. Finally, a mechanics-based model dpedlaising experimental data and numerical
CFD and FEA simulations is presented for the datetion of critical mold design parameters
that are necessary for repeatable fabrication tofudating mesoscale revolute joints. Using the
advances reported in this paper a mesoscale revlut has been successfully molded. To the
best of our knowledge, this is the first demongiratof in-mold assembly process using a

varying cavity shape mold to create an articulatimgsoscale revolute joint.

Keywords
In-mold Assembly, Injection Molding, Multi-shot miolg, Mesoscale molding



1. Introduction

3D articulated devices involve moving parts witgngficant out-of-plane motion. There
are many applications such as hard disks, camphadgonics, cell phones, micro air vehicles,
and drug delivery systems where the ability toescmwn size and deploy mesoscale (size range
of 0.1mm to 1mm) joints will be highly desirable ca@se their unique behavior provides
significant performance gains. While manufacturteghnologies exist for scaling down 2D
articulated devices [1], a scalable and cost effeananufacturing method does not currently
exist for making 3D articulated devices. Even thougdividual parts can be easily fabricated,
assembling them into devices remains a challengg, (eurrent assembly methods require
manual assembly under a microscope to realize ro@l®o8D articulated devices). Therefore,
despite their superior performance characteristiossoscopic 3D articulated devices are not
used in practice due to throughput and cost coraidas.

Injection molding is a high throughput method falymer processing and is being used
produce a wide variety of products with varying@sand sizes [26]. Micro- and meso-molding
of polymers is a promising process that has gapwallarity during the last few years [11-13].
Parts with features sizes as small as 10 microm$@ng molded [14, 15]. New methods have
been developed for mold flow simulations, thermahiagement and time dependent flow during
filling for miniature parts [16-18]. In-mold asselhnas also been successfully demonstrated in
the macroscale [7-9]. This has proven to be anct¥e manufacturing process to develop
articulated parts with reduced production times k@ad times. Considering the success of micro
and mesomolding and in-mold assembly at macro sitageenvisaged that mesomolding and in-
mold assembly can be potentially combined to dgvelomanufacturing process for making

mesoscale articulated parts.



There are two ways to realize in-mold assembly ggedor a two-material structure. The
first method involves use of overmolding processcomponent is first molded using a regular
injection mold. This component is then either mdliyuar automatically inserted into another
mold cavity before injecting the second stage pelynto essentially, two parts of the two-
material structure are produced using traditionalds: Overmolding is not recommended at the
mesoscale because inserting a molded componentainv mold is very difficult due to the
small component dimensions. The second methodvasalise of a varying cavity shape mold
and is often referred as multi-shot injection metdprocess. In this method, the first stage part
does not leave the mold during the second stagetiap. Instead, some of the mold pieces move
to create room for the second stage injection. fliisé stage part is usually referred to as the
premoloded component during the second stage ngpltMorphing cavity molds are much more
complicated molds. But this type of mold is theyooption at the mesoscale.

While in-mold assembly is an attractive option faanufacturing mesoscale revolute
joints, development of a molding process that combithe benefits of mesoscale molding and

in-mold assembly requires us to address severdieolgas. These challenges include:

1. Developing mold configurations with the followinparacteristics:
a. Techniques for varying cavity shapes to perforrmiold assembly

b. Placing constraint on the premolded components hie mold such that their
deformation during the second stage injection nmgjals inhibited.

2. Developing a method to characterize and controptastic deformation of the premolded
component during the second stage injection process
During the in-mold assembly process, a premoldedpoment is placed inside a second

stage molding cavity. This premolded componentiigected to thermal and mechanical loading



due to the injection molding process. Unlike thecrnacale in-mold assembly, one can observe
significant plastic deformation in the premoldednpmnent at the mesoscale if the component is
not properly constrained. This problem arises duth¢ fact that, owing to their sizes, the meso-
scale parts have significantly less structuralditgi and thermal resistance compared to the
macro-scale parts. However, the mechanical andntildoading is not significantly reduced at
the meso-scale. To overcome this problem, the paadocomponent can be constrained in the
mold cavity to minimize the deformation. Howevargs constraining limits the available design
choices and also may increase the mold complekityorder to figure out the best way of
constraining the premolded component, it is neegssa understand how the premolded
component will deform during the injection moldipgocess. Once this is understood through
the mechanics of the deformation process, it wdl gossible to evaluate different ways of
properly constraining the premolded part.

Previously, we demonstrated the technical feagybdf realizing a mesoscale revolute
joint [19]. The current paper describes challengdsch are unique to the in-mold assembly
process at the mesoscale in detail. The mold degigrmold fabrication method, and the design
and processing parameters that are used to aditress differences in order to successfully
realize mesoscale revolute joints are also destribdodeling approaches are described to
predict (a) the forces experienced by the mesoszts present in the mold due to flow of the
second stage polymer, and (b) the plastic defoonatof the mesoscale parts due to these forces.
The paper finally concludes with discussing therapph that was applied to manufacture a
functional mesoscale revolute joint and the comesing results. To the best of our knowledge a
scalable in-mold assembly method for creating nezdes revolute joint has not been

demonstrated so far. This work is seen as a fiegt ®wards realizing in-mold assembly at the



mesoscale, and develops a mechanics-based motled #ssential to understanding the physics
of interaction between the melt flow and premoldstts in multi-shot injection molding

processes.

2. Development of a Novel Mold for Realizing Mesoate Revolute Joints
In-mold assembly methods for macro scale rigid bgaigits have been successfully

developed and demonstrated in the past [7-9]. Betdscaling down of macroscale processes
to the mesoscale is not expected to be succe3sfudevelop a scalable manufacturing process,
it is therefore imperative to realize the limitaitgoof the process at smaller size scales. Hence, to
come up with a feasible approach to manufacturetiomal in-mold assembled mesoscale
revolute joints, we devoted considerable efforidentify the unique defect modes associated
with direct scaling down of the in-mold assemblggass at the macroscale to the mesoscale. In
this section we will discuss this in detail befg@ng on to describe a feasible mold design to

manufacture in-mold assembled mesoscale revolirttsjo

2.1 Identification of defect modes in mesoscal@ald assembly

In order to have a smooth running revolute jointhet macro scale, the core is usually
molded inside the cavity such that the core shriakially to provide the required clearances.
The cavity in the premolded component is made liygua side action mold core insert of the
requisite diameter. Please note that the mold pisesl for molding the mesoscale cavity is
referred to as theide action mold insert (SAMWhile the mesoscale feature on the premolded
component is referred to as there Cavity refers to the mesoscale cavity in the premolded

component.



In order to carry out in-mold assembly, the cawhape needs to change after every
molding stage. The first stage of the molding psscetarts with a first stage material being
injected into an empty cavity. The material fillsetcavity completely and solidifies. Before
starting the second stage molding, the cavity shaexs to be altered to create room for
injecting the second stage material. Cavity shdy@ge can be accomplished in many different
ways. Popular cavity shape change methods inc{idleealignment of one or more mold pieces
after injection of the first stage component torgiathe cavity shape, (2) swapping one or more
mold pieces in the initial cavity with a mold pieeath a different shape, and (3) adding
partitions or shut off surfaces in the initial dgvand remove them during subsequent stages.
Figure 1 illustrates these methods. While the gastiape is being altered, the premolded
component should stay in place and should not mgheover, the method should satisfy the
assembly and disassembly constraints imposed onntble pieces. After studying many
different cavity shape change methods, we decidatla combined approach of moving mold
pieces and adding partitions to the initial cawiguld produce the best results for creating
mesoscale revolute joints.

A CAD model of a revolute joint with a meso-scééatures which will be in-mold
assembled can be seen in
Figure 2. Exploratory experiments were conductedié¢termine a feasible mold design and
molding sequence to manufacture in-mold assembleslostale revolute joints. Some of the
significant defects which occurred due to direalisg of the in-mold assembly process for

manufacturing macroscale revolute joints were r@edrand are described below.

(a) Using a SAMI with small diameter




After careful consideration of the part design,ealized that making 8AMIwith small
diameter would be an expensive process. AlSAMI with a small diameter poses alignment
problems and was prone to failure due to forcesieghpy the injection pressure.

Figure 3 illustrates the problem posed due to inete alignment of the side action mold core.

Figure 4 shows a defective component manufactuneda deformation of thEAML

(b) Reversing the molding sequence

In the next experiment, we reversed the moldirgueece to mold the mesoscale core
first and then mold the cavity. Making a mold cgwiith a small diameter is much easier than
making a side action mold core insert with a srdameter. Hence, this method simplifies the
mold design. Furthermore, the amount of absolutenlslge is very small due to the small
dimensions, which minimizes the potential of jamgnihe joint.

When using this sequence, two significant defeatse obserrved. The first defect was
due to inaccurate movement of tBAMIwhich resulted in shearing of the mesoscale cdrietw

resulted in molding of defective parts. This defedtlustrated in

Figure 5. Another significant defect was observedbé the deformation of the premolded
mesoscale core when the second stage part witbathy was injected. During the exploratory
experiments, the core was designed to be left avarnanging structure. When the second stage
polymer was injected, the flow induced forces om thesoscale core generating bending stress
that was sufficient to exceed the strength of tretemial and separate it from the base. This

defect is illustrated in



Figure 6. To overcome the defect modes identifiedhis section, we developed a new mold
design for mesoscale revolute joints. The new na@sign requires using a different approach

than the simple scaling down of the macro scaledmast discussed above.

2.2 New mold design for mesoscale revolute joints

There are two possible molding sequences for naatwfing an in-mold assembled
mesoscale revolute joint. These are reported in phevious subsection. It was therefore
important to pick the molding sequence with lowersceptibility to defects in order to
manufacture mesoscale in-mold assembled revolutésjoWe first considered molding the
cavity as the premolded component. To accuratelsitipa the SAMI, additional support
structures had to be provided. This led to an em@ein machining costs for the mold and also
increased susceptibility to flash by increasingrnbhenber of parting lines in the mold cavity. On
the other hand, molding the core first does notuireqany significant redesign. Hence,
considering lower costs and lower susceptibilitylésh, we decided to mold the mesoscale core
as the premolded component.

We devoted a significant effort to developing alandesign that eliminates the observed

defect modes.

Figure 7 shows the mold assembly for the first estad) the in-mold assembly process to
manufacture the revolute joint with mesoscale festuvhere the mesoscale core is molded first.
This mold design ensures that no seam marks asemtren the first stage part, and hence there
are no adhesion problems in the joiflis design also ensures that mold pieces moveaety

during cavity shape change and do not cause anggkato the part.



When the mesoscale core is molded first, therecenaern that the melt flow during the second
stage will bend or break the delicate pins. In ptdeovercome this problem, the bending stress
needs to be minimized. Therefore, we constrainedrthsoscale core on the other end to form a
simply supported structure. We achieved this byaotihg theSAMI partially after the first
molding stage. This limited bending deformationgha premolded component, as illustrated in
Figure 8. The pin was supported at each end bgtardie of L. This adds a new parameter to
the mold design that will be addressed later inghper. The support length needs to be long
enough such that the plastic deformation of the @é®rcontrolled, but not so large that it would
significantly decrease the overall joint length. Whloing this, we also ensured that the final in-
mold assembled part would be fully constrained. chesnatic illustration of the two design
iterations for the second stage designs can beise€igure 9. We also added two new mold
pieces to the mold assembly for the second stagle weusing all other mold pieces from the
first stage mold assembly. We introduced theseegido provide a shut-off surface for the
second stage part. The complete mold assembly hfersecond stage molding process is

illustrated in

Figure 10.

To develop a feasible manufacturing approach femold assembly of mesoscale
revolute joint, it is imperative to accurately pictdhe radial support length required for creating
a functional joint. However to predict the radialpport length, we need to have a better

understanding of the physical interaction betweeit fftow and the core.

3. Framework for Modeling Interaction between MeltFlow and Premolded Component

10



This section discusses a generalized modeling frname that will be adapted to the

specific class of in-mold assembled mesoscale uéxgbints developed as part of this work.

3.1 Definition of deformation problem for premoldsamponents

During the second stage molding, the melt entexgriold at high velocity impacting the
premolded component and then flows around it. Gheemold is filled the flow stops and the
melt solidifies. The flow of the melt can inducechanical loading on the premolded component
due to viscous and/or impact forces. It is worthingpthat the melt is a non-Newtonian fluid and
the mechanical loading occurs mainly under tranglew conditions. In addition, the premolded
component also gets heated up by the melt enténmgnold cavity. As a result of the heating
the premolded part may soften and its strength meduce. As a result of the time-varying
themo-mechanical loading, the premolded componardengoes elastic and under some
conditions plastic deformation. In summary, thislpem involves time-varying non-Newtonian
flow, heat transfer, and elastic-plastic deformati®olving this problem in full generality is
almost intractable and may not be necessary frenmanufacturing point of view.

From the manufacturing point of view, we are iagted in achieving reasonable
accuracy in estimating the plastic deformation tleg parts that are considered acceptable or
border-line defective. These parts should have Vewny levels of plastic deformation of the
premolded components. Defective parts on the dthed have relatively large levels of plastic
deformation of the premolded components. From thaufacturing point of view, there is not
much to be gained in accurately predicting the wheédion for highly defective parts. Usually, it
is good enough to know that the part will deforgngficantly and hence be defective. Moreover,

in order to ensure reasonably good manufacturiraditgicontrol, an appropriate factor of safety
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will need to be used to limit the influence of dafation. So an approach that overestimates the
deformation for small deformation cases will be sidered an acceptable modeling approach
from the manufacturing point of view. We will noty to develop a simplified modeling

approach to meet the needs of the manufacturingrzomty.

3.2 Mechanics-based modeling of plastic deformatgoremolded components

There are two important issues for developing @harics-based model of the plastic
deformation of premolded components: (1) appropriatterial properties for the premolded
component, and (2) the boundary conditions thateaperienced by the premolded component
during the melt flow. First consider the materiabgerties. There are two effects that can
complicate the modeling approach due to materiapgnties: (1) time-dependent deformations
(i.e., viscoelasticity), and (2) thermal softenirfgpr either of these effects, it is necessaryateh
sufficient time for the component to heat up anftesoand for the deformations to accumulate.
In polymers, both of these effects are diffusiomtcalled, therefore the time scales are similar.
At the mesoscale, the time scale associated wéimiglt completely filling the mold is relatively
short. In most cases, volumetric flow rates of 08,enn¥/sec and mold cavity volumes on the
order of 15 mm result in mold cavities being completely filled @ne second or less. The
premolded part will experience peak loading shoefter encountering the melt, since the
loading will begin to approach hydrostatic equililon as the cavity is filled. So the actual time
in which the premolded component deforms can bstanbally less than the mold filling time.
In this paper, polymers that have low thermal catiglity are of primary interest, so only slight
changes in thermal softening and negligible timpethelent behavior is expected. Therefore, it is

reasonable to expect that incorporating a detanedel of the thermal history and associated
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change in time-dependent deformations of the préetblcomponent during melt flow is not

necessary, and a simpler approach only considédmamthermal softening effects can suffice.

a. Material Properties of Premolded Component

One approach to approximating thermal softeningnuaterial properties is to only
consider material properties at the maximum tentpezarise the premolded component will
experience. These material properties can be deted'by estimating the temperature of the
first stage part towards the end of the mold fgliand then experimentally determining the
stress-strain curves at the estimated temperaging @an appropriate specimen. This approach
will be necessary only for those materials thatilekrsignificant thermal softening at the
estimated temperature towards the end of molahglli An alternative approach to approximate
thermal softening effects is to assume the streasiscurve is the same as it is at room
temperature, but the effective load on the prentblctamponent is increased to account for the
higher plastic deformation levels due to thermdllesong. This can be accomplished by molding
a specimen of suitable geometry, measuring defoomaénd then estimating the effective loads
that lead to the observed plastic deformationshEscthese approaches is valid for different
conditions. The validity of the approach would degp@n the choice of polymers, the injection
temperatures and the geometry of the mold. Hereapproach that would be most applicable to
the respective problem should be determined basedhese conditions. This approach is

discussed in further detail in Section 4.3 for nsesde revolute joints.

b. Boundary Conditions on Premolded Component

The boundary conditions on a premolded componesiilt from the interaction of the

component with the melt flow. As the melt impadte premolded component and starts flowing
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around it, the premolded component starts expedrngnoading in the direction of flow. This
load builds up from zero to a high level and theopd as the pressure equilibrates around the
component upon the mold filling. Rather than mautelhe time dependent load, it is possible to
just use the highest load that the component expess during the melt flow. Usually, the
dynamic pressure heads associated with melt flengaite low at the meso-scale. So, the effect
of impact can be ignored and only transient flowdelng is needed to determine the highest
drag force on the component and use it to genéhnat@ressure distribution. In case of simple
geometries, the overall drag force can be estimatethe component and distributed uniformly
on the surface of the component facing the flovestbmate deformation. Whether the uniform
pressure distribution would be accurate or notlmadetermined by applying a uniform pressure
distribution in the mechanics-based model and thatching the estimated plastic deformation
trends with the experimentally observed deformattoends. In case of more complex
geometries, it will be necessary to accurately rhdlae non-uniform pressure distributions. A
transient computational fluid dynamics (CFD) sintigla around the premolded component can
be used to provide the profile for the pressuré&ribistion. This flow modeling strategy adopted
for the mesoscale revolute joint is described ictiSa 4.2.

Once the pressure distribution that results froenrhelt flow is determined, it is possible
to apply it as a boundary condition on the premolgart using appropriately measured material
properties. To solve the mechanics-based boundalyevproblem and estimate the plastic
deformation of the premolded component, Finite EetmAnalysis (FEA) is employed. As the
premolded component deforms during the second stggetion, there is relative movement

between the first stage part and the mold piecesce] friction between the first stage part and
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the mold pieces will play some role. However, tiea of friction would be negligible for low

deformations and hence it can be ignored. Thisagmpris described in detail in Section 4.4.

4. Experimental Implementation of the Mechanics-Basd Model for Controlling Plastic
Deformation in Premolded Components

The physics of the melt flow plays a significanterin the plastic deformation of the
premolded component that occurs in the injectioiding process during the filling phase. We
conducted experiments to obtain data to quantéypiteviously discussed parameters that affect
the plastic deformation. These experiments enaliteel mechanics-based model to be
implemented for controlling the plastic deformatiointhe premolded component, which in this
investigation was a mesoscale core whose plastarrdation is a function of the radial support

length.

4.1. Experimental configuration

To understand the effect of the radial supporgtieron the plastic deformation of the
premolded mesoscale core, it was important to obritris length accurately with a high
resolution. To achieve this, we designed a wedge tyold for the experimental setup. This

setup is illustrated in

Figure 11. This mold was designed such that ifabdge was moved by a distancehe support
moved by a distance of/10. Utilizing the symmetry of the mesoscale ret®ljpint, we
designed the experimental setup to have only onsosgale core. This simplified the
experimental procedure since the geometric comssrdbetween the first stage part and the

second stage part were removed. Hence we weret@ldeparate the first stage part and the
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second stage part and examine them separatelyinjflotion molding parameters used for each

stage of the experiment can be seen in Table 1.

4.2. Determination of forces on premolded compottaough predictive modeling of melt flow

To develop a predictive model for the plastic defation of the mesoscale core due to
varying support lengths, several modeling paramseateed to be determined. These are: (a) the
effective pressure experienced by the mesoscateindhe premolded component as the second
stage melt flows around it and (b) the nonlineaesst-strain data for the first stage polymer
(ABS). The flow of the second stage polymer (LDREQund the mesoscale core results in a
drag force which is responsible for its plasticatefation. This drag force can be modeled by
assuming a fluid flow around a cylinder. But theygibs of the injection molding flow problem
is significantly different from a steady flow of ffuid around a cylinder. In steady state
formulations, a continuous stream of fluid is asedrto be flowing at a constant flow rate for a
sufficiently long time. But in the injection moldincase, unlike in steady state formations, the
fluid or the polymer melt encounters a mold wallmstream of the cylinder. As soon as the
fluid flow reaches the mold wall, a steady backspuge develops in the flow leading to
equilibration of the drag flow forces on the cykmdHence in order to obtain an appropriate
estimate of the forces on the cylinder, it is intpot to model the transient flow of the polymer
melt around the cylinder. Hence we only considetes flow time before the polymer melt
reaches the mold wall downstream of the cylindé&is Time is usually equal or smaller than as
the fill time for the polymer melt.

The pressure acting on the mesoscale core wasatst using the commercial CFD code

known as FLUENT 6.3.26 [25]. A three dimensionald®loof the mold cavity for the second
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stage injection was constructed using a cylindrizaks section to represent the mesoscale core

of the first stage part. The flow stream insidéh& mold cavity is illustrated in

Figure 12.The flow stream was meshed using a 7 element thackndary layer on the flow
boundaries around the mesoscale core and the malld. wieach element layer along the
boundary constituted of 30 elements along the dglirand 160 elements along the mold walls.
The remaining volume of the flow stream was mesah&dg a uniform triangulated mesh with
35 elements along the edges. We conducted a canargtudy by comparing the solutions for
different mesh sizes to determine that the meshiagynumerically adequate.

A transient, mixture flow was used in the CFD mod#ie mold cavity consisted of air
with a volume fraction of 1 at tintes0. An initial condition of 0.0064 kg/s was therepcribed at
the inlet for the LDPE, which corresponds to thenstant volumetric flow rate of 12 cc/s
observed in the mold during second stage injeclitve. face downstream of the mesoscale core
was described as a uniform outlet flow. The flowttt# LDPE is described as a non-Newtonian,
shear thinning flow which is described as a powaer Viscosity flow shown in equation 1 [21-
24].

n-1

m=K g (1)
The properties used for modeling the flow of LDRE tabulated in Table 2.
Each time step in the simulation corresponded @4 4 in real time. We ran the
simulation for 20 time steps. By the™8me step the LDPE flow hit the mold wall downstne
of the mesoscale core. In order to obtain the eWeqressure on the mesoscale core as a

function of time, we conducted another simulaticithva finer timestep of I%. The starting
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time for this simulation was 0.0012s. We ran thismwation for 50 timesteps. The force
experienced by the mesoscale core is a sum ofréssyre forces and the viscous forces of the
flow. This force is averaged over the profile o&tmesoscale core to calculate the effective
pressure experienced by it. As mentioned previgubly CFD simulation is valid only till the
LDPE flow reaches the mold wall downstream of thesascale core. Subsequently the force on
the mesoscale core equilibrates causing a drapeirffective pressure experienced by it. Hence
the maximum effective pressure experienced by tegoscale core before this time, is taken into
account for calculating the plastic deformationief mesoscale core.

4.3. Determination of material properties throudgxtire experiments

The deformation of the core in the first staget maas noted to be nonlinear since there
was very little elastic recovery after disassentflyhe first stage and second stage part. Hence
for developing a predictive model for the plastefatmation it was necessary to establish the
nonlinear structural material properties of thetfgtage polymer. Since the injection temperature
of the second stage melt is around 130°C, it wgsomant to consider the change in material
properties of the first stage polymer ABS with tergiure.

To accomplish this, we injection molded an ABSrheaith a square cross section. We
then loaded this beam in flexure to obtain the doversus deformation curve for multiple
specimens. We recorded the force versus deformataia for four different temperature
profiles. This experiment gave us an understandiripe relationship between temperature and
the stress-strain behavior of the polymer. Thesalt® will be discussed in detail in Section 5.
To obtain the stress-strain behavior of ABS, webcaled the experimental data for the force

versus deformation with a finite element analysi&ANSYS 9.0 for the same geometry.
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4.4 Modeling of plastic deformation of premoldedhponent using finite element analysis

We incorporated the effective pressure and thesststrain data for ABS, which were
determined using the procedure described in theiqare section, into a model representing the
pressure of the melt flow on the premolded compbnerm finite element analysis performed
using ANSYS 9.0 as follows [27].

1) The core is segmented into four sections as ilitsstr in Figure 13. An equivalent
pressure based on the injection flow rate was egpn the top half core on section Il
We determined this equivalent pressure using thBeEEow simulation described in the

previous section.

2) Section IV was constrained in the Y and Z directidowever it was free to move in the
X direction.

3) We modeled material nonlinearities using piecewlisear elastic properties. We
obtained these properties based for ABS experitig@ts explained earlier. Tableli8ts
the nonlinear stress-strain data that was obtdnoead experiments.

4) The part was meshed uniformly as a tetrahedraleté{®olid92) which supports plastic
deformation.

5) We then solved the finite element problem thus fdated to obtain the plastic
deformations.

6) Finally, we tabulated these solutions for differeapport lengths.
4.5 Comparison of modeling results with experimietidda
In order to validate the previously described niodrperiments were conducted where
the maximum deformatiom,, of the mesoscale core due to the second stageiatdlow was

recorded, as illustrated in

Figure 14. An example of a deformed sample careba |
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Figure 15. This sample was obtained by radiallypsuiing the mesoscale core by 6.66% of its
overall length. Results from the finite elementlgsia for the same radial support length can be

seen in

Figure 16. In the next section, results obtainemmfrthe experiments and the finite element

analyses are discussed in further detail.

5. Results and Discussion
We conducted the experiments on a Milacron Babyjgection molding machine using

the processing parameters described in

Figure 17 shows the first stage part successfutided using the methods described in
the previous sections. We subsequently used thisponent to continue with the in-mold
assembly process. During the first experiment wedusur second stage mold design with
unconstrained mesoscale cores (as an overhangunguse) as described earlier. This resulted in
large scale bending of the mesoscale core whesdbend stage polymer was injected, finally
leading to shearing of the mesoscale core rendeh@goint unusable. Subsequently, we used
the results of the experimental and finite elenemlysis described in the previous section to
determine the adequate radial support length redquo- manufacture functional joints.

For the first part of the analysis, we obtaineatpfor the maximum plastic deformation
of the first stage part when the radial supporgtlberwas varied. This experiment was conducted
at the recommended injection pressure (635 bargh&polymer and the mold material. A flow

rate of 12 cc/s was used to calculate the effegressure on the mesoscale core. From the flow
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simulations, we obtained the relationship betwdenédffective pressure on the mesoscale core
and the flow time. As shown in Figure,1Be effective pressure on the mesoscale core ipesea
linearly as a function of time. The maximum effeetipressure acting on the mesoscale core
determined by the point on the curve where the fi@lt begins to equilibrate corresponds to
120 bars. Therefore, this pressure was used abdhedary conditions in the finite element
analysis of bending deformation of the mesoscaile.co

An important observation from Figure 18 providesumterintuitive insight into the
relationship that exists between the interactiothef polymer melt and the mesoscale core as a
function of the mold geometry, in this case thencteh length downstream of the mesoscale core
used to determine the maximum pressure. Intuitjvelyould be reasonable to assume that once
the melt reaches the mesoscale core, the loadatg stsulting in the observed experimental
deformations would have been achieved. Howevergtlgea substantial time scale over which
the loading evolves in steady state melt flow. 8itiee channel downstream of the mesoscale
core interrupts this flow, it effectively limits ¢htime scale over which the loads can evolve.
Thus, the model suggests the mold geometry cariiypssed to limit the interaction between
the mesoscale core and the melt flow by reduciagtbe of the channel downstream.

The results of the experiment to determine the enslt properties at elevated
temperatures for the mesoscale core are illustiatédgure 19. It shows the material behavior
for four different temperatures. As seen in theifgg there is no significant change in the linear
portion of the stress-strain behavior (flexural mlod) of the material with temperature for
25°C, 33°C and 50°C. The differences in the nowmlingortion of the stress-strain curve can be

attributed to some amount of thermal softeningledaged temperatures. On the other hand, the
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flexural modulus of the material was observed tsigeaificantly lower at 62°C. This behavior is
expected since this temperature is above the gwi#¢ning point for ABS (around 55°C)

From this experiment, we were able to conclude tina material properties of the first
stage polymer are not affected significantly fotemperature change of 10-15°C. The rise in
temperature of the first stage part is not expettelde more than 10-15°C since, (a) ABS is a
poor conductor. So it has a high resistance to éeatpre change. (b) The effect of the
temperature change needs to be considered onlpgdditiing. The time in which filling is
completed is negligible when compared to the amadiriime required to heat ABS to a high
temperature. Considering these factors, we felt tha change in material properties of the
polymer due to thermal softening could be ignorethis case.

The results of the finite element analysis of bieading deformation for the mesoscale
core conducted in ANSYS agree well with the expental data recorded for the deformation
versus radial support length for this pressure s€hesults are illustrated in
Figure 20. The model predicts the deformation efrttesoscale core to decrease with increasing
radial support length. The plastic deformation loé imesoscale core tends to zero for radial
support lengths higher than 30% of the length. Fthie analysis, it can be concluded that a
radial support length of 30% of overall length bétmesoscale core as the design parameter.
Any deformations present in the mesoscale corerzbjlois point, lie within the manufacturing
tolerances associated with injection molding preceblence the model gives a good
approximation of the plastic deformation due taabgupport length.

In subsequent experiments for manufacturing indmassembled revolute joints we
supported the mesoscale core on both sides alo¥g @ats length as described above. This

solved the problem of the plastic deformations wuleigh bending moments applied by the flow
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of the second stage polymer. Using this methodweee able to manufacture a fully functional
in mold assembled revolute joint. This is illuséetin Figure 21. After determining the mold
design that would result in properly functionalljgsamblies, we molded 8 functioning
assemblies. Using the techniques described abaere able to manufacture these assemblies

repeatably without any defective parts.

6. Conclusions

This paper establishes the technical feasibilityusing in-mold assembly process for
creating articulating mesoscale revolute jointse Tollowing new results are reported in this
paper. First, a mold design is described with vagygavity shape to perform in-mold assembly.
Second, a modeling method is described to deterthi@dorces on the premolded component
due to the second stage injection. Third a modeitmggthod is described to determine the
deformation of the premolded mesoscale componeattduhe second stage injection. These
methods are then used to select the required radigport length for obtaining functional
mesoscale revolute joints. This joint is fully ftilenal and can be manufactured repeatably using
the process described. The deformations of the seak® premolded component fall within the
acceptable joint tolerances. To the best of oumkedge, this is the first demonstration of in-
mold assembly process to create a mesoscale reyoint.

As part of the modeling effort, a process is désct to estimate the effective pressure
experienced by a cylinder which falls in the flowtlp of an injection molding melt. A non-
newtonian flow CFD model is used to estimate tmespure. The estimate provided has an error
margin of up to 20%. Further research is requicesimnulate the 3 dimensional transient mixture

flow of a polymer in a narrow channel to reduce thargin of error. This model is the first
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attempt at understanding the physics of interachetween the melt flow and free-standing
structures in multi-shot molding processes, andyssiy a non-intuitive influence of the mold
geometry on the loading experienced by the freedstg structure.

A nonlinear FEA model is also described for prédg the deformation of a mesoscale
core when placed in the polymer flow environmerttisTmodel agrees with the experimental
deformation with an error of around +2%. To impravee accuracy of the model, further
research is required to model the actual flow efpgblymer inside the mold. This will provide a
better understanding of the distribution of pressom the first stage part during the flow of the
second stage polymer over it thereby improving Hueuracy of the estimation of the
deformation. Methods also need to be developedutyshe effect of axial shear stress on the

mesoscale core on its deformation.
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Table 1. Injection molding parameters

Stage 1 Stage 4
Material ABS LDPE
Injection Temp. 220°C 130°C
Injection 600 bars | 600 bars
pressure
Cooling time 15s 5s

Table 2. Flow properties of LDPE

Density 525 kg/mt
k 11220
n 0.41
Minimum Viscosity 5 Pa-s
Maximum Viscosity 6300 Pa-s

Table 3. Nonlinear stress-strain properties of ABS

Stress (Pa) Strain
0 0
1.80E+07 8.00E-03
3.60E+07 1.60E-02
5.20E+07 5.00E-02
6.00E+07 1.25E-01
6.20E+07 1.53E-01
6.36E+07 1.70E-01
6.42E+07 1.88E-01
6.53E+07 2.81E-01
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Figure 1. Examples of different ways to changetyashape during second stage.
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Figure 2. Design of in-mold assembled revolutetjoin
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Figure 3. Schematic representation of inaccurag@mlent of SAMI
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Figure 4. Deformation of side action mold core tlu@jection pressure
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Figure 5. Inaccurate side action resulting in singaof mesoscale core
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Figure 6. Deformation of mesoscale core due torsgstage injection
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Material Injection position

Aluminum mold pieces Brass mold pieces
: Traditional milling : EDM

Figure 7. Mold assembly for Stage 1.
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(a) Initial Concept (b) Improved Concept

Figure 8 Bending of pin due to unsupported sectade injection.
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Figure 9 Mold design iterations for second stage injection.
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Figure 10. Mold assembly for stage 2.
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Figure 11. Experimental setup for correlation gisort length with deformation of core
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il
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Figure 12. Finite element mesh for flow simulattordetermine effective pressure on
mesoscale core
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Figure 13. Force modeling on the premolded compionen
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Figure 14. Measurement of maximum deformatign d
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Figure 15. Deformed sample with radial support teraf 6.66%
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Figure 16. Sample results for ANSYS analysis f@é666 Radial support length
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Pin diameter,= 0.71 mm

/

" United States penny  First stage part

Figure 17. Injection molded first stage component.
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Figure 19. Load versus deformation for the ABS beam
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Figure 21. Two configurations of the in mold assidlmesoscale revolute joint
demonstrating rotation of the joint
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