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ABSTRACT

Macro-scale revolute joints can be formed by
first molding the hole and then molding the pin
inside the hole. As the pin shrinks during the
solidification process, it moves away from the
hole and provides the clearance for the joint to
function. The value of clearance in the macro-
scale joint can be controlled by carefully
selecting the process parameters and the
material for the pin. However, in order for this
strategy to work at the mesoscale, it requires the
use of very thin cores to form sub-millimeter
holes. Such thin cores are very difficult to make,
are easily damaged during the molding process,
and very difficult to retract from the hole. Our
previous work has shown that making the pins
first and then creating holes on the top of pins
leads to successful mesoscale joints. This
strategy is counter intuitive based on our
experiences at the macro-scale. At the
macroscale, as the hole shrinks on top of the
pin, the joint is jammed. So a fundamental
guestion is why this counter-intuitive strategy
works at the mesoscale. In this paper we show
that at the mesoscale, the joint jamming is
prevented because of the deformation of the pin
under the compressive loading during the
second stage molding. We also describe
features in the mold that can control the pin
deformation and hence control the joint
parameters. We present experimental data and
computational models to show how mesoscale
revolute joints can be formed.

INTRODUCTION

In-mold assembly is a fast and cost effective
process for producing articulated joints. It utilizes
injection molding to automate assembly
operations which would normally require long,
labor-intensive operations for production [1-3].
Since injection molding is a high throughput
process, in-mold assembly holds tremendous
promise in rapid bulk production of assembled
parts.
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FIGURE 1 IN MOLD ASSEMBLED REVOLUTE
JOINT.

Stage 2 LDPE

An in-mold assembly process has been
developed to manufacture mesoscale revolute
joints. This process involves injection of different
components of the revolute joint assembly into a
mold sequentially or in different stages. Mold
pieces are moved before each injection to create
shut off surfaces between different parts of the
mold cavity which are filled in each step of the
in-mold assembly process. When all steps are
completed, a fully assembled mesoscale
revolute joint is ejected from the mold cavity.
The material combination used for in-mold
assembly is chosen such that the materials are
chemically incompatible (i.e. they have no
tendency of adhering to each other during and
after injection molding). The appropriate material
combinations have been identified for in-mold



assembly processes in several previous works
[2-4]. Figure 1 shows the CAD model of a
mesoscale revolute joint that can be
manufactured using in-mold assembly. Our
definition of mesoscale is dependent on the
context of the in-mold assembly process. We
define the delineation between the macroscale
and the mesoscale as the dimension where the
plastic deformation of an unconstrained
premolded component during the in-mold
assembly process is greater than 5% of the
overall part dimension.

For proper functioning of a revolute joint, a
clearance fit is required between the pin and the
hole. At the macroscale, this clearance is
ensured by the shrinkage of the pin after cooling
and ejection. This is because the pin is molded
in the second stage. However at the mesoscale,
the hole is molded in the second stage. The
reason for this is explained in the next section.
After cooling and ejection, the shrinkage of the
hole leads to an interference fit. This may lead to
a non functional joint. Figure 2 illustrates this
concept. In the figure, d; is the hole diameter
and d, is the pin diameter.
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FIGURE 2 CLEARANCES IN IN-MOLD ASSEMBLED
MACROSCALE REVOLUTE JOINTS

However macroscale concepts can not be
directly scaled down to the mesoscale [3, 4].
Hence we need to develop a Dbetter
understanding of how clearances are obtained in
in-mold assemblies at the mesoscale. Several
scenarios also necessitate the clearances to be
engineered to meet the design requirements.
Hence, there is an impending need to develop
manufacturing methods to control the
clearances in mesoscale in-mold assemblies so
as to give the designer the freedom to choose
the appropriate clearance for the functioning of
the component.

In this paper, we will describe methods to
characterize and control the clearances in the
mesoscale in-mold assemblies. The methods
described in this paper can be used to fabricate
mesoscale in-mold assembled revolute joints
with appropriate clearances.
BACKGROUND AND PROBLEM
FORMULATION

One of the major differences between in-mold
assembly at the mesoscale and that at the
macroscale is the molding sequence [3]. At the
macroscale the part with the hole (Figure 1) is
molded in the first stage. The part with the pin is
then molded in the second stage with the first
stage part acting as a mold insert. However at
the mesoscale, the part with the pin is molded
first. This is accomplished by molding a hole in
the first stage using a side action mold insert
(SAMI). The size of the SAMI is the same as the
desired size of the hole. However making a
SAMI with a small diameter for mesoscale
revolute joints is an expensive process. Also a
SAMI with a small diameter poses alignment
problems and was prone to failure due to forces
applied by the injection pressure [4]. This is
illustrated in Figure 3.

An alternative approach to fabricating a
mesoscale revolute joint involves premolding
one component in the first stage then forming
the second component in a second stage.
However, the high pressure, high temperature
polymer injected in the mold cavity during the
second stage causes the mesoscale features in
the premolded component to deform plastically,
as illustrated in Figure 4. In order to inhibit this
deformation, we have previously adopted a
novel mold design strategy which involved
supporting the premolded component by 25-
33% of its length. This approach is illustrated in
Figure 4. This enabled us to manufacture a
functional mesoscale in-mold assembled
revolute joint [3].

Assembly clearances in the mesoscale
revolute joint can be produced by the reduction
in diameter of the premolded component after
second stage injection. This reduction in
diameter is caused by the aforementioned
plastic deformation of the premolded component
as illustrated in Figure 5. In the figure, d, is the
diameter of the pin and Ls is the length of the
support provided to the premolded mesoscale
pin during the second stage injection.
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CREATING MESOSCALE IN-MOLD ASSEMBLED
REVOLUTE JOINTS

L. is the support cavity length i.e. the length of
the cavity in the radial supports used to
constrain the mesoscale premolded component.
The support cavity length L. plays an important
role in determining the final diameter of the
mesoscale pin after second stage injection, and
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therefore the level of clearance in the revolute
joint.

In order to understand the effect of the support
cavity length, let us review the complexity of the
mesoscale in-mold assembly process. In the first
step, the first stage part is molded and the side
core supports are retracted as illustrated in
Figure 5. During the second stage cavity filling,
the mesoscale premolded component acts as a
soft mold insert for the second stage polymer
melt flow. The premolded component is made of
an elastoplastic material that can plastically
deform due to the forces applied by the second
stage melt [3, 4]. This bending can be inhibited
by the presence of the radial supports. However,
in the second step of the molding process, a
very high compressive load is applied to the



premolded mesoscale component  after
completion of cavity filling. This compressive
load can also cause plastic deformation in the
form of extrusion of the premolded component,
as previously illustrated in Figure 5. This plastic
deformation leads to change the diameter of the
mesoscale premolded component from d, to dy".
During this plastic compression of the
mesoscale pin, the portion of the pin which is
supported by the radial support gets extruded
into the cavity. The final length of the pin that is
supported by the radial supports is L. as
illustrated in the figure. Hence the length of the
extrusion can be L. — Ls. However this length of
extrusion can not be greater than the support
cavity length L.. This gives rise to the following
constraint:

Le Ls+Lc (1)

where Ls becomes the design requirement in
order to prevent the plastic bending of the
premolded component due to the second stage
polymer melt flow. Hence by controlling L., we
can control the length of the extrusion. This will
also have an effect on the final deformed
diameter of the mesoscale pin dy’.

From the mechanics perspective, it is
important to keep the change in diameter d," —
d, as low as possible. This is because a large
change in this diameter induces high levels of
plasticity in the mesoscale component. This
causes the part to be considerably weaker than
the original part because of the reduced cross
section area and moment of inertia. However,
from the manufacturing perspective this plastic
deformation is necessary to prevent jamming in
the in-mold assembled mesoscale revolute joint.
Hence it is imperative to develop methods to
characterize and control this plastic deformation
which leads to change in the diameter of the
premolded mesoscale component. These
methods will enable us to fabricate mesoscale
in-mold assemblies with appropriate assembly
clearances without compromising on the
component strength.

In order to characterize and control the plastic
deformation, one should identify the parameters
that need to be considered. These include
geometric parameters which are the dimensions
of the premolded component and the second
stage component, mold design parameters
which are the length of the support cavity length
L., the radial support length Ls and other mold

dimensions such as sprue and runner
dimensions, material properties which are the
structural  properties of the premolded
component and the flow properties of the
second stage polymer melt, and molding
conditions which are used during the in-mold
assembly operation, such as temperature and
pressure of the melt.

To develop a predictive model for the plastic
deformation of the mesoscale premolded
component, we need to develop an
understanding of the compressive force that will
act on the component. Using the parameters
described above, this compressive force can be
determined. This force can then be applied to a
computational finite element solver to obtain the
configuration of the deformed premolded
component resulting from the second stage
filling. In order to validate the change in diameter
predicted by the finite element model, it is
necessary to compare the results of the FE
simulations with experimental results. In the next
section we will outline the experimental
approach used to determine the final diameter of
the mesoscale premolded component after the
second stage injection.

EXPERIMENTAL SETUP
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FIGURE 6 EXPERIMENTAL SETUP FOR
MACROSCALE EXPERIMENTS

In order to establish the effect of the pin
diameter on the plastic deformation of pin, we
conducted experiments on two sets of pin
diameters to investigate control parameter (1)
the geometric parameters. In the first experiment
we fabricated a macroscale in-mold assembled
revolute half joint with pin diameter of 6.35 mm.



The dimensions of the first stage and second
stage parts are illustrated in Figure 6.

In this experiment the pin is molded in the first
stage and the hole in the second stage.
Subsequently, we record the change in the
diameter of the pin after the second stage
molding to characterize the plastic deformation.
This experiment is repeated for the mesoscale
revolute joint where the first stage premolded pin
has a diameter of 0.794 mm, approximately an
order of magnitude less than the macroscale pin
(see Figure 7). The base of the premolded
mesoscale pin was kept macroscale with
dimension 6.35 mm X 6.35 mm in order to make
it easier to record the diameter variation in the
pins. However, since the variation in pin
diameter is dependent only on the dimensions of
the mesoscale feature, the results of these
experiments would be valid for smaller base
dimensions as well.
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FIGURE 7 PREMOLDED COMPONENT FOR
EXPERIMENTS
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FIGURE 8 SECOND STAGE MOLD DESIGN

To investigate control parameter (2), the mold
design parameter, a second stage mold design
was used to constrain the plastic deformation of
the pin with a cavity, as seen in Figure 8. This
cavity had a length, L., that varied between
0.254 mm and 2.54 mm.

For control parameter (3) material properties,
a material combination has chosen to ensure the
melting temperature of the second stage
material is sufficiently lower than that of the first
stage material. We chose Acrylonitrile Butadiene
Styrene  (ABS) manufactured by Ashland
Chemicals as the material for the premolded
component. For the second stage material, we
chose Low Density Polyethylene (LDPE)
manufactured by Dow Chemicals. This
minimizes the thermal softening of the
premolded component by the high temperature
second stage melt. For the final control
parameter (4) molding conditions, processing
parameters described in Table 1 were used on a
Milacron Babyplast injection molding machine.

TABLE 1. INJECTION MOLDING CONDITIONS

Stage 1 Stage 2
Material ABS LDPE
Injection Temp. 240C 140C
Injection Velocity 12 ccls 12 ccls
Injection pressure 600 bars 600 bars
Cooling time 3s 3s

RESULTS AND DISCUSSION

The macroscale premolded pin before and
after second stage injection can be seen in
Figure 9. However, the pin was not easily
removed from the second stage component,
indicating that the desired clearance was not
achieved. Also, there was no appreciable
change in diameter of the part after second
stage injection, which indicated that all of the
deformation during the second molding stage
was perfectly elastic. Hence macroscale in-mold
assemblies can clearly not be produced using
the molding sequence suitable for mesoscale in-
mold assemblies.

(a) Before second stage
injection injection

(b) After second stage

FIGURE 9 MACROSCALE PREMOLDED
COMPONENT BEFORE AND AFTER SECOND
STAGE INJECTION

For the mesoscale premolded pin, 5 samples
were produced at 4 different values of support




cavity length, and the maximum diameter
variation (d,) of the pin was recorded as a
function of the length variation (L,) due to
extrusion (Le-Ls). To accurately measure the
diameter, image processing techniques were
employed on photographs of the samples. The
diameter variation was then obtained from the
difference in the maximum and the minimum
diameter of the premolded component after the
second stage injection. To record the length
variation, we recorded the pin lengths of the
samples before and after second stage injection.
A sample premolded component after second
stage injection is illustrated in Figure 10.

dv: dmax - dmin

FIGURE 10 MEASUREMENT OF DIAMETER AND
LENGTH VARIATION OF PREMOLDED
MESOSCALE PIN
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In order to explain the results obtained through
experimentation, we developed a computational
model to predict the diameter variation (d,) with
varying support cavity lengths. The model is
based on finite element simulations in ANSYS
11.0 [8]. In order to improve computational
efficiency, only the pin was modeled in the finite
element simulation. The boundary conditions
that were applied to this FE solver are illustrated
in Figure 11. In the figure, Uy, U, and U; are the
allowed displacements in the x, y and z
directions respectively. L. and Ls are described
earlier in the paper, and the pressure in Table 1.

Uy=0
U,=0
U= Le

FIGURE 11 BOUNDARY CONDITIONS FOR FINITE

ELEMENT SOLVER

Table 2 lists the material properties that we
used for the first stage material for the purpose

of our finite element simulations. These values
were obtained experimentally from cantilever
bend tests. Figure 12 shows the experimental
observations and a corresponding computation
model relating the diameter variation in the
premolded mesoscale components with the
length variation. The variation in length was
recorded to be equal to the support cavity length
L. for the first three experimental points. i.e. the
force applied by the second stage melt causes
the pin to extrude till it encounters a mold wall.
For the last point, the length variation recorded
was 1.3 mm. However the support cavity length
was 2.54 mm which was considerably higher
than the length variation (i.e., Le<Ls+L)

TABLE 2. NONLINEAR STRESS-STRAIN CURVE

OF ABS
Stress (Pa) Strain
0 0

1.80E+07 8.00E-03
3.60E+07 1.60E-02
5.40E+07 1.10E-01
6.00E+07 1.25E-01
6.20E+07 1.53E-01
6.56E+07 1.70E-01
7.5E+07 5.0E-01

+ Experimental
— FE Model
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Length variation Lv (mm)

FIGURE 12 EXPERIMENTALLY RECORDED
DIAMETER VARIATION V/S SUPPORT CAVITY
LENGTH

The results clearly indicate that the diameter
variation is high for increasing support cavity
lengths. However the results also show a
tendency of the diameter variation to stagnate
for high values of L. This indicates that for low
values of of L, the pin extrudes such that L = Lg
+ L. as explained in equation 1. However for
larger cavity support lengths, L. reaches a
stagnation value such that L, < Lg + L.. After this
point, L becomes independent of the cavity
support length L.. Hence the diameter variation



reaches a stagnation value such that it becomes
independent of the cavity support length.
However the experimentally recorded diameter
variation for the highest value of L. is as much
as 0.38 mm which is 48% of the original pin
diameter. This amount of plastic deformation
leads to severe weakening in the premolded
component. Hence this would render the
mesoscale revolute joint unusable. Therefore, it
is necessary for us to develop an understanding
of the optimum support cavity length leading to
manufacture of functional mesoscale revolute
joints.

The computational finite element model shown
in Figure 12 predicts the relationship between
the variation in length and diameter. The model
clearly elucidates that the rise in support cavity
length initially causes a larger variation in
diameter. However for high values of support
cavity lengths, the change in diameter variation
is much lower.

(a) dy = 0.0924 mm, L, = 0.4 mm
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(b) dy =0.519 mm, L, = 1.3 mm

FIGURE 13 SAMPLE RESULTS FROM FINITE
ELEMENT ANALYSIS

Figure 13 shows sample results from the finite
element analysis that we performed. Figure 13
(a) shows the results for a support cavity length
of 0.4 mm. These results show an onset of non-
linear stress strain behavior in the deformation
of the pin due to the forces applied by the
second stage melt flow. These forces cause a
variation in both diameter and length as
illustrated in the figure. Figure 13 (b) on the
other hand shows a clear tendency of necking in
the pin for high values of support cavity length.
This behavior clearly indicates extremely high
values of strains in these regions. From the
manufacturing perspective, this kind of behavior
is clearly unacceptable since it results in
structurally weak mesoscale revolute joints.

Hence we can safely say that high values of
support cavity length are undesirable.

However in order to ensure a smooth running
revolute joint, some amount of plastic
deformation resulting in diameter change is
essential. This diameter change prevents
jamming of the joint. A higher value of diameter
change will ensure a smoother joint. Lower
diameter changes on the other hand will ensure
structural integrity of the joint. Hence the
diameter variation is a design parameter that
should be selected based on the requirements
of the product.

In order to select the right support cavity
length, the designer can make a decision on the
appropriate amount of diameter variation based
on his experience with the material being used.
Subsequently, with the help of FE simulations, a
relationship can be established between the
designed  diameter variation and the
corresponding required support cavity length.
The designer can then use this support cavity
length to manufacture the in-mold assembled
mesoscale revolute joint satisfying the design
requirements.

Figure 14 shows a general rule that can be
adopted in selecting the support cavity lengths
for different pin diameters keeping the other
material and geometric parameters same as that
described earlier in this paper. This graph was
generated based on the computational FE
model described earlier in the section for the
material and geometry described in this paper.
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FIGURE 14 DESIGNED SUPPORT CAVITY
LENGTHS FOR DESIRED VALUE OF DIAMETER
VARIATION

As part of future work, we plan to develop a
theoretical framework to predict the forces that
are developed within the mold cavity during the



second stage injection. These forces cause the
plastic deformation in the parts. Also, there is a
need to quantify the actual clearances in the
joints resulting from the diameter variation
reported in this paper.

CONCLUSIONS

This paper demonstrates a novel method to
control pin diameters in in-mold assembled
mesoscale revolute joints. It also establishes the
technical feasibility and supports the need to use
a reversed molding sequence for manufacturing
in-mold assembled revolute joints at the
mesoscale.

The following new results are reported in this
paper. First, we report results of dependence of
the final pin diameter on the support cavity
length in mesoscale in-mold assemblies.
Second, we describe a mold design with varying
support cavity lengths to control the final pin
diameters obtained from in-mold assembled
mesoscale revolute joints. Third, we have
developed a computational model which
describes the relationship between the pin
diameter variation and the support cavity length.
This predictive model can be used by the
manufacturers as a tool for designing the
appropriate assembly clearances in mesoscale
in-mold assemblies. This model also presents
designers with a tool to select the appropriate
support cavity lengths for the desired joint
properties.

This paper is the first attempt at studying the
assembly clearances in mesoscale in-mold
assemblies. Using these techniques we have
successfully molded mesoscale revolute joints
with the required joint characteristics.
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