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Abstract— Revolute joints are frequently used in articulate  this joint are the following:
structures. Traditionally, such a joint is formed by assembling 1) The frame is first molded in the first stage mo&ing a
two components. As an alternative, revolute jointgan be created high melting-point polymer.
inside the mold using an in-mold assembly proces$his process 2) The frame is inserted into the second stage mottl ne

eliminates the need for post-molding assembly, thusignificantly . . .
reducing the cycle time and part count. The functioal 3) The second stage part is then molded in the cavity

performance of a revolute joint depends on the cleance in the formed from the first stage part and the secondesta
joint. The clearance in turn depends on the part stinkage and mold, using a lower melting-point polymer.
the mold deformation during the molding process. Tk presence 4) Upon cooling, the in-mold assembled part with a
of a polymer part during the second molding stage akes an in- revolute joint is ejected from the mold.
mold assembly process significantly different fromthe traditional
molding process due to the difference in heat trafsr and First stage - *-; "
deformation characteristics. This paper presents xperimental Ve —>
data and a preliminary model to explain the differeces in ‘ ’
clearance produced by an Aluminum mold and an Alumium !
mold with an Acrylonitrile butadiene styrene (ABS) insert. Our Setorid stage -
data indicates that there is a significant differene between the é,%
clearances observed from these two different typesf molds. We fi,/
believe that clearances produced depend strongly dhe thermal =
history of the parts. Fig. 1. A revolute joint produced using an in-mekksembly process
| INTRODUCTION Polymers used in the second stage are typically lofver

o _ melting point compared to those used in the fitats. This is

mass producing plastic parts. Using this methodispaf  injection of the second stage part, which will poten an
reasonable mechanical strength, surface finish, amdplex  adnhesjon-free revolute joint. Since the performasfde joint
geometry can be easily produced. Moreover, pasiymed  ygjies heavily on the clearance between the comstitparts, it
do not normally require secondary processing. Wietative g important to achieve the design clearances.
motion between such parts warrants assembly, they a Figure 2 presents a simplified illustration of jbin
manually assembled to create articulated jointse dssembly ¢|earances formed in In-Mold Assembly processe® flifst
process, however, can be time consuming and |albemsive. stage part acts as a mold insert during the moldihthe

In-mold assembly process presents an alternative afa gecond stage part and undergoes deformation duteto
creating articulated joints. In this process, muddoperations process pressure and temperature in the second. sthgs
are performed in multiple molding stages and assnbarts  changes the effective size of the cavity frdro dy, During
are directly produced inside the mold, eliminatihg need for  gqidification, shrinkage occurs in the second stagart
post-molding assembly operations. The expected fit€ne caysing its final dimensiod, to be different frond or dy,
include reduced cycle time and part count, theeatiie to  Fyrther, as the injection pressure is removed avuoling

elimination of fasteners. o _ occurs, the first stage part may recover someef th
Figure 1 shows a revolute joint that can be producsing q q do
m m

an in-mold assembly process. The steps involvechaiding <> >

d <
<« l
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earlier. The final clearance between the two pé&tshen
determined by the deformation retained by the-tage part
and the shrinkage produced in the second-stage part

The presence of a polymer during the second molstiage
makes an in-mold assembly process significanthfeiht
from a single-stage molding process. For tool steel
aluminum molds, mold deformation can be considdacete
negligible, compared to the shrinkage values. Qn dgther
hand, in In-Mold Assemblies, the first stage pas h stiffness
lower than tool steel and aluminum and hence malergo
considerable deformation, which should be consitleire
assessing clearances. Further, thermal behavipolgfers is
different from those of metals and alloys, which caffect
cooling of the second-stage parts significantlyisTim turn
may affect the shrinkage and hence needs to bédeved for
estimating the clearances.

In this study, clearances formed during the in-moldthermoplastic material

assembly of an injection-molded revolute joint coisipg a
cylindrical sleeve and pin are examined, with thHeewe
molded in the first stage and the pin in the secdmdbetter
understand the process, pins of similar size wke molded
in Aluminum molds directly, without the polymer sies.
Experimental data is presented for three joint ssiz&
preliminary theoretical model is proposed to untderd the
differences observed in clearances with an Alumirmaoid
and Aluminum mold with the polymer sleeve.

Il. RELATED WORK

Using in-mold assembly for articulated devices is
relatively new technology and there are few studieat
outline a systematic methodology for designing gaahd
molds. Priyadarshi et al. [1] have presented a indole

processing conditions on shrinkage of four amorghasins
and two semicrystalline materials was investigated study
by Jansen et al. [1]. A thermoelastic model wasgmeed that
described the shrinkage of amorphous materials, virlt
overpredicted that of crystalline materials. A miodiescribing
the anisotropic shrinkage of amorphous [7] and sgysialline
[8] polymers was proposed by Kwon et al. [7, 8]sdxhon the
frozen-in orientation function and elastic recovdgtermined
from a non-linear viscoelastic constitutive equatidheir
predicted results were in fair agreement with thgeeimental
results. Delaunay et al [9] examined the possjbilit mold

deflection due to injection and packing pressuranging the
basic shape of the cavity and hence affecting theradl

shrinkage. Bushko and Stokes [10, 11] modeled tbehanics
of part shrinkage and warpage and residual stresggstrains
for the solidification of a molten layer of amorplso
between cooled plates, asgum
thermo-viscoelastic behavior for the material. $nhy, a
number of other studies involving shrinkage-praditmodels
based on process parameters and material variadlesbeen
reported. The reader is referred to [3-11] for daberate
review of such studies. While several importanultsswere
produced from these investigations, most of thelighiéd
studies were focused on shrinkage of polymers @i steel
and Aluminum or other hard metallic molds. No wagpears
to have been reported addressing the shrinkagelpfnprs in
soft molds. The current study attempts to initisieh a study,
in the context of in-mold assembly processes

gmanufacturing rigid-body joints.

Ill. EXPERIMENTAL SETUP
As described earlier, an in-mold assembly typicadiolves

designing In-Mold Assemblies and molding procesat th the part molded in the first stage as a mold ingartthe

enables one to design the joint clearance andtiarian the
joint clearance to meet the functional goals. Thatlined a
systematic approach to aid product designers deterpart
dimensions and material properties, providing proveold
design templates for realizing revolute, prismatand
spherical joints. Banerjee et al. [2] have receptlgsented a
comprehensive review of multi-material injection Iding
(MMM) processes.
systematically identifying potential manufacturéilissues
that are unique to such processes and proposeghdedes to
avoid such problems. Their analysis shows that riles
applicable for traditional single material moldinged to be
suppressed or modified sometimes for the MMM preess
Several
shrinkage of thermoplastics in metallic molds. Agie model
describing the shrinkage by following the Pressvoaime-
Temperature (PVT) diagram from glass transitioratabient
conditions and obtaining the final product volumeasw
considered in early studies [3]. Jansen and Titdimda, 5]
examined the effects of pressure and Poisson exaes
thickness shrinkage through a thermoelastic mdg#ééct of

second stage (Fig. 1). To examine clearances @utdaim an
In-Mold Assembled joint, we have utilized comporgent
featuring cylindrical geometry because of axisynmnet
considerations. Thus to manufacture an In-Mold Added
revolute joint, a cylindrical sleeve was first mettlin the first
stage. This part was subsequently used as a nssd ifor the
pin in the second stage. Upon cooling, an In-Mot$émbled

They presented an approach forevolute joint was produced. The methodology ofdira the

pin into the hole employed in the study enabledousxamine
situations where running clearances were desired.

The parts tested were made from low-density Pojyetie
(LDPE). In order to compare the shrinkage betwesna land
soft molds, parts of different sizes were moldedliminum

studies have examined modeling of in-moldas well as sleeves made from Acrylonitrile butadistyrene

(ABS). The parts were injection molded in Milacren’
Babyplast Injection molding machine. The mold adsgm
consisted of an ABS sleeve and an LDPE pin within a
Aluminum housing for the in-mold assemblies andL&PE
pin in an Aluminum mold for the single-stage mofglin For
the latter case, Aluminum molds were machined bad-DPE
parts were molded using molds thus created.

for



Fig. 3. Mold assembly shown with the ABS sleeve

The process for obtaining the ABS sleeves involtieel
following steps: Molds for making the ABS mold intsewere
first machined. ABS sleeves were then made usirgseth
molds. Aluminum mold housings were machined neitalfy
mold assemblies consisting of ABS molds and thamidum
housings were assembled (Fig. 3). LDPE parts werd n
molded using these mold assemblies.

Three sizes of pins were used in the experimenith w
nominal diameters of %", 3/8”, and %". Since clemes
obtained using different mold materials were of ngany
interest, most of the other variables were heldstaot through
scaling. Lengths were kept the same as diametenstam an
aspect ratio of unity for the parts. Injection meg and
temperature were kept constant at 700 bars an8C13®art
diameter was used as the scaling length and theetia to
injection-time ratio as the scaling velocity. Cogjitimes were
scaled by the ratio of the square of the diamet¢hé thermal
diffusivity of the part material. This resultedéonstant scaled
pressures and cooling times for all sizes usede8dhickness
for ABS inserts, however, could not be maintainedistant
due to machining constraints.

Fig. 4 Positions of thermocouples for Al mold

Fig. 5 Positions of thermocouples for ABS mold

Five LDPE parts were molded for each size with and |, evaluate g

without the ABS inserts. DOW Polyethylene 722 wasdias
the part material, Hival ABS HG6 Natufalas used for ABS
inserts, and an Aluminum-based alloy was used famfum
mold pieces.

Dimensions of ABS inserts and Aluminum molds were
measured before and after molding. The LDPE padgew
measured after molding and subsequent cooling tstant
scaled cooling times. Temperatures at locationgcateld in
Fig. 4 and Fig. 5 were measured for three setg8jféhd 22"
parts, using a National Instruments data acqursiigtem that
included a PCI-4221 data acquisition card, SCXIQL@®Hd
1102 modules, and a TC-2095 thermocouple panelt Reu
type thermocouples were used to measure tempesafare
configurations involving ABS, while three were udedthose
not involving ABS. Two were attached to the moldfaces,
one at a point centrally located within the mold fieeasuring
the temperature history of the parts, and a founte, if
applicable, at the base of the ABS insert for eatidun of heat
transfer through the insert. The thermocouple at dantral
point in the mold was held in position using a digiopper
tube through which the thermocouple was passed.

IV. THEORY

Assembly clearance in in-mold assemblies is aftette a
variety of parameters, including the clearance betwthe
mold and the insert, physical properties of the emials,
temperature and pressure histories, geometry, andegs
parameters. In the model proposed here, we asdwheuch
an assembly clearance occurs due to the deformafidhe
polymer insert at the elevated pressure and teryer# is
subjected to, thermal expansion of the polymer rinse
volumetric shrinkage due to enhanced crystalliratfoom
reduced heat transfer, and volumetric expansion thue
solidification under pressure. For simplicity, goeeand
relaxation effects are not included. In cylindrigabmetry, the
diametrical clearance at any timhafter the solidification has
ended may then be expressed as

R
Cg.z0) = d@z)+ {all,- T(g.z0)+d, - b(F.- PO}dr. (1)
-R
In the above expressiof, is the diametrical clearancg,is
the instantaneous temperature at the locationtefast,Ps is
the pressure during solidificatior? is the instantaneous
pressure in the polymer part, and is the permanent
deformation retained by the ABS insert. The renmgni
parameters pertain to LDPE: is the linear thermal expansion
coefficient, Ts is the solidification temperatured, is the
crystallinity factor, andb is the compressibilityR is the radius
of the pin andg andz are the angular and axial coordinates,
respectively. The expression provided above islaind that
developed by Jansen and Titomanlio [4], and Titdimasnd
Jansen [5], and Jansen et al. [1], but differs ftbeirs due to
the terms representing the deformation of the tnsed
temperature-dependent crystallinity during curing.
and P, one needs to examine the flow
characteristics of the melt, while heat transfepudth be
examined for calculatingl, andT. In the current study, these
were performed in the following manner. First thenn
isothermal flow problem was solved to evaluate ghessures



occurring during solidification and at the insdteat transfer
was then evaluated to determine the thermal expansi
component and shrinkage due to crystallization. therflow
problem, the governing equations are given by

I +Ri(rv)=0 )
it

%HLNU\L):N-{- PL+/7(N\1+N\1T)}+ rb (3
re, %HLNT =KkNT + g +2DH (4)

Where g is the rate of shearing straiy,is the rate of

solidification, ¢, is the specific heat capacity,is the thermal
conductivity, H is the exothermic heat of polymerizationis
the dynamic viscosityr is the density, an¥ is the velocity
vector, b is the body-force vectorz was evaluated using a

model proposed by Kamal and Ryan [12] becauses @fitlity
to match closely with the experimental data. Valt@r, k,
andc, were taken from references [13-1Fjwas assumed to
be of the following form [16]:
m=m{av, /)

“m”
viscosity, whereas n” represents the deviation from the
Newtonian fluids, which is smaller than unity forost
polymer melts [14].

The governing equations were solved under the gssum
of axisymmetry. Body forces were neglected and ly-fu
developed flow was assumed at the flow front. Baupd
conditions assumed were no-slip condition at therface
between the insert and the part, axisymmetry altbegaxis,
pressure being atmospheric at the flow front [1&hd a
constant flowrate condition at 0, determined from
experimental conditions. Convection boundary cood#
were assumed for the temperature field outside k& t
Aluminum mold and at the mold front, while the peesing
temperature was assumed to be held until the dateoff
occurs az = 0.

®)

next. The cooling polymer, surrounding ABS sleewen
applicable, and the Al mold were considered. Innclyical
coordinates, the governing equation for this stepy rbe
written as:
fi(re,T) 179
Tt i

dT 119
- +—— k
kot dr r2Mg "Yg

LI § kzﬂ +rz¥DHc%
1z "1z dt

(6)
In the above equationz is the maximum possible
crystallinity for the material, H; is the exothermic heat of

crystallization per unit mass, amds the relative crystallinity.
The governing equations for the ABS sleeve and Adum
mold are similar to (6), with the exception that theat
generation term due to change in crystallinityssuemed to be
absent. Boundary conditions applied were naturaitection
boundary conditions on all sides of the mold excapthe
nozzle location, a perfect thermal contact at theerfaces
during the application of the holding pressure, and
axisymmetry at the axis. Thermal contact conduaawas
replaced by a convection condition with convection
coefficients applicable for natural convection iglimdrical
annuli. This was included to account for the gapdewtance

in the above equation represents the Newtoniathat arises once shrinkage begins. After the ejectime,

natural-convection boundary condition was appliegrothe
surface of the part and the inner diameter of tlBsS Ansert.
g- dependence was kept in the equation to examinefthaet
of non-uniform thermal contact at the contact radiar use in
later studies.

The governing equation was integrated numericading
the Alternating Direct Implicit (ADI) method [18]ubject to
the boundary and initial conditions. Initially, per
crystallization was assumed and the temperaturegse we
calculated based on an initial estimate of the rigs. After
each time step, properties were adjusted to mateh t
temperature distribution calculated. This procesestioued
until steady state was reached. Steady state codutivere
considered converged when the maximum change itota
values of T and in each of the global energy rates at the

Because of the energy dissipation term in the energexterior surfaces became less than b@rcent. Grid size was
equation, the velocity profile and pressures wemially  refined when any of the above requirements wasatisfied.
guessed and the temperature field was calculatediew  Grig-independence was checked for all three sizes in the
viscosity profile was then calculated using the newexperiment. Spatial resolution was varied from @1101 in
temperature profile. The linear momentum equatioas W the 7 direction, from 21 to 81 in thadirection, and from 17 to
solved next to calculate the new velocity profiléwion- g7 iy theq direction. Grid independence was noted for grids
Raphson method [17] was applied for convergence Ofiner than 51 x 41 x 41. For the calculations cdestd here, a

pressures and the velocity profiles for the catada
temperature values. With the new values for theaisf field,

the temperature field was calculated again, andptbeedure
was repeated until convergence criteria were mebdéth the
temperature and velocity fields. The solution wdeent

marched in the direction in the manner described above, till

the end of the cavity was reached. Filling timed pressure
distributions were noted for use in the cleararmmputations
at a later stage.

To obtain the thermal history, energy equation salsed

grid size of 61x61x49 was used.

Temperature histories calculated at the centenefrtjected
part were compared with those measured. CuringikBweere
then adjusted in an attempt to match the tempergitofiles
through an iterative process. Once the processstaddlized,
property values were adjusted to account for thangh in
crystallinity in (6), and the crystallinity valuemnd property
values were both readjusted iteratively until thedcalated
values matched the measured values to within 0.1%e
measured values.



Lastly, pressure histories calculated in the fealculations

covered by an ABS insert. Heat rejection rates heeclower

and holding pressure applied were used to comple tthan the former case due to the inferior thermapprties of

elastoplastic deformation encountered by the suding
material. A hollow axisymmetric cylinder in plantan was
assumed, with the ends assumed to be restrainddoh-
Coulomb failure criterion was assumed to be valid.the
elastic zone, the strain-displacement and lineamerdum
equations are given by:

du,
& _ dr (1)
&, U
r
and
dsr_l_sr-sqzo (8)
dr r

To determine the extent of the plastic zone thay owcur
as a result of yielding, the Mohr-Coulomb failurgerion for
the maximum principal stress is initially substgitinto the

ABS, which then suggests that densification andighdr
shrinkage could occur within the LDPE part. This timn
affects the cooling rates and the thermal properieLDPE
due to differences in crystallinity. Thus, the cddtions would

not match the measurements, unless changes in aherm

properties due to changes in crystallinity werduded.
TABLE 1 AVERAGE ABSOLUTEAND RELATIVE CLEARANCES

Measured Average
Absolute Clearance (in Average Relative Cleardfte
Nominal Measured Calculated
Dia. (in) M'0|d M.O|d
with with
Al Mold with Al ABS Al ABS
Mold ABS Insert Mold Insert | Mold Insert
0.25 0.007 0.010 2.47 4.02
0.375 0.011 0.013 2.83 3.61 3.09 4.17
0.5 0.015 0.017 2.93 3.46 3.44 4.58

linear-momentum balance equation, and integratele T ~ ©Once changes in specific volume were made accayifuin

boundary condition of averaged internal pressurthatinner
radius was applied to determine the radial stregtsitalition in

plastic zone. Using the Mohr-Coulomb criterion agahe

circumferential stress distribution in the plastane was next
determined. To determine the boundary between khsti@
and plastic zones, the elastic stresses were ehjuate¢he
stresses in the plastic zone and solved for thausaoh the
boundary. Using the strain-displacement relatigpshradial
displacements at the inner surface were finallyaioieid. All

the individual components involved in the calcudatiof

clearance were then added using (1) and comparédthe

measured values.

V. RESULTSAND DISCUSSION

Average relative clearances measured and calcukated
shown in Table 1. Relative clearance consideree etthe
physical clearance scaled by the measured valuteofpin
diameter, expressed as a percentage. Relativeantass were

analyzed using a 2-way ANOVA procedure [19]. Result
relative clearances measured erdiff

indicate that the
significantly between the two casep € 0.095. Multiple
comparisons using a Tukey-Kramer procedure [19sho
significant difference between sizes within eachtemial,
which may be attributed to the scaling incorporaited the
experimental design. Comparison of means betweertvib
molds for individual sizes indicate a significanffefence in
measured relative clearances for all three sizes.

Sample temperature histories measured along the faxi
two pins of size 0.375” are shown in Fig. 6 and. FigHeat
dissipation occurs relatively quickly for the LDPipecimen
made directly in the Aluminum mold (fig. 6). Heaansfer
calculations performed for pins made in Aluminum laso
predict the temperature history well, without remg many
iterations to account for changes in crystallinity.contrast,
Fig. 7 shows a much slower cooling rate for a LDPiER

the changes in packing and incorporated into egmatl),

including the other components contributing to thearance
mentioned there, clearances calculated for the50.8id 0.5”
sizes were compared to the measured values. Cothpaliges
compared favorably with the measured values forOU3&5”

size, with measured averages being 2.83% (Al mokie)
3.61% (ABS molds), against the calculated avera§&s09%
and 4.17%, respectively. Clearance values compfated.5”

size, however, exhibited large deviations from theasured
values.

Clearances computed exhibit the same trend as
measured values, predicting higher clearances gsemblies
made using ABS inserts. While the model overpreditie
clearances by values up to 31% (about 18% for AldB)o it
promises to be a useful tool, once more paramstuidies are
performed to evaluate the functional form of theafi
correlation and thus enhance its predictive cajipbil

Plastic deformation of the ABS inserts does notappo be
a significant factor, accounting to less than 7%th# total
clearances observed. Since the model does not asaam
interference fit at the outer diameter, this resodty not be
valid for all the cases and needs to be furthemined. For
geometries where outer diameter of the insertoisttained,
the resulting interfacial pressure will act as axtemal
pressure on the insert and as an internal pressutee mold
and will have to be considered in the calculations.

From a design perspective, clearances obtainedhén
experiments in this study appear attractive, ag #re in the
range of running fits. For example, ANSI B 4.2 [20bvides
the limits of a clearance or running fit for a noali size of
0.375" to be ~{0.0037,0.010"}. Comparing this withe mean
clearance values of 0.013" measured in 0.375" AB®E
assemblies, it is evident that the in-mold assempbbcesses
appear to be capable of producing good running Titeugh
the predictions from the model appear to be comgari
favorably with the experimental observations,

the

—
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improvements are possible. In the model, flow-iretlc ACKNOWLEDGEMENTS
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for more accurate clearance predictions. Thermaintact
resistance, which is based on joint clearance, sx@gedbe
evaluated more accurately, by measuring tempesatirmore
locations and accounting for non-uniform contadtisTcan be
an important parameter, as indicated in the stydgrdhar et
al. [21]. More experimental results are thus neeeflirther
validate the proposed model.
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Fig. 6 Temperature History for a 0.375" LDPE spemirmolded directly in
an Aluminum mold
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Fig. 7 Temperature History measured for a 0.375PEpecimen molded in
an ABS insert that was placed in an Aluminum mold

VI. CONCLUSIONS

Achieving desired clearances in In-Mold Assembliesde
from polymer components is a challenge, from boglsigh
and manufacturing perspectives. In
clearances produced for polymer assemblies of tthiféerent
sizes were examined. Experiments conducted usiadedc
process parameters revealed statistically sigmifidéferences
between assembly clearances for polymer parts peatin
molds with polymer inserts vs. those produced imejyu
metallic molds. Hence we will need new models toneste
clearances created by molds with polymer insertssible
mechanisms leading to these differences were studsing
thermomechanics and finite-difference methods. Thou
experimental data studied is limited, clearancesdpced
appear to be strongly dependent on the thermairkistf the
parts. Thus, we believe that thermal propertiesnaterials
chosen for the mating parts can strongly influertbe
assembly clearances produced in polymer assemiillesare
planning to conduct more detailed experimental istido
validate our model.
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