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(57) ABSTRACT 

The invention provides an apparatus and methods for per 
forming process simulation and structural analysis using a 
hybrid model. For example, a method of the invention 
automatically de?nes a hybrid solution domain by dividing 
a representation of a plastic component or mold cavity into 
tWo portions—a portion in Which a simpli?ed analysis may 
be conducted, and a portion in Which a more complex 
analysis is required. The method may use as input any form 
of CAD data that describes the surface of a component or 
mold. Furthermore, the invention provides methods for 
simulating ?uid ?oW Within a mold cavity by automatically 
creating a hybrid solution domain, automatically discretiZ 
ing the domain, and solving for the distribution of process 
variables Within the solution domain. 
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APPARATUS AND METHODS FOR PERFORMING 
PROCESS SIMULATION USING A HYBRID 

MODEL 

PRIOR APPLICATIONS 

[0001] The present application claims the bene?t of US. 
Provisional Patent Application No. 60/445,182, ?led Feb. 5, 
2003, Which is hereby incorporated by reference in its 
entirety. 

FIELD OF THE INVENTION 

[0002] This invention relates generally to methods of 
process simulation and analysis. More particularly, the 
invention relates to the simulation of injection molding 
using a multidimensional model. 

BACKGROUND OF THE INVENTION 

[0003] Manufacturers use process analysis and structural 
analysis in designing a Wide variety of products, including 
consumer goods, automotive parts, electronic equipment, 
and medical equipment. It is often advantageous to simulate 
or otherWise model a manufacturing process to aid in the 
development of a particular product. A computer simulation 
of a manufacturing process may alloW accurate prediction of 
hoW changes in process variables and/or product con?gu 
ration Will affect production. By performing process simu 
lation, a designer can signi?cantly reduce the time and cost 
involved in developing a product, since computer modeling 
reduces the need for experimental trial and error. Computer 
aided process simulation alloWs for optimiZation of process 
parameters and product con?guration during the early 
design phase, When changes can be implemented more 
quickly and less expensively. 

[0004] A manufacturer may also use modeling to predict 
structural qualities of a manufactured product, such as hoW 
the product Will react to internal and external forces after it 
is made. A structural model may be used, for instance, to 
predict hoW residual stress in a molded product may result 
in product Warpage. Structural models aid in the design of a 
product, since many prospective versions of the design can 
be tested before actual implementation. Time-consuming 
trial and error associated With producing and testing actual 
prototypes can be greatly reduced. 

[0005] There is increasing demand for uniquely designed 
components. This is particularly true in the ?eld of plastics 
manufacturing, Where uniquely adaptable materials may be 
formed into a myriad of con?gurations using processes such 
as injection molding, compression molding, thermoforming, 
extrusion, pultrusion, and the like. This is also true in the 
manufacturing of parts made With ?ber-?lled materials, 
composites, and other specialty materials, custom-designed 
for specialiZed uses. 

[0006] Process and structural analysis in these ?elds poses 
signi?cant challenges. For example, there is increasing 
demand for products having complex geometries. In order to 
properly model a molding process for a product having a 
complex geometry, the mold must be adequately character 
iZed by the solution domain of the model. Modeling pro 
cesses involving components With complex geometries 
requires signi?cantly more computational time and com 
puter resources than modeling processes involving compo 
nents With simple geometries. 
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[0007] Also, injection-molded plastic is viscoelastic and 
may have highly temperature-dependent and shear-depen 
dent properties. These complexities further increase com 
putational dif?culty of process and structural simulations 
involving plastic components. Governing equations of 
adequate generality must be solved over complex domains, 
taking into account the changing properties of the material 
being processed. Analytical solutions of these equations 
over complex domains are generally unavailable; thus, 
numerical solutions must be sought. 

[0008] Computer models use numerical methods to 
approximate the exact solution of governing equations over 
complex geometries, Where analytical solutions are unavail 
able. A model of an injection molding process may include, 
for example, a solution domain in the shape of the mold 
interior, discretiZed to enable accurate numerical approxi 
mation of the solution of the applicable governing equations 
over the solution domain. 

[0009] Process models often simulate molds having com 
plicated shapes by using solution domains With simpli?ed 
geometries, thereby reducing required computation time and 
computer resources. For example, certain injection molding 
process simulators use a tWo-dimensional (2D) solution 
domain to simplify the geometry of the real, three-dimen 
sional (3D) mold, thereby greatly reducing computational 
complexity. Many of these simulators use a Hele-ShaW 
solution approach, Where pressure variation and ?uid How in 
the thickness direction are assumed to be Zero. These “25D” 
models are generally bene?cial for simulating injection 
molding of thin-Walled components having relatively simple 
geometries. HoWever, in components that have thick por 
tions or complex geometries, injected material ?oWs in all 
three directions, and traditional thin-Wall assumptions do not 
apply, making the 25D analysis inadequate. 

[0010] Current 3D models of injection molding processes 
do not make thin-Wall assumptions; they solve constitutive 
equations over a three-dimensional solution domain. These 
models are computationally complex, generally requiring 
signi?cantly greater computer resources and computation 
times for process simulation than the simpler 2.5D models. 
Three-dimensional models of injection molding processes 
generally use a ?nite element scheme in Which the geometry 
of the mold is simulated With a mesh of 3D elements. The 
siZe of the elements, or the discretiZation, required to 
accurately model a given process depends on the geometry 
of the solution domain and the process conditions. The 
generation of a 3D mesh is not trivial, and there is currently 
no consistent method of automatically generating a suitable 
3D mesh for a given application. 

[0011] Determining a suitable mesh for a 2.5D, Hele 
ShaW-based model is also non-trivial. For example, it is 
typically necessary to de?ne a surface representing the 
midplane of a thin-Walled component, Which is then meshed 
With triangular or quadrilateral elements to Which appropri 
ate thicknesses are ascribed. Thus, there is an added step of 
determining a midplane surface that must be performed after 
de?ning solution domain geometry. 

[0012] Many manufactured components have at least 
some portion that is thin-Walled or shell-like, that may be 
amenable to simulation using a 25D model. HoWever, many 
of these components also have one or more thick or complex 
portions in Which the 25D assumptions do not hold, thereby 
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making the overall analysis inaccurate. One may use a 3D 
model to more comprehensively simulate processing of 
components that have both thick and thin portions. HoWever, 
the computational complexity of a 3D model is much greater 
than that of a 2.5D model, thereby increasing the time and 
computer resources required for analysis. 

[0013] Additionally, the Way a 3D model must be dis 
cretiZed further reduces the ef?ciency of a 3D process model 
for a component having thin portions. For example, a typical 
thin portion of a molded component may have a thickness of 
about 2 mm, Whereas the length of the thin portion may be 
hundreds of millimeters. During the molding process, there 
Will generally be a large thermal gradient across the thick 
ness of the thin portion, perhaps hundreds of degrees per 
millimeter, Whereas the temperature gradient along the 
length of the portion (transverse to the thickness) may be 
extremely loW. Conversely, the pressure gradient in the 
thickness direction Will generally be very loW, While the 
pressure gradient in the transverse direction Will be very 
high. The high variability of these properties in at least tWo 
directions—temperature across the thickness, and pressure 
along the length—calls for a very dense mesh With many 
solution nodes in order to achieve an accurate process 
simulation, thereby increasing computational complexity. 
Thus, the time required for accurate 3D simulation of a 
typical component containing both a thick and a thin portion 
may be as much as a day or more and may require signi?cant 
computer resources, due to the ?ne discretiZation required. 

[0014] Hybrid simulations solve simpli?ed ?oW equations 
in the relatively thin regions of a given component and more 
complex ?oW equations in other regions. Hybrid simulations 
may reduce the computational complexity associated With 
full 3D models While improving the simulation accuracy 
associated With 2.5D models. 

[0015] A hybrid solution scheme has been proposed in Yu 
et al., “A Hybrid 3D/2D Finite Element Technique for 
Polymer Processing Operations,”P0lymer Engineering and 
Science, Vol. 39, No. 1, 1999. The suggested technique does 
not account for temperature variation and, thus, does not 
provide accurate results in non-isothermal systems Where 
material properties vary With temperature, as in most injec 
tion molding systems. Example applications of the tech 
nique involve relatively simple solution domains that have 
been pre-divided into “2D” and “3D” portions. Furthermore, 
there does not appear to be a suggestion of hoW to adapt the 
technique for the analysis of more complex parts than the 
examples shoWn. 

[0016] Us. Pat. No. 6,161,057, issued to Nakano, sug 
gests a simple hybrid solution scheme that solves for process 
variables in a thick portion and a thin portion of a solution 
domain. The suggested technique requires simplifying 
assumptions to calculate pressure and ?uid velocity in both 
the thick and thin portions of the solution domain. For 
example, the technique requires using Equation 1, beloW, to 
calculate ?uid velocity in the thick portion of the solution 
domain: 

(1) 
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[0017] Where UX, Uy, and D2 are ?uid velocity in the x, y, 
and Z directions, respectively; P is pressure; and E is How 
conductance, Which is de?ned in the Nakano patent as a 
function of ?uid viscosity. The approximation of Equation 1 
is more akin to the 2.5D Hele ShaW approximation than full 
3D analysis, and Equation 1 does not adequately describe 
?uid How in components having thick and/or complex 
portions, particularly Where the thick portion makes up a 
substantial (nontrivial) part of the component. 

[0018] Current modeling methods are not robust; they 
must be adapted for use in different applications depending 
on the computational complexity involved. Modelers decide 
Which modeling method to use based on the process to be 
modeled and the geometry of the component to be produced 
and/or analyZed. Modelers must also determine hoW to 
decompose a solution domain into elements depending on 
the particular component and process being simulated. The 
decisions made in the process of choosing and developing a 
model for a given component and/or process may Well affect 
the accuracy of the model output. The process of adapting 
models to various applications is time-consuming and gen 
erally involves signi?cant customiZation by a highly-skilled 
technician. 

[0019] There is a need for a more accurate, more robust, 
faster, and less costly method of modeling manufacturing 
processes and performing structural analyses of manufac 
tured components. Current methods require considerable 
input by a skilled technician and must be customiZed for the 
component and/or process being modeled. 

SUMMARY OF THE INVENTION 

[0020] The invention provides an apparatus and methods 
for using CAD system data to automatically de?ne a hybrid 
analysis solution domain for a mold cavity and/or molded 
component. The invention also provides an apparatus and 
methods for simulating the molding of a manufactured 
component using a hybrid analysis technique. 

[0021] The invention overcomes the problems inherent in 
current hybrid analysis systems, Which require intervention 
by a skilled technician to de?ne a solution domain from 
CAD system output. The invention provides an automatic, 
standardiZed method of de?ning a hybrid solution domain 
from CAD system output Without requiring expert human 
intervention. The invention also provides hybrid process 
analysis techniques that offer improvements upon prior 
techniques, for example, by accounting for temperature 
variation and/or complex ?oW behaviors. 

[0022] Simulation of ?uid ?oW Within a mold cavity 
generally requires a representation of the mold cavity or 
molded component. In one aspect, the invention provides a 
method for simulating ?uid ?oW that automatically divides 
a representation of a component and/or mold cavity into at 
least tWo portions—a portion in Which a simpli?ed analysis 
may be conducted, and a portion in Which a more complex 
analysis is required. The method then includes performing a 
hybrid analysis—that is, solving a set of simpli?ed govern 
ing equations in the simpler portion and a set of more 
complex governing equations in the complex portion. This 
reduces the amount of time and memory required to perform 
a simulation, Without compromising accuracy, since the 
complex set of equations must be solved only Where the 
geometry of the mold or component is complicated. The 
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simpli?ed analysis may be a 2.5D Hele-ShaW analysis, a 2D 
analysis, a 1D analysis, or any other kind of analysis in 
Which simplifying assumptions can be made With respect to 
one or more dimensions and/or other variables. 

[0023] In one embodiment, the invention automatically 
separates a representation of the geometry of a manufactured 
component or mold into at least tWo portions—a portion for 
2.5D analysis and a portion for 3D analysis. For example, 
the invention may use a surface representation of a manu 
factured component or mold to de?ne a solution domain for 
hybrid analysis, Where the domain is automatically sepa 
rated into one or more 2.5D-analysis portions and one or 
more 3D-analysis portions. The 2.5D-analysis portions of 
the domain each have a substantially invariant or gradually 
varying thickness, While the 3D-analysis portions generally 
have a more complex geometry. For example, the method 
may identify thin-Walled portions of a manufactured com 
ponent for 2.5D analysis, and separate these from more 
complex portions—such as corners, the bases of ribs, and 
intersections of surfaces—for Which 3D analysis is per 
formed. In one embodiment, the method also automatically 
discretiZes the 2.5D-analysis portions and the 3D-analysis 
portions of the solution domain and solves for the distribu 
tion of process variables—such as pressure, velocity, and 
temperature—as functions of time. 

[0024] The invention provides simulations having greater 
accuracy than current hybrid schemes. For example, an 
embodiment of the invention accounts for temperature by 
incorporating an energy conservation equation in the analy 
sis. Furthermore, the invention alloWs solution of accurate 
forms of the mass and momentum conservation equations in 
the analysis scheme, Without requiring simplifying assump 
tions, as in Equation 1. 

[0025] Methods of the invention provide faster, less costly 
simulations than traditional 3D solution techniques, since a 
full 3D analysis is only performed Where necessary. For 
example, in one embodiment, the invention analyZes as 
much of the domain as possible—for example, thin, ?at 
portions of the domain—With a simpler, 2.5D scheme, With 
negligible impact on accuracy. 

[0026] Methods of the invention are more robust and 
require less input from skilled technicians than traditional 
simulation techniques. For example, in one embodiment, the 
invention uses simple CAD system output to de?ne a surface 
mesh of a component or mold to be modeled, then auto 
matically divides the mesh into a 2.5D-analysis portion and 
a 3D-analysis portion via a subsurface matching technique, 
and automatically discretiZes the tWo portions to form a 
solution domain in Which hybrid analysis is performed. It is 
not necessary for a technician to decide hoW to separate a 
solution domain into 2.5D and 3D analysis portions, since 
the embodiment performs the separation automatically. In 
addition to CAD system output, the invention may use any 
other type of data ?le conveying a representation of the 
surface of the component or mold to be modeled. Since the 
domain is tied to the actual geometry of the component or 
mold surface, the invention is capable of displaying results 
directly on the 3D geometry of the component, making 
interpretation of results more intuitive for a user than 
schemes Which require the creation of a midplane mesh, for 
example. 
[0027] In some cases it is useful to alloW a user to exert 
control over the automatically-decomposed solution 
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domain. For example, the automatic decomposition of a 
given surface domain into a hybrid solution domain may 
result in regions that are classi?ed as part of the complex 
portion (i.e. 3D-analysis portion), in Which it may be rea 
sonable to perform a simpler analysis (i.e. 2.5-D analysis). 
For example, a user may Wish to tolerate some reduction in 
accuracy in order to increase analysis speed during the early 
stages of design, Where more accurate analysis may be 
performed later. In another example, a user may Wish to 
increase simulation accuracy at the expense of the computer 
time required. Therefore, one embodiment of the invention 
alloWs a user to manually re-characteriZe a given region that 
has been automatically characteriZed as falling Within either 
the ?rst portion or the second portion of the solution domain. 

[0028] The method may also or alternatively alloW a user 
to manually characteriZe part of the volume to be analyZed 
as either belonging to the ?rst portion or the second portion 
of the solution domain prior to the automatic decomposition. 
This may be useful Where the user knoWs that she/he Would 
like a particular kind of analysis (25D, 3D, etc.) in a given 
region of the volume. 

[0029] Although descriptions of certain embodiments of 
the invention include the decomposition of a solution 
domain into a ?rst and a second portion, it is Within the 
scope of the invention to further decompose the solution 
domain into a third, fourth, ?fth, or additional portions in 
Which different types of analysis are to be performed. 

[0030] Thus, in one aspect, the invention de?nes a surface 
representation from user-provided CAD output; separates 
the surface representation into tWo or more portions by 
analyZing and matching subsurfaces; discretiZes the tWo or 
more portions; and solves for the distribution of one or more 
process variables—such as pressure, velocity, and tempera 
ture—as a function of time. The process being modeled may 
be the ?lling phase and/or packing phase of an injection 
molding process, for example. The tWo or more portions 
may include one or more 2.5D-analysis portions and one or 
more 3D-analysis portions. The 2.5D-analysis portions of 
the solution domain may be discretiZed With Wedge ele 
ments, and the 3D-analysis portions of the solution domain 
may be discretiZed With tetrahedral elements. Dual domain 
elements of the type discussed in Us. Pat. No. 6,096,088, to 
Yu et al., the disclosure of Which is incorporated by refer 
ence herein in its entirety, may be used instead of Wedge 
elements in the 2.5D-analysis portion. Hexahedral elements 
may be used instead of tetrahedral elements in the 3D-analy 
sis portion. Other types of elements may be used instead of 
or in addition to those above. Furthermore, either or both of 
the 2.5D analysis and the 3D analysis may be performed 
using a technique other than a ?nite element technique, such 
as a boundary element method (BEM), a natural element 
method (NEM), smooth particle hydrodynamics (SPH), or 
other meshless scheme. 

[0031] Interface elements provide a link betWeen the sim 
pli?ed-analysis portions and the complex-analysis portions 
of a solution domain. In one embodiment, conservation 
equations and continuity requirements are enforced at the 
boundary betWeen 2.5D-analysis portions and 3D-analysis 
portions using interface elements. The interface elements are 
co-linear sets of nodes or surfaces at the boundaries betWeen 
the tWo types of portions of the solution domain. In one 
embodiment, the interface elements are line elements. In the 


































