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Abstract Reducing material waste is a major issue during
new product development, especially for injection-molded
parts, where the wall thickness has a strong influence on
molding times and therefore on the manufacturing cost.
Finding the minimum material amount for producing high-
quality products is a difficult and time-consuming task using
state-of-the-art computer-aided engineering CAE tools. In
this study, a numerical procedure is presented to reduce
the material amount required for injection-molded parts by
optimizing their wall thickness distributions with respect to
part quality and identifying an upper limit for the injection
pressure. The closed-loop procedure consists of three main
parts: (1) a mesh parameterization tool for manipulating the
thickness distribution of the part, (2) a mold flow analysis
for evaluating the producibility and part quality, and (3) a
genetic algorithm for adjusting the design variables toward
minimum material waste. The effectiveness of the procedure
is demonstrated into two different industrial parts. Using the
part volume as the main objective, reductions in material
waste of approximately 25 to 30 % can be achieved via a
slight improvement in part warpage compared to the initial
design. Considering part warpage as an additional objec-
tive results in reductions in material waste of 12 to 17 %,
these reductions in waste are accompanied by substantial
improvements in part quality.
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1 Introduction

Climate changes and scarcity of resources cause new
requirements for product development. Aspects includ-
ing sustainability and efficiency are becoming increasingly
important. Thus, reducing raw material and part weight has
gained relevance in the past few years. However, the result-
ing impact depends strongly on the lot sizes of the parts to be
manufactured and on the processes themselves. In particu-
lar, in primary shaping processes, such as injection molding,
where the material encounters high temperatures, reductions
in raw material can also affect the manufacturing time in a
positive manner.

Due to the number of boundaries and requirements, the
development of new plastic parts for injection molding is
challenging. Currently, the concurrent engineering approach
(Fig. 1) is the most common in the industry [1]. The
strong interconnections between product engineering and
product design and the strict use of computer-aided engi-
neering (CAE) accelerate the time-to-market and minimize
the development cost [2]. In addition to computer-aided
design (CAD), computer-aided molding simulations play
the most important role. Such simulations allow for the pre-
diction of the moldability and part quality after molding.
In cases of unsatisfactory results, the simulations follow
an iteration loop in which the industrial designer optimizes
the part design according to amendments proposed by the
process engineer.

Such an optimization procedure is time- and cost-
consuming. With regard to the high complexity, the proce-
dure typically results in numerous iteration loops without a
guarantee of finding an optimal solution. Finding the part
geometry with the lowest material amount and an accept-
able quality is not targeted by using such an approach. To
achieve the next generation of concurrent engineering, there
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Fig.1 Concurrent engineering
approach [1]
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is a need for a new design process in which the part geom-
etry becomes a more active component of computer-aided
molding.

Considering the literature, research in actively optimiz-
ing geometry based on computer-aided molding software
is rare. In 1995, Lee and Kim [3] proposed an optimiza-
tion routine for minimizing part warpage by adjusting wall
thicknesses in different surface selections using discrete val-
ues. For this purpose, they used a mid-plane mesh (the wall
thicknesses were not geometrically modeled) and optimized
the thicknesses using a modified simplex algorithm. Most
other studies have focused on the optimization of part qual-
ity by adjusting various process variables [4—14] and/or gate
locations [15-20].

For this reason, the authors make use of their recently
published optimization procedure [21]. The automated pro-
cedure consists of a geometry manipulation tool for adjust-
ing the wall thickness distribution based on the surface mesh
parameterization technique, a mold flow analysis tool for
evaluating the producibility and quality and an evolutionary
optimization algorithm for adjusting the wall thickness dis-
tribution toward minimum material waste within prescribed
tolerances.

In this study, the already developed optimization pro-
cedure is for minimizing material waste with respect to
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producibility and part quality. Therefore, a new objective
function is generated, which consists of a measure for the
volume of a part. Additional penalty functions ensure the
producibility and part quality by limiting the injection pres-
sure to a specific maximum value and considering changes
in part warpage during the optimization procedure. The
updated procedure is applied on a gearbox platine for a
ventilation flap drive and a casing cover for the sanitation
industry.

The present paper is organized as follows: Section 2
introduces the proposed optimization procedure and its
extension. The realization of the procedure is explained in
Section 3. Sections 4 and 5 illustrate its application on a
gearbox platine and a casing cover, respectively, to demon-
strate its feasibility and robustness. Conclusions and an
outlook for future work are provided in Section 6.

2 Optimization procedure

The optimization procedure, which was first presented in
[21], consists of three main elements: (1) a geometry manip-
ulation tool, (2) a mold flow analysis tool, and (3) an
optimization algorithm (Fig. 2). Before reaching a termina-
tion criterion, the optimization algorithm creates new design
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Fig. 2 Optimization procedure
for optimizing material waste in
injection molding [21] with
extended data flow
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variables and conveys them to the geometry manipulation
tool, in which the STL-data of the modified geometry are
generated and evaluated using mold flow analysis. Part
warpage, injection pressure, and volume values of the actual
geometry are transferred to the optimization algorithm.
Beginning with the triangulated surface mesh (stereo lithog-
raphy STL format) of the initial design for the cavity, the
procedure results in a surface mesh for the optimized cavity.

2.1 Geometry manipulation tool

The geometry manipulation tool is the focal point of the
optimization procedure. The tool is based on the unit-square
mesh parameterization, which is a widely used technique for
computer graphics, surface reconstruction, and remeshing
[22]. In computer graphics, this technology is used to apply
two-dimensional textures on three-dimensional surfaces. As
illustrated in Fig. 3, the surface mesh (A) is parameterized
in the unit-square (B), where a texture is applied (C); more-
over, based on information from the parameterization, the
mesh is transferred onto the surface (D).

Floaters mean value concept [23] has been implemented
to receive an nearly shape-preserved parameterization of
the surface mesh. Instead of the intended transformation of
textures, changes in wall thicknesses are modeled over the
unit-square and applied in the direction of the average sur-
face normal at the corresponding nodes on the 3D mesh.
The mathematical descriptions for the parameterization and
transferring process are provided in [21]. An example of the
developed technique on the mannequin is shown in Fig. 4,
where the evolutions of two different surface changes for

the nose and skull area are demonstrated. Here, the transfer-
ring of a thickness distribution with values below zero (i.e.,
Step 9 in Fig. 4) results in a shrinkage of the skull. More-
over, the modeling of a thickness distribution in the opposite
direction for the nose produces an expansion.

Using this technique, changes in wall thickness on arbi-
trary surface selections are possible with low computational
effort. In general, any distribution of thickness changes can
be modeled on the unit-square. A generalized polynomial
distribution in two dimensions is typically applied (Eq. 1)
with an upper limit for the polynomial degree n, of 2:

np Np

Az, v) =YY Crpu'v™ (1)

=0 m=0

According to this relationship, constant, bi-linear or bi-
quadratic distributions of thickness changes can be realized.

2.2 Mold flow analysis

The commercial product Cadmould 3D-F CMV6 from
Simcon kunststofftechnische Software GmbH, Wuerselen,
Germany is applied for the mold flow analysis tool. This
software solves the equations for the conservation of mass,
impulse, and energy based on the simplified equations
proposed by Hele-Shaw [24]. Through their patented 3D
framework technology for the discretization in the thickness
direction [25], melt flow between and across surfaces is cal-
culated, resulting in high computational speed compared to
the fully three-dimensional discretization.
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Fig. 3 Illustration of the
parameterization technique for
applications in computer
graphics, which is based on [22]
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Fig. 4 Illustration of the mesh manipulation using the parameterization technique applied at two different surface selections (nose and skull)
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Fig.5 Sigmoidal penalty function for considering the constraints with
an outer bound approach

A viscous-elastic approach is implemented to predict
stresses that arise during the cooling of the part inside and
outside of the mold. Minimization of the total potential
energy leads to associated information regarding deforma-
tions [25].

To determine part quality based on warpage, the geom-
etry of the cavity is compared to the geometry of a given
molded part. Instead of using the state-of-the-art calculation
method, where the geometry of the molded part is com-
pared with the geometry of the isotropic shrunk cavity, a
new approach (Eq. 2) has been developed [21]:

Gu,i = £ [nc,ia nm,i] 2

In this approach, an element-wise warpage value is cal-
culated, which considers the angle between the surface nor-
mals of the cavity (index c) and the molded part (index m).
According to this approach, only out-of-plane deformations
are considered.

As mentioned in the introduction, changes in wall thick-
ness can have a significant influence on process conditions.
A reduction in thickness requires an increase in the injec-
tion pressure p;, and a decrease in the holding pressure time
t,. To ensure nearly realistic processing conditions during
the optimization, the holding pressure and holding pressure

time settings are adjusted on every iteration loop according
to the actual thickness distribution. For adjusting the mate-
rial, the specific initial holding pressure p”” following the
proposed algorithm, is defined:

set

then p, = pj,
else pp = 0.8 pin

if 0.8 pin < pi"

This definition ensures that the holding pressure pj
reaches at least 80 % of the pressure at the end of the fill-
ing p;, and compensates a possible increase in shrinkage
resulting from the decrease in pressure transmission.

The modification of the holding pressure time #;, is based
on Fouriers one-dimensional law of heat conduction. Dis-
regarding the heat produced by the additional melt during
the packing stage, the formula reduces to the following
expression (Eq. 3):

— ( .S.)z 3)

Sl}’ll

where the holding pressure time of the actual geometry
ty, is calculated based on the time for the initial geometry
t;l’li multiplied by the squared ratio of the wall thicknesses
located close to the gate of the actual s and the initial s
geometries.

2.3 Optimization objectives

Objectives of optimization For comparison reasons, two
different formulations for the objective of optimization are
considered. The first formulation F; (Eq. 4) considers the
minimization of the volume V as the main objective. The
part quality, which is characterized by the average ¢y, 4y
and maximum ¢y, 4 Warpage, and the injection pressures
at the end of filling p;, are included as additional penalty
terms P (x). Therefore, the objective leads to the following
expression:

\%4
A= g P (S ) (G )op (D) @
V w,av w,max pl}’l

Fig. 6 Illustration of the
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Table 1 Used GA settings

Table 2 Process conditions for the gearbox platine

Size of Probability Probability
population for crossover for mutation
8 0.9 0.05

where the average and maximum warpage are calculated as
follows (Eq. 5):

n
¢w,av = %Zﬁﬁw,i and ¢w,max = max [¢w,i] (5)
i=0

To achieve the same order of magnitude, the actual vol-
ume, warpage, and pressure values at the end of filling are
related to the values for the initial design (index ini) or to
an upper limit (index max). A sigmoidal approach is used
for the penalty function (Eq. 6):

1

PO = Trara

(6)

This widely used approach for structural optimization
[26] allows for the modeling of a relatively smooth transi-
tion between the limits of zero and one, which is dependent
on the coefficient C;. The second coefficient C, describes
the deflection point, which is where the value of the penalty
function reaches 0.5. Using C; = 91.9 and C, = 1.05, the
penalty function defines an outer bound, where an increase
begins with a function value of 1 % at x = 1.0 and reaches
99 % of its upper limit at x = 1.1 (Fig. 5).

To identify, how the minimization of the material waste
behaves, if the part quality also is a part of the main objec-
tive, a second formulation for the objective function F; is
considered (Eq. 7):

14 Puw,av Ow,max Pin
b= Vi i Tgmi TP i O
w,av w,max in

In this formulation (Eq. 7), the constraints for the injec-
tion pressure at the end of filling remain the same.

Process variable Unit Value
Injection speed (cm?/s) 43.5
Post-fill time (s) 30.0
Holding pressure time (s) 13.0
Holding pressure (MPa) 55.0
Melting temperature (deg C) 300
Surface temperature of cavity (deg C) 95

Optimization problem The objective function can be used
to formulate the present optimization problem as follows

(Eq. 8):
i F
mp F®

subject to Ib<x<ub (8)

where F is the objective function, which is minimized
by optimizing the design variables (design vector) x with
respect to upper ub and lower 1b bounds.

Applied algorithm The lack of an analytical relationship
between the design variables x and the objective func-
tion F requires the use of derivative-free optimization
(DFO) techniques. Distinguished by the searching algo-
rithm, there exist three primary groups: (1) random search
methods, (2) surrogate-based optimization (SBO) meth-
ods, and (3) deterministic sampling methods [27]. The
results of a previous study [21] in which one represen-
tative of each category was applied on low- and high-
dimensional optimization problems revealed that the deter-
ministic searching method produced the best results for
high-dimensional optimization problems (up to a dimension
of 18).

Therefore, a genetic algorithm (GA) is used in the
current study for solving the optimization problem. This
meta-heuristic optimization strategy was developed by

Fig.7 Gearbox platine with
gate location and dark-colored
surface selections for the
warpage evaluation
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Fig. 8 Surface selections on
which the thickness variation is
applied
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Holland in 1975 [28] and has been successfully applied
to many optimization problems in engineering [29]. The
procedure simplifies the biological evolution using mathe-
matical imitation of the primary evolution processes, which
are summarized as selection and reproduction processes.

For that purpose, a set of individuals (population) and a
set of evolutionary operations are generated through which
the selected individuals pass on every cycle. Each indi-
vidual corresponds to the binary string of a design vector
x (Fig. 6).
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Fig. 9 History of optimization History of optimization for the objective F;
for the two different objective
functions F; and F> of the 0.90 : : - : 1.4
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Table 3 Final optimization values for the two different objective
functions F and F> of the gearbox platine

i Fi v i i i
1 071 071 0.74 0.81 0.93
2 1.75 0.83 0.45 0.4 1.01
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A GA cycle consists of three steps:

1. the evaluation of the present population;
2. the selection of the best individuals; and
3. the production of offsprings by genetic operations.

Crossover and mutation are the primary genetic opera-
tors of the reproduction process; at a random position, the
binary strings of two selected individuals are recombined
(crossover) or inverted (mutation) (Fig. 6).
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Fig. 10 Warpage plot of the

initial geometry and the | | | | | | |
geometries after optimization 0.0 Warpage (mm) 0.375

Initial Optimzed using F4 Optimized using F»

The GA is controlled by only a few parameters: 3 Realization of the optimization procedure
— the selection method,; 3.1 Implementation and settings
— the size of population s,;
— the probability for crossover p.; Pyevolve is implemented as a representative for the GA.
— the probability for mutation p,,; and This evolutionary computation framework is coded in
— the termination criterion. Python. Therein, rank-based selection and the elitism

Fig. 11 Comparison of the
changes in wall thickness [ | | | | [ 1 I

changes according to the two -1.20 Change in wall thickness (mm) 0.0
different objective functions Objective F;
(i.e., F1 and F>)
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Fig. 12 Casing cover with gate
location and dark-colored
surface (outer rim) for the
warpage evaluation

approach, which preserves the fittest individual during the
evolution, are utilized. Alleles are defined for maintaining a
lower and upper bound on each design variable. An upper
limit of 100 cycles (generations) is set as the termination
criterion. To demonstrate the usability on state-of-the-art
computers, the size of the population (Table 1) is intention-
ally kept smaller than recommended in the literature [30].
The probabilities for crossover and mutation are listed in
Table 1.

The developed geometry manipulation tool is also based
on several embedded Python scripts. The optimizations
were executed on a 3.5-GHz Intel-i7 processor consisting
of 8 cores and 16 GB of RAM. For the gearbox platine
(Section 4), a computation time of approximately 18 min
was required to complete one GA cycle using parallel pro-
cessing (multi-threading), whereas the casing cover (Section
5) required an average time of 4 min. Therefore, the opti-
mizations finished after 30 h (gearbox platine) and 6 h
(casing cover).

Table 4 Process conditions for the casing cover

Process variable Unit Value
Injection speed (cm’/s) 49.2
Post-fill time (s) 22.0
Holding pressure time (s) 15.0
Holding pressure (MPa) 60.0
Melting temperature (deg C) 240
Surface temperature of cavity (deg C) 27

@ Springer

3.2 Workflow of optimization

The optimization procedure begins with preprocessing.
Based on the initial design for the cavity, the following steps
are completed:

1. the initial process variables are determined;
2. the areas for thickness optimization are defined; and
3. the parameterization is initiated.

The parameterization is executed only once. The com-
putation times depend strongly on the mesh size. Ordinary
mesh sizes require less than a minute of computation time.
Afterwards, the primary optimization process is initiated
and runs until the termination criterion is reached.

4 Application on a gear box platine
4.1 Input data

The proposed optimization procedure is first demonstrated
on a gearbox platine for a ventilation flap drive (Fig. 7). Its
dimensions are 150 mm x 124 mm x 54 mm; the thick-
nesses of the initial design are between 1.5 and 3.0 mm.
Fiber-reinforced polycarbonate (Lexan 1278R) is employed
as the polymer material. The process conditions, which are
based on the initial design, are listed in Table 2.

As illustrated in Fig. 8, seven different surface selec-
tions are defined for the wall thickness optimization
procedure. The thickness reductions for all surface selec-
tions are limited to a value of —1.2 mm due to strength
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Fig. 13 Surface selections on
which the thickness variation is
applied
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reasons. With the exception of the first surface selection,
the polynomial degree is set to 0, which implies that the
thickness changes are constant within those surface selec-
tions. Due to the strong influence of melt spreading and
pressure transmission on the sidewalls, a polynomial degree
of 2 is chose for the bottom area, which enables a
biquadratic thickness distribution. Another reason for this
choice is due to the high degree of freedom regarding the
surface finish and realization.

By applying those settings for the wall thickness varia-
tions, the design vector x consists of 9 4 6 design variables,
i.e., 9 for manipulating the thickness distribution at surface
selection 1 and 1 each for adjusting the thickness in the other
6 surface selections.

The surface selections used for evaluating part qual-
ity, which are characterized by warpage, correspond to the
dark-colored areas in Fig. 7. Based on the assembly after
molding, the interfaces and positioning elements, such as
the upper and lower rim of the gear housing and the upper
edge surfaces of the screw bosses, are considered.

To prevent excessive increases in the clamping force and
to ensure the producibility with standard injection units, the
maximum permissible pressure at the end of filling p/}** is
set to 100 MPa.

4.2 Results and discussion

Comparison of the objectives The history of optimization
for both objective functions F; and F, is illustrated in
Fig. 9 with the representation of each portion of the objec-
tives. Considering the value for the objective function, both
formulations rapidly decrease during the first fifth of the
completed generations. By comparing the two objectives,
F1 and F, presented in Fig. 9, the part quality evolution,
which is characterized by the ratio of the averaged and max-
imum change in surface normals between the actual and the
initial geometry, and the volume evolution are different.
While part warpage in the first objective F7 is not an
active optimization component, the resulting part warpage
history exhibits a strong fluctuation; the values vary
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Fig. 14 History of optimization
for the two different objective
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between an upper value, which occurs shortly before the
penalty function becomes active, and a lower value of 0.6.
The use of part quality as an additional main objective in
objective function F» results in a significant and continuous
decrease in warpage.

Comparing the evolution of the volume ratio, the influ-
ence of including part quality as an active component
in objective function F> is observed. While the isolated

@ Springer

Generation [-]

Generation [-]

activation of the volume (F7) results in a volume reduc-
tion of nearly 30 %, the additional considered part quality
achieves reductions of only approximately 17 % (Table 3).

Considering the pressure ratio, both optimizations force
the pressure to increase to the upper limit immediately
before the penalty function becomes active. Thus, both
formulations guarantee the adherence of the specified pres-
sure limit.
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Table 5 Final optimization values for the two different objective
functions (i.e., 1 and F2) of the casing cover

i F R
1 0.74 0.74 0.94 0.87 0.63
2 1.94 0.88 0.55 0.51 0.49

Visualization of the results To better classify the part qual-
ity results and thickness changes, plots of deformations
and changes in the wall thickness are compared. The
warpage plot in Fig. 10, in which the deviations between
the molded part and the isotropically shrunk geometry for
the cavity are visible, illustrates the part quality results.
All of the geometries are plotted using an identical color
range and identical scaling factor of 20 for the result-
ing deformations. Compared to the initial cavity geometry,
both optimizations lead to an improvement. The consid-
erable improvement of objective function F, compared to
objective function F; corresponds well with the values in
Table 3.

Changes in wall thickness are presented in Fig. 11.
Changes between the initial and the optimized geometries
according to the two different objective functions (i.e.,
F| and F,) are colored and denoted at specified points.
Figure 11 shows that using the first objective function, in
which only the volume is considered as an active optimiza-
tion variable, results in thicknesses that tend toward the
lower limit of —1.2 mm in nearly all surface selections.
Using the second objective (F,) with the additional consid-
eration of part quality results in a broader distribution in
the resulting wall thickness changes. This result reveals that
optimizing part quality is due to a specified distribution of
the wall thickness, which corresponds to the findings in a
previously published study [21].

5 Application on a casing cover
5.1 Input data

For the second example, a casing cover used in the sanita-
tion industry is considered (Fig. 12). Its dimensions are 250
mm x 203 mm x 28 mm; the main wall thickness of the ini-
tial design is 2.5 mm. Unreinforced ABS Terluran GP-22 is
employed as the polymer material. The process conditions,
which are obtained based on the initial design, are listed in
Table 4.

For optimizing wall thicknesses toward minimal mate-
rial waste, three different surface selections are considered
(Fig. 13). Selection 1 forms the main part of the cover’s
surface; therefore, this component primarily influences fill-
ing and consolidation. For achieving a high variability in
this selection, a polynomial degree of 2 is applied for the
thickness variation. Surface selection 2 influences the thick-
ness of the rip along the opening, while selection 3 includes
the thickness of the surrounding rip. For both, a polynomial
degree of zero is used, which allows only uniform changes
in the thickness.

These settings result in a design vector that consists of
9 4+ 1 + 1 variables for the optimization. According to the
structural requirements, all thickness changes are limited
to a value of —1.0 mm. During the subsequent assembly
process, the cover undergoes a welding process in which a
second part is attached to the outer rim. Therefore, warpage
of the outer rim should be as low as possible and is selected
as the quality criterion for optimization (dark-colored areas
in Fig. 12).

In reality, the casing cover is molded using a hot run-
ner system. Figure 12 illustrates the specified location
of the gating point. As for the gearbox platine, the cas-
ing cover is discretized using an average finite element
mesh size of 2 % of the space diagonal to the geometry.

Fig. 15 Warpage plot for the
initial geometry and the
geometries after optimizing 0.0

Initial

[ ] I I I [ | I |
Warpage (mm) 0.7

Optimzed using F; Optimized using F»

i \\
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Fig. 16 Comparison of the wall

[ T 1

thickness changes at surface
selection 1 according to the two
different objective functions

| [
Change in wall thickness (mm) 0.0

(i.e., F1 and F3)

The corresponding finite element mesh consists of approxi-
mately 10,145 triangular elements.

5.2 Results and discussion

Comparison of the objectives As for the gearbox pla-
tine, the optimization histories for both objective functions
(i.e., F1 and F>) are compared. Figure 14 illustrates the
results for each objective and their components separately.
Considering the two different objective functions, both
show a large decrease and tend to reach a minimum value
after completing 100 GA-cycles. The warpage evolution
shown in Fig. 14 demonstrates the different behaviors dur-
ing the optimization. Whereas the passive consideration of
warpage in F again tends to the upper bound, > minimizes
both warpage values.

By considering the volume ratio history, objective
function Fp results again in a significant decrease, whereas
objective function F» begins with a decrease in the volume
ratio during the first generations followed by an increase
after 78 generations.

The pressure ratio history reveals that both optimiza-
tion strategies do not reach the upper pressure limit of 100
MPa. Table 5 shows the optimized values for the different
components of the objective functions. Accordingly, the
objective function that passively considers part quality (F7)
results in a volume reduction of approximately 26 %. By
considering part warpage as an active component (F3), the
volume reduction is only 12 %, which is accompanied by a
decrease in part warpage of 45 and 49 %.

Visualization of the results The part warpage results, which
are characterized by the geometrical deviation between
the molded part and the isotropically shrunk cavity, are
presented in Fig. 15 using the same color scale and a

@ Springer

geometrical scaling factor of 20. Here, the color ranges
and deformed geometries confirm the values presented in
Table 5, demonstrating the optimization using F> results
in the smallest part warpage. Finally, the changes in wall
thickness at surface selection 1 between the initial and the
optimized geometries are presented in Fig. 16.

The light gray surface of the optimized geometry using
objective function FI illustrates that the thickness tends
to the lower limit of —1.0 mm over the entire region.
For objective function F>, the optimization again results
in a non-uniform wall thickness distribution in which the
maximum values are located near the gate. From such a dis-
tribution follows an improved pressure transmission and a
reduced potential of shrinkage at locations far from the gate.
This distribution reduces the potential of inhomogeneous
shrinkage [21] and the potential for warpage.

6 Conclusions

In this study, a new method for optimizing the amount of
material required for injection-molded parts is presented.
The method is based on a numerical optimization routine in
which an optimization algorithm is connected to a geome-
try manipulation tool and a mold flow analysis. The active
manipulation of the geometry by adjusting its wall thick-
nesses at user-defined surface selections within prescribed
tolerances and the ongoing evaluation of its moldability
and part quality allows the development of new products
in an advanced manner, which will minimize time- and
cost-consuming iteration loops.

The application of the procedure on two different indus-
trial parts demonstrates the practical applicability because
of low user input, computational times of less than 30 h on
a state-of-the-art personal computer, reductions in material
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waste of up to 30 % when simultaneously maintaining part
quality.

As demonstrated on both geometries, the amount of
reduced material depends on the quality requirements of the
molded parts. Simultaneously, minimizing material waste
and part quality results in reduced material savings than con-
sidering only part quality as a passive boundary condition.
Thus, optimizing part quality and material savings can result
in conflicting interests.

However, the advantages of the presented approach are
the fast, process-specific, and CAD-software-independent
parameterization of the geometry; however, these bene-
fits come with the disadvantage of the lack of a seamless
update in the origin solid model. The used parameteriza-
tion technique is predestined for applications on areal parts.
Geometries with numerous complex surface sections may
lead to numerous design variables, which cannot be solved
efficiently on a state-of-the-art computer.

The presented methodology will be developed further.
Major research topics will include the prevention of possi-
ble undercuts and user-defined weighting of the objectives
for material waste and part quality.
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