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The goal of fabricating functional prototypes quickly is hindered by a mismatch of mate-
David W. Rosen rial properties between production materials and those used in rapid prototyping (RP)
Professor machines, such as stereolithography. Even when rapid tooling (RT) technologies are
utilized for injection molded parts, differences in mold materials cause differences in
The George W. Woodruff School of Mechanical molded part properties. To compensate for these material and process differences, a
Enginesring, design for manufacturing (DFM) method is introduced, called geometric tailoring. The
Georgia Institute of Technology, idea is to modify dimensions of prototype parts to match key characteristics of production
Atlanta, GA 30332-0405 parts, such as stress and deflection behaviors. For RP parts, the geometric tailoring DFM
404-894-9668 method integrates two sub-problems, one for achieving functional requirements by
g-mail: david.rosen@me.gatech.edu matching part behaviors, and one for RP process planning to incorporate manufacturing
capabilities and limitations. For parts fabricated by RT, an additional sub-problem
is integrated, namely injection molding process planning. Problem decomposition is criti-
cal due to the coupled nature of the sub-problems. A problem decomposition and
solution procedure is presented. The geometric tailoring method is shown to enable the
matching of prototype to production part behaviors, while improving manufacturability.
[DOI: 10.1115/1.1758250
1 Functional Prototypes via RP and RT Table 2. 95% confidence intervals are indicated for tensile

The sase, spee, and low cost of fabicaing prtaype pelPTET 210 YOURG Mo o e ol pare, The veeten
using RP has had a very significant impact on product develogﬁg c)(/)o|>i/ng chgracteristics of molf4] prop

ment, eliminating the need for sometimes complex process plan"I'he effect of the differences in material properties is explained
ning for machining prototypes or the tedious manual methodse%

making models. In the last 5 vears. the RP industry underw th an example of the tensile bar. For the same load, the tensile
9 ) y ’ y r fabricated in SL 7510 would have 3.5% less elongation than

significa_m improveme_nts_in developing_ machines and_ materiq at of ABS. SL 7510 bars yield at 27% more load than ABS bars.
that facilitate the fabrication of production-representative prot fso SL 7510 bars weigh 13% more than that of ABS. Hence

types. For example, SOMOS 8120 and SOMOS 9120, materi - - .
used in StereoLithography Apparati®i_A), have properties close béﬁz\r/]glg?ﬁgrnertw?ls #gari%grggfsﬂ)y being tested, SL 7510 bars

to polyethylene and polypropylene, respectively. Parts fabricatedry oy iain the differences in Table 2, it should be observed that
through _Selective_ Laser Sinterif§LS) process are fabricated in SL tools have low thermal conductiviiies, so that molded parts
steel(lnflltrated with copper and have pe_rformance close _to thet:ool more slowly, leading to less crystallinity and less residual
production steel parts. Parts can be fabricated in production pld§ess within parts. As a result, tensile modulus and strength of
tics like ABS and polystyrene through Fused Deposition Modeling, 15 moided in SL tools are typically lower than for parts molded
process. _ _ . in steel, while flexural properties are enhanced. These mechanical
RP technologies are also used in fabricating tools that enablg, ety differences cause prototype parts to have different behav-
net-shape manufacturing processes, such as injection molding gi¢l than production parts in their intended in-use situations, even
investment casting, reducing tooling lead time from weeks ttﬂough the parts have identical dimensions.
days. The practice of using RP technologies to fabricate t00Is iSThere are additional concerns with RP and RT parts. The ma-
called Rapid ToolingRT) [1]. Rapid Tools can be used to fabri-te(ig| properties of the RP parts vary with the SL process variables
cate parts in production material. Rapid tooling techniques af@e in their fabrication and this causes uncertainty in the values
categorized into direct and indirect tooling based on whether Q¢ material properties. SL molds have low strength and can fail at
RP technology is used in fabricating a mold or a pattern used fgyh injection and ejection pressure. Also, the life of these molds
fabricate the mold. Injection molds fabricated in Sk#elled SL s ’|ow and this directly affects the fabrication cost.
tools) can be used to produce plastic parts; this is the focus in thisThese limitations of RP and RT parts limit their usefulness as
paper. ) ) functional prototypes. To overcome these limitations, a Design-
Though parts fabricated through RP and RT technologies haggy-ManufacturingDFM) method called Material Process Geo-
properties similar to production materials, they have some limitgyetric Tailoring is presented in this pap. There are several
tions in being used as functional prototypes. A comparison @hproaches of considering manufacturing concerns and evaluating
material properties of a typical ABcrylonitrile butadiene sty- part manufacturability in the DFM phase. One approach is to
reng [2] and SL 751Qfa common SL resinprocessed in a SLA- eyaluate the part manufacturing cost; one example for injection
3500 machind3] is presented in Table 1, while a comparison Ofnolding was developed bi6]. A second approach of evaluating
polystyrene parts molded in steel and SL tools is presented dgrt manufacturability is to use manufacturing guidelines to iden-
tify attributes of the geometry that are difficult to manufacture.

;Current:y, Mafr:ufacturing Engineer, Align Technology. Most |eading handbooks on DFM, such [875—9], use this ap-
Currently, Software Engineer, 3D Systems. f . P
Contributed by the Design Theory and Methodology Committee for publication iRroaCh' A third approach for evaluating manufacturability is to

the DURNAL OF MECHANICAL DESIGN. Manuscript received May 2002; rev. Nov. Perform a manufacturing SimUIatiORart Advisorand QuickeFill,
2003. Associate Editor: L. C. Schmidt. developed byMoldflow Corp, use this approach. All approaches
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Table 1 Comparison of material properties the functionf is usually unknown. Typically, it is desired to make
Pm,i=Pp,i as close as possible in functional testing to accurately

STe”S”eh YOlé”EII'S | . _ predictX,,. However, it is often the case that not all system pa-
(t,\r/legag)t M(%saus ézg?g;f(oo/?) (QD;?CS”) rameters are equally important in achieving the functional objec-
tives. For example, fatigue performance of a gear is significantly
ABS 44.8 2.54 35 1.04 affected by the maximum stress in the gear. However, small
Magnum 9010, changes in the gear dimensions may have only limited effects on
Dow Chemical fatigue performance. Therefore the system parameters can be di-
SL 7510 57 2.63 10.1 1.18 vided into two categories based on their effecbanif the firstk
parameterg,, p,, ...,px have significant effect orX, while
parameter®,. 1, Pr+2, - - - Py have negligible effect oiX, then

the principle of the approach developed in this research is to
have their advantages and limitations. Therefore many systeffiinge parameterspy,; (for j>k) to better match py; and
use a combination of the approaches. Examples include the Dy (for 1<i<k). These parameter changes are referred to as
systems for metal stampirid.0] and injection moldind11]. geometric tailoringin this paper.

Geometric Tailoring (GT) is the modification of some non- 5 5 Compromise DSP. A compromise Decision Support

qritical geometric features _of a part to lower fabric_;at_ion cost arlgroblem(cDSF) is a hybrid multi-objective problem formulation,
time, and to produce functional prototypes that mimic the behayicorporating concepts from both traditional mathematical pro-
ior of the production partdviaterial Process Geometric Tailor-

. . e > gramming and goal programmiii@4]. The objective is to explore
ing (MPGT) is the modification of non-critical feature geometryihe gesign space and improve a selected concept based on a set of

and manufacturing process variables to lower fabrication cost af¥als, constraints, and bounds. The cDSP is often used to model
time, and to produce functional prototypes that mimic the beha¥aisions consisting of multiple goals that are often in conflict
ior of the production parts. The difference between MPGT and Gt one another. A satisfactory solution is one that meets both the
is that the effect of process variables is considered in MPGT. ¢onsiraints and bounds and balances the performance of the con-
Revisiting the tensile bar example, the GT approach can BRying goals. In the case of process planning for SL, a part is

used to obtain better functional prototypes from SL 7510 by moQkesented in a “default” build style to serve the purpose of the

fying the thickness of the tensile bar such that the desired propglisiing alternative to be improved. This build style is improved

ties of ABS and SL 7510 bars match. For example, if tensily, changing the build process variables. The structure of the cDSP

modulus was the desired property, the SL 7510 tensile bar wowldsphown below.

be made thinner than the ABS molded bar. Given A feasible alternative, assumptions, parameter values,
In this paper, the authors propose a decision support systepy goals.

(MPGT) in which the benefits and drawbacks of design and manu-giqq: values of design and deviation variables.

facturing processes are guantified and part mar)ufacturability iSSatisfy System constraints, system goals, and bounds on vari-
evaluated in terms of part cost and quality. With MPGT, thgp|es.

tradeoff between design and manufacturing requirements is usegjinimize Deviation function that measures distance between
to obtain manufacturable prototypes through RP and RT proces%%%d targets and design point.
that can be used for functional testing. Background technologies,j, iaples are classified into two types: system variables or de-
and concepts are presented in Section 2 of this paper. In Sectiog;3iion variables. System variables include design parameters the
we present geometric tailoring problem formulations. Solutiofjser can alter. System constraints must be met for the design to be
methods for these formulations are presented in Section 4, with @Agjple and are functions of the system variables. System goals
emphasis on rapid prototyping, rather than rapid tooling. In Segjode| the design aspirations of the designer. The deviation vari-
tion 5, two examples are given. ables measure how far away the actual achievement levels are
from the target levels. The alternative is improved by finding a
2 Background combination of system variables such that all the system con-
21 Functional Testing Approach. Currently, the Bucking- straints are satisfied while the deviation function is minimized.

hamII theorem is the basis in prototype testing to get the corre-The mathematical form of a goal IS given in I.'j@ for Fhe”h
lation between physical models and prodydg]. Based on the goal. Fach go_aIA_i, has two associated de\{lagon varlat_)tlfs
BuckinghamII theorem, a complex system can be constructéddd; which indicate the extent of the deviatidoverachieve-
and tested by geometrically scaling models or changing materidRent and underachievemgfitom the target G;). The deviation
By doing that one can dramatically reduce the cost and time Variables,d;” andd; , are always non-negative, and the product
building prototypes while getting reasonable predictive values. constraint,d;” - d;” =0, ensures that at least one of the deviation
Consider two system&@ test model and a produdhat can be variables for a particular goal is always zero. In a cDSP, the ob-
described as jective that is minimized is called the deviation function, which is
Model  Xu=f(Pm1.Pma: - - - Prun)s a weighted sum of the deviation variablésy. (3)).

(1)
Product X =f(py1,Pp2s---:Ppn) AX)+d-—d =G, )

whereX is the state of interest, ang is a system parameter. In
the equations, subscripts andp denote the model and the prod- .
uct respectively{13]. In functional testing, the representation of Z=3W;(d +d;") 3)

Table 2 Material properties of atactic polystyrene

Tensile 95% Young's 95%

Strength Confidence Modulus Confidence Elongation Densri‘rtg/

(MPa) Interval (GPa Interval @ Break(%) (gm/cnr)
Steel mold 37.4 0.5 3.2 0.28 1.3 1.05
SLA mold 32.8 0.5 34 0.25 1.1 1.04
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2.3 RCEM. Robust Concept Exploration Methd®CEM)  [GIVEN:
[15] is a methodology obtained from the integration of robus| o FP,= £ (G, M)  Mymaterial properties (prototypes)
design techniques, design of experiments, and response surf| , Grjn> FPriws PGriny Crny Tra @ My, material prop’s (production)
methodology within the framework of the cDSP. The RCEM fa{FND:
cilitates an efficient and effective concept exploration process Igystem Variables: Deviation Variables:
robust top-level design specifications are identified for the desig G, dtd
of complex systems. Thus, the focus is to minimize the effects ¢SATISFY: ]
the conceptual design of downstream design changes. Constraints:

RCEM consists of five main steps that lead to the formulatiof g, (G, M)=0 )
of a cDSP, the solution of which is ranged sets of specifications 7 +*4 - =g ©)
system variableg1) The first step is to identify the main factors d”"+ d T 0 7
and ranges of interes?) Next, a point generation step performs| *i» >®in = (
a design-of-experimentDOE) to generate points in the design %03]3' G P FP g
space for a screening experimef® Analysis or simulation tools B;’::d’s. Jimax > & Hlomin > £ lomax ®)
are executed to determine responses for each generated(pbint.G <= G <= G ©)

. .. . (Db == L5 <= Uypy
The fourth step is to analyze the DOE results to eliminate incoy =
. MINIMIZE:

sequential factors and/or to formulate a new DOE on a reduc 4 2Je2K
design space. Step three may be reped@®dResponse surfaces |Archimedean Formulation: Z:Z Zwi,n(d+iv" +d7i,)  (10)
are created as surrogate models of the analysis/simulation coq nel =l

These surrogate models are integrated with the cDSP so that the
computationally intensive analysis and simulation tools need not
be used during the solution of the cDSP.

Response surface methodology is used for generating relation-
ships between several responses and design and manufacturing
variables in this researdi6]. A variation of RCEM was devel- are the designer’s preferred values and are used in the formulation
oped to solve the MPGT problems developed in this research. of goals. Although the designer has a preferred value for the de-
sign variables, he/she specifies a feasible rdimpgtead of a point
for these variables. Note that process goals correspond to the
p’ anufacturing process requirements and do not affect any of the
First, cDSP’s are formulated for different engineering domair'g‘:(s'gme'ﬂS goals in the GT prob_lem. Also, cost and time goals_ are

) ected by only the manufacturing process. However the designer

designer and manuf nd then th hesi i o !
E)ne IIgFM Srocz)lerg buyiccgﬁi?:eﬂntg ?hetcgﬁpﬂ:% ?)yer;\tlvgesi]zfﬁelinntﬁpemﬁes the targets for these goals to ensure that the part meets its

vidual problems. In this section, the generic cDSP formulatioff§@I€Ct requirements. Process goals, cost, and time are integrated
for the designeXgeometric tailoring the RP engineefRP Pro- into the Material Process Geometric Tailoring problem to be pre-

cess Planningand the synthesized DFM probletMPGT) are sentt)tlad in Sectionh3.3. The Iisti?g of t?es_e tarrg];et values_ in the GT
presented, as well as the rapid tooling MPGT problem. problem serves the purpose of transferring these requirements to
the manufacturing group.

3.1 GT Problem Formulation. The designer’s generic geo- The system variables in the problem are the part dimensions
metric tailoring (GT) word formulation for the RP scenario isthat the designer has identified as having a small influence on the
presented in Fig. 1. The objective is to match functional properti@aportant functional part properties. These variables can be modi-
of a prototype to properties of production parts by adjusting sonfied within a range to obtain better functional properties. Other
of the noncritical dimensions of the part. This compensates for thart dimensions significantly affect part function and are not
difference in the material properties of prototype and productianodified as part of geometric tailoring. Deviation variables corre-
parts and helps ensure part manufacturability. spond to the deviation of goal achievements. Bounds for the sys-

The information incorporated in the GT cDSP includes a paréem variables are obtained by the physical limitations on geometry
metric CAD model of the part, RP and production material proprariables. Designer preferences are specified through target values
erties, functional property models and target values of functionalf goals using the Linear Physical Programmiié?P) formula-
geometry, process, cost and time goals. Functional property maéidn of the cDSP deviation functiofil7]. In this approach, the
els are the quantitative models that relate functional propertiesdesigner specifies goal values at five levels: ideal, desirable, tol-
the system variables in the problem. Target values for the goalsable, undesirable, and unacceptable. The unacceptable level is
modeled as a constraint, while the other four levels are modeled
using four goal equations.

The corresponding cDSP math formulation of the geometric
tailoring problem is presented in Fig. 2. In this formulation,
Young’s modulus and tensile strength are the material properties
provided for the target and prototype material. The quantitative
models relating the functional properties to geometry variables are
also formulatedEg. (4)). In this research, response surface meth-

Fig. 2 cDSP math formulation of GT

3 DFM Problem Formulation Strategy
The DFM problems for RP and RT are formulated as cDS

GIVEN:

e Parametric CAD model of part o RP material properties

s Functional property models o Production material properties

o Target values of functional prop’s e Target values of geometry
variables

o Target values of process goals e Target values of cost and time

[FIND: odology and analytical modeling techniques are used to obtain the
System Variables: Deviation Variables: quantitative models. A typical example of the use of response
Geometry variables Deviation of goals from targets surface models is the relationship between a part’s stress and its
SATISF,Y’ geometry. Analytical equations are used when possible to model
Constraints: Goals: the exact relationships between variables and goals or constraints
Meet geometry and assembly Meet target functional properties : . . . . '
constraints Atypical example is the relationship between the weight of a part
Bounds: Meet targets of geometry vars and its geometry.
Bounds for all system variables Equations(5)—(7) are the constraints in the problem. Equation
MINIMIZE: (5) is a set of geometry constraints and E(®. and (7) are the

constraints on the deviation variables. Equati®nrepresents the
functional property and geometry goals in the problem. Note the
difference between a constraint and a goal. ‘The surface finish of

Deviation Function: Function of goal deviations

Fig. 1 cDSP word formulation of GT

Journal of Mechanical Design JULY 2004, Vol. 126 / 573



GIVEN: GIVEN:

e CAD model of the part e RP material property models ¢ CAD model of the part, N, e ZL,SP=f(LT)

o Target values of process goalse RP process models ¢ ACron, SFrgn Cra Ty YMr, TSt @ SF=£(PO,LT)

o Production material propertiese Targets of cost and time * AC,=f{ (PO, LT, HOC, FOC, ZL, SP) » YM,={(LT, HOC)
FIND: e BT=f(PO, LT, HOC,FOC, ZL, SP) e TS;=f (LT, HOC)
System Variables: Deviation Variables: » C=f(BT) » T=£(BT)

RP : e FIND:
process variables Deviation of goals from targets . L. X .
SATISFY: System Variables: DeViatIOI_l Variables:
Constraints: Goals: SE:?I‘(I(EI,TGY% a,), LT,, HOC,, FOC, din> dip
BMee:i RP process constraints xeet :arget maftenal prope;‘:lses Constraints: Bounds:

ounds: eet targets of process go ] ] 0 <1600

Bounds for all system variables  Meet target cost and time Xp S Xus Yp S Y 5 < % 0" < ay, ay, &, <360
MINIMIZE: LT, €[2,4,6,8] 2<LT, <8

: AL td - <HOC, < HOC,
Deviation Function: Function of goal deviations d, *d,  =0.d,.4d, 20 HOC,, < HOG, b
Goals: FOCy, < FOC, < FOC,,
Fig. 3 cDSP word formulation of RP process planning YMuins YMinao TSminy TSmax> Crninr Crnaxs Tomins Tmaxs AComins SFqmin
MINIMIZE:
4 O+0+6
Archimedean Formulation: Z = Z W, (d in+din)
a surface should b&20 um’ is a constraint. ‘I prefer the surface n=l izl

finish of a surface to bes5 um’ is a goal. A problem can have a
goal and constraint for the same quantiych as surface finigh
The bounds for all the geometry variables are presented if9Eq.
The objective function formulation is presented in Et0). Note

that Eqs (5)~(8) are given in a general form in Fig. 2, but will befor the goals in the problem. The designer specifies these values in

re%‘z‘;‘fg lz]vgh Pem?éz?nf?:flgf-ﬁqg?;?iﬁnsbb'ecti@ match a the GT problem formulation. RP material property and process
y rep g 9 obl 8- .models are the quantitative models that relate the goals to the

target dimensionor may represent cases where minimization IS . ! X
o ~ System variables in the problem. Cost and time correspond to the
preferred(e.g., cost Most goals(Eq. (8)) in this work are target RP process. The corresponding mathematical formulation of the

matching and are modeled as two goals: one minimization g process planning problem is shown in Fig. 4.

(e.9.,Gj min) and one maximization godk.g., Gj may- Each of . . .
e . . ’ The system variables in the problem are the RP process vari-
these is modeled using four goal equations, one for each preng-les that can be controlled by the manufacturer. These variables

ence level in the LPP formulatioexcept the Unacceptable leyel can be modified within the provided ranges to obtain better quality

and one constr_aint, for the Unacceptapl_e I_evel_. The goal equ.ati%?%totypes, and include part orientatioR @), slicing scheme,
are presented in Bqel1) and (12) for minimization and maximi- hatch overcure and fill overcure. Part orientation is the orientation

zation, respectively, aﬂ‘?.are normalized. Varlabl_es should be '(@( y andz orientation$ in which the part is built in the SLA vat.
terpreted as fOHOWS'GTi IS t_he target value of thﬂh_ geometry Slicing scheme is a list of all the layer thicknesseJ () used to
goal,G;, andFP, is the achievement of thkth functional prop- jiq the part along with their correspondiaganges. Hatch and
erty goal. fill overcures are SL scanning variablésT, HOC andFOC are
A—maxA—A 0) an array of variables with one value for each block. Bounds for
T g —dt =1 (11) layer thickness are 2 and 8 m{l8.0508 and 0.2032 mmBounds
AT, v on hatch and fill overcures are functions of layer thickness and the
SLA machine.
A+min(A=Agni,00 Based on their capabilities and limitations, different RP pro-
As +di,—di,=1 (12)  cesses have different process constraints. For SL, these constraints
n include the maximum size of the part, discrete layer thickness
This generic cDSP is the starting point for formulating Gvalues, and accuracy limitations. In addition, the designer can
problems. When formulating a specific GT problem, the first stegpecify problem specific constraints on, for example, the surface
is to identify the design freedom in the problem and hence tlimish or the maximum budget for fabricating a part. These speci-
geometry and system variables. In the second step, the functiofiedtions are translated into constraints in the cDSP.
properties should be identified based on the primary functionality The goals in RP process planning arise from the requirement of
and purpose of the part. In the third step, the specific geometnatching behavior and performance of prototype and production
constraints in the problem should be identified. In the fourth steparts. These goals fall under three categories: meeting target ma-
quantitative models should be developed to relate goals to systtrial properties, meeting the process goals, and meeting target
variables. Then, the information in the generic cDSP should lsest and time. Material property goals are Young’s modulus and
replaced with the problem specific data and models to generate thesile strength. Process goals include surface finish and accuracy.
cDSP for the problem. Cost and time goals are for the whole RP process. The intermedi-
ate responses in the problem a&evel wait, sweep period and
; : ‘ ; build time, which are determined by the SL process variables.
neric qud f(_)rmulatlon for_RP_ process plannifigP-Ph IS pre- The relationshipgor quantitative mode)sin the RP-PP prob-
sen_ted in Fig. 3. '_I'he objective of RP process planning is Bm are process dependent and are a function of only the SL
achieve better quality prototypes by appropriate process plannﬁﬁchine considered. Hence, it is possible to formulate these rela-
of the RP machine. Though the RP process considered in t @nships independently of the specific problem. Empirical models

research is SL, this word formulation is generic to any RP procesgy seq to quantify the relationships in the RP-PP problem and
The information incorporated in RP process planning |nclud9§e presented ifL8—20)

the CAD model of the part, production material properties, R

material property models, RP process models and the target value3.3 MPGT/RP Problem Formulation. The MPGT prob-

of process goals, cost and time. Production material properties denh is obtained by integrating GT and RP-PP problems consider-
target values of process goals, cost and time serve as the targejsthe coupling between them. The objective of the MPGT/RP

Fig. 4 cDSP math formulation of RP process planning

3.2 RP-PP Problem Formulation. The manufacturer’s ge-
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RP Process Planning

Given
AC = f(PO, LT, HOC,, FOC;)
SF=f(PO,LT)
BT = f(PO, LT, HOC, FOC,
YM = (LT, HOC;
TS = f(LT, HOC))
C=f(BT)
T={(BT)

System Variables
PO, LT, HOC;, FOC;
Goals & Constraints

Given

i S=£(G)

> D=1{(G)
W=1£(G)

tem Variables
\stGv i

Goais & Constraints

S§,D,W

Geometric Tailoring

process planning of molds. Hence in RT-PP, material property
goals are not considergds material properties of the mold do not
affect the part's propertigsAlso cost and time goals in RT-PP
correspond to mold fabrication cost and time. IM-PP is a cDSP
formulation for process planning for injection molding. Cooling
time is the only system variable in this research. Part fabrication
cost and time are the goals.

The coupling between GT, RT-PP and IM-PP problems is simi-
lar to the MPGT/RP problem. Geometry variables could affect
surface finish if they affect surface orientation. Draft angle affects
surface finish of drafted surfaces. Mold life of a mold feature is
affected by its height, width, draft anglgeometric variables

AC,SF, YM, TS,C, T
\/ layer thickness used to build the featuRP process variablgs
and the cooling tim€lM process variable Additionally, mold life
MPGT/RP affects the number of molds, build time, and mold cost and time.
Given Since the variation of mold size with geometry variables is insig-

S =1(G)* [(YM) nificant, we assume that build time is not coupled with geometry

D =1(G) * f(YM) variables.

In the MPGT/RT formulation, two additional goals, total cost
(C) and total time(T) are included in the problem formulation.
These goals are not part of any of the sub-problem formulations
TS = f(LT;, HOC) but are synthesized from mold cost and titRE-PP and part cost
$::$¥; and time (IM-PP). Introducing the total cost and time goals in

AC = {(PO, LT, HOC;, FOC)
SF={(PO, LT, G)

BT=£ (PO, LT, HOC, FOC, Gy
YM = £ (LT, HOC)

System Variables MPGT/RT problem increases the coupling between the sub-
G, PO, LT;, HOC, FOC, problems significantly since cost and time are affected by system
Goals & Constraints

AC. SF, YM, TS, G, T, S, D, W variables from all sub-problems.

Fig. 5 Synthesis and coupling of MPGT /RP problem 4 DFM Problem Solution Strategy

4.1 Problem Decomposition, Solution Strategy and Imple-
mentation Modules for RP. In this section, the solution strat-
&9y used to solve the MPGT/RP problem is presented. Consider a
tem-level cDSP that consists of two coupled cDSP’s, ‘cDSP for
nd ‘cDSP for B.’ The different steps of the solution strategy to

problem is to achieve desired functional and material properties?
part quality, cost and time by adjusting some of the non-critic P’S
dimensions of the part and by appropriate process planning of ; ; D . :
RP machine. The MPGT/RP word and math formulations are sifi? V€ the ‘System cDSP" are shown in Fig. 6. Here, ‘cDSP for A
ply the combinations of the respective GT and RP-PP problemgnd cDSP for ’B‘ are solved sequ_entlally_to obtain the solution to
The coupling between the two sub-problet@T and RP-PP System cDSP’. ‘Design qf Expenmeyn_ts is used to obtain a set of
arises due to the coupling of one or more of cost, surface finigfflues Of responsésand ‘cDSP for A'is solved for the obtained
stress and displacement goals with system variables of the otfj% ofY values. A vector of solution, results, corresponding to
sub-problem. The situation is illustrated in Fig. 5, wher®, and diiterent values ofY. ‘Response Surface Model'is used to gener-
W denote stress, deflection, and weight goals, respectively. VaRj€ @ response surfagé=fy(Y), through the data pointsr{,z;)
ing geometry variables modifies part size and hence affects d .thls‘response sgrface for.ms the OpJeCt'Ve ‘for cDSP for B
scan time. If part height is varied, the recoat time is also affecteg®!Vind ‘¢DSP for B' results in a solution for ‘System cDSP,

Hence, modifying geometry variables of a part affects its builﬁ'hcﬁ szlving forfx(Y) is equin‘lem to solving fof(Xc,ij). ‘
time. Cost and time are directly proportional to build time and_| "€ decomposition and solution strategies used for ‘System

hence are similarly affected by geometry variables. Surface fini§fSP’ ¢an be applied to the MPGT/RP and MPGT/RT problems.
can be a coupled goal under two circumstancesatying geom- e sub-problems of MPGT/RP obtained after decomposition are

etry variables affects the orientation of surfaces in the part afgodified RP-PP problem’ and ‘Modified MPGT/RP problem,’
affects surface finish, and 2arying geometry variables varies ther\m"Ch correspond to ‘cDSP for A" and ‘cDSP for B' in Fig. 6,
best part orientation and affects the surface orientation and surface
finish.

Stress and displacement are goals in the GT problem. They a
affected by the Young’s modulus of the material, which is affectec
by RP process variable@ystem variables of RP-PP problem
Hence, stress and strain/displacement are coupled goals.

The synthesis of the MPGT/RP problem from its sub-problems
is presented in Fig. 5. This formulation is for the worst-case sce
nario of coupling between the sub-problems, where Young'
modulus in RP-PP is coupled withandD in GT and the geo-
metric variables,G in GT are coupled with surface finish and

XY
Minimize
Z=1(x )

Response Surface Model
N s,

Compromise DSP for

build time. The coupled goals and relationships are shown in bol V=D Ya, . ve]| SubsystemAto Solve cDSP 8

optimise Z = {X) for a :met;:?;g;
3.4 MPGT/RT Problem Formulation. In the rapid tooling : el ) romcose A

scenario, three engineering domains are involved: de&Bin, Select experiments o \f [cbSProra | ) Rosponse Suace ot o [eDSPTorD

rapid prototyping(RT-PP and injection moldingIM-PP). These given DSPA. —

three domains comprise the three sub-problems that are integrat Find -

to form the MPGT/RT problem formulation. The GT formulation Minimize Z=1(Y)

for RT scenario is very similar to that of the RP scenario. Both =IO VY

RP-PP and RT-PP formulations are for SL machines except that
RP-PP is for process planning of parts and RT-PP is used for Fig. 6 Solution strategy to solve ‘System cDSP’
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: . MPGT/RP problem results in a solution for the MPGT/RP prob-
—Modified RP-PP__ Modified MPGT/RP lem, though it should be noted that errors due to response surface
Given Giyen G generation exist.
?FC:ff(l()Pg’gi)HOCb FOQ) SF= £ (G) The steps in the solution strategy of MPGT/RP problem are
BT = £ (PO, LT, HOC, FOC) W = fzppy (G) divided into three phases, based on RCEB&c. 2.3. Phase 1 is
YM= (LT, HOC,) ' YM= fzppy (G) used to generate stress and displacement response surfaces. The
TS = £(LT;, HOC) I,S:ffR”’V(é_G)i) first step is to formulate the required set of experimeMOE)
C=f6B0)  T={(T T=f§4:,’(03) through consideration of factor@geometry variablesand re-
S:f(YM) D=f(YM) ]S)= ffgp.}v((((}}i)) sponses(stress, displacementThen, the designed experiments
J . = Tre.pv (G are executed. The ANSYS finite element analysis package is used
Sys;gf'i}?;gg ,lf%ci S)'Gstem Variables to determine stress and displacement in this case. The final step is
G°i‘\'§ %Fcﬁﬁs%aicn? o Goﬁs & Constraints }\(/I)I%??,ilrsate the response surfaces of stress and displacement using
Minimize M?xfmsnl;zzM 1SGTSDW In Phase 2, a design of experiments is performed so that all
Zy = g(PO, LT, HOC,, FOC,, Gjy) Zy = gze.00(G) response surfaces for the Modified RP-PP problem in Fig. 7 can
be generated. These experiments are performed using the RP-PP
Fig. 7 Modified RP-PP and MPGT /RP sub-problems software to determine the RP variables and corresponding goal

achievements for all the designed experiments. RP-PP software
needs the response surfaces of stress and strain obtained in Phase
1 and also requires targets for these goals. Response surfaces are

; P ; g ted in MINITAB. The final step is to solve the modified
respectively. The coupling in the stress, displacement, build tinfé€nera _ . q
and surface finish goals is handled by separating the effects of ;PhGT/RP problem. Our implementation uses OptdesX, specifi-

eometry variables from those of RP process variables. The arfhly the Simulated AnnealingSAN) algorithm.
ggy betv\);e\:enchSP for A and Modifie% RP-PFYisI shown in Egs Phase 3 deals with the validation of the Modified MPGT/RP

(13—(15) solution and the response surfaces. Estimates are made of the
' errors due to response surfaces and the quality of the surfaces’ fit.
X={PO,LT; ,HOC;,FOC;} (RP process variablgs If necessary, the design space is reduced and the solution proce-

(13) dure is repeated from Phase 1. Otherwise, the obtained solution is
accepted as the solution for the MPGT/RP problem.

Yn=G; art geometry variablgs 14
N=Cin (part g 4 ¢ (14) 4.2 Solution Strategy for Rapid Tooling. Considering the

f(X,Yn)=g(PO,LT;,HOC; ,FOC;,Gy) (15) number of coupled goals and the extent of coupling between dif-
ferent sub-problems, it can be seen that the MPGT/RT problem is
Note that design-of-experiments methods are applied to fimdstrongly coupled problem. Different solution strategies are used
sets of geometric variable valuésqg. (14)). These geometric vari- for MPGT/RP and MPGT/RT due to the differences in the nature
able values are used to modify part geometry that is utilized in tlo¢ coupling in the two problems:)1build time is a coupled re-
RP-PP problem. Process plans for each variant are determingsbnse in MPGT/RT since build time is affected by mold life,
The objective function in Modified RP-PP is a weighted sum gjossibly requiring multiple molds,)duild time and surface finish
the goal deviationsAC,SF,BT,YM,TS,C,T,S,D) and it can be are not affected by geometry variables, ana@&st and time goals
expressed as a function of system varialileg. (15)) using the are affected by all the system variabl@gometry, RP process,
relationship between goals and system variatiégen part of the molding in MPGT/RT.
formulation. The MPGT/RT problem decomposition is as follows. For de-
The analogy between cDSP for B and Modified MPGT/RP ifault values of geometry variable¥, multiple sets of feasible
shown in Egs(16) and(17). The objective function in modified process plansX;, are generated. For each combinationyadnd
MPGT/RP(Eq. (17)) is a weighted sum of the deviation of theX;, the geometric tailoring problem is solved, resulting in a vector
goals AC,SF,YM,TSC,T,S,D) and can be expressed as @f deviation function value§z;}, wherez;=f(X;,Y). During the

function of system variables. solution process, new values bfare found that improve the mold
fabrication process. ThEZ;} are searched to find the minimum
Y=G, (16)  deviation function value and the combination ¥fand X; that
corresponds to this minimunZ value is the solution to the
fFx(Y)=gep.pv(Gi) an MPGT[/)RT problem.

The resulting decomposition of the MPGT/RP problem into the Not all the coupling relationships are considered in this solution
Modified RP-PP and Modified MPGT/RP problems is shown iftrategy. Hence, the interaction Xfand'Y system variables is not
Fig. 7. The Modified RP-PP problem is the first sub-problem to tonsidered, inducing an error in the obtained solution. However,
solved in the decomposed problem. Its problem formulation {8 OUr experiments, neglecting this interaction has had minimal
similar to that of RP-PP problem with small differences. In Modilmpact on the solutions obtain¢dl9,21).
fied RP-PP problem, the variation of stress and displacement with
Young’s modulus is considered and these goals are included in the Example
problem. This facilitates considering the coupling of stress and
displacement goals.

The Modified MPGT/RP problem is the second sub-proble
The system variables are geometry varialiesme as GT prob-
lem). These modelsizp.p(G;), are obtained by fitting response
surface equations through the solutions obtained by solving the5.1 Problem Description. Due to the light payloads used
Modified RP-PP problem for different values of geometry valuesvith this manipulator, production manipulator links are made of
In the expressiofirp.py(G;), RP-PV stands for RP Process Vari-injection molded ABS plastic. For the purposes of this example,
ables. In this approach, the MPGT-RP problem can be solved W will assume that 10 prototype links are to be fabricated in a
sequentially solving the Modified RP-PP problem then the ModBLA-3500 machine in SL-7510 resin. The prototype links will be
fied MPGT/RP problem. As the coupling of all goals is considere@sted and are to have similar behavior and performance as the
(through response surface equatipnsolving the modified production parts in terms of maximum stress and deflection.

In this section, the Material Process Geometric Tailoring for RP
MPGT/RP problem is formulated and solved for a link in a
arallel manipulator, shown in Fig. 8. Extensions to MPGT for
rapid tooling are indicated in the final subsection.
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=<0.508 mm, is a constraint. The target values of maximum stress

Surface Finish SF cost<sisoo  and deflection are 5.99 MPa and 0.68 mm, respectively.
Time< 7 days

Parallelism
tolerance
PTOL

5.2 Completing the Problem Formulation. It is necessary
to complete the formulation of the MPGT/RP problem. Response
surface methodology is used to generate response surfaces of
t maximum von-Mises stress and maximuyrdisplacement in
terms ofD, d andt. A three factor—three level central composite
response surface design withk=1.6818(for rotatability) was used
as the design for the experiments. The data points for the analysis
Fig. 8 Parallel manipulator link were generated by performing FE analygis ANSYS) of the
robot arm. MINITAB was used to perform regression analysis and
ANOVA of the obtained data. The response surfaces generated are
. . o resented in Eq918) and (19), along with theirR?, maximum
Prototypes should be fabricated in less than 16 hours within FB@viation and average deviation values. The fit statistics indicate
maximum available budget of $300. The two cylindrical holes Io%imwels are very accurate. An analytical equation was devel-
g

d

Flatness tolerance FTOL

the robot arm mesh with other components and must have gqgghq 1o determine the weight of the robot arm due to its simple
surface finish. The loading conditions on the robot arm are ometry.

follows. The larger cylindrical hole is completely fixed. A 5N
tensile load and a 20N bending load are applied uniformly on the Stress=68.5522-3.1668 —0.8671—9.725@+0.045D?

smaller cylindrical surface in the plane of the link. Under this 2 2
loading condition, the prototype parts are required to match the +0.015@i°+0.4571°+0.0072Dd +0.195Dt

stress, displacement and weight characteristics of the production 1+0.0660t
(ABS) parts. To represent the production part more closely, it is (18)
also required to match the mechanical properti¥sing's modu- R?=99.0%, Max. dew16.2%, Avg. dew4.4%

lus and tensile strengthof prototype and production parts. The

top and bottom surfacgflat surfaces of the robot apnmave par- Yaisp=11.1264-0.508D —0.31521 1.2971+0.006D?

allelism and flatness tolerance requirements. The performance (. 003%2+ 0.04302+ 0.006 Dd+ 0.0270t+0.0184lt

characteristics, properties, and tolerances are modeled as target-

matching goalgthe FP terms in Fig. 2. (19)
The geometry variable), d andt, of the link can be modified R?=99.0, Max. dew 18.2%, Avg. dew5.0%

up to +10% in order to achieve desired performance. The length ; ; ; )

between the hole centerlines is 63.5 mm and cannot be modifgquzef:\gge&—é%Pngrnrgug‘g?gpf%rrggfe}?: rgrpeuslgac;re(ljlri(ﬁygitgeg.

as it affects the orientation of the links in the robotic mechanisncr e problem has a total of 7 system variables, 32 goals, and 32
The diameters of the holes cannot be modified due to assemply,qiraints, where the constraints correspond to unacceptable lev-
requirements with other components. Their dimensions are 10. of the goals. The two coupled goals are build time and

mm (large holg and 5.16 mm. 6—displacement. The relationships of these goals with the system

The targets of different goals are presented in Table 3. In the . . . :
table PTOL is the parallelism tolerance between top and bottora‘aé;a;;)%z:rr?nsg%v_vgogjs Itnhéh:eff((gn&utl?tfﬁd E un:a]EI(OS%a?)ig(_j

flat surfaces of armFT(_)L is the flat_ness tolgarance for top andsponse surfaces.
bottom flat surfacesSF is surface finish requirement for the cy-
lindrical surfaces of the holeB,SF is default surface finish forall 5.3 Problem Decomposition and Results. The MPGT

the other surfaces of the pa@,is cost,T is time, Y M is Young’'s problem is decomposed into modified RP-PP and modified
modulus, TS is tensile strengthS is stressW is weight, YD is MPGT/RP problems. In the modified MPGT/RP formulation, the
y-displacementD, d andt are the geometry variables. The unacRP process variables are not included in the system variables, but
ceptable values are treated as constraints. For exaRJI@L their effect is considered by integrating the response surfaces ob-

Table 3 Targets for goals

Goal Type Ideal Desir- Toler- Unde- Unacc- Units
PTOL 1S 0.0508 0.1016 0.2032 0.3302 0.508 mm
FTOL 1S 0.0254 0.0508 0.1016 0.1778 0.254 mm
SF 1S 0.5 11 2.0 3.3 5.1 um
DSF 1S 7.6 14.0 229 35.6 50.8 pm

C 1S 75 100 140 200 300

T 1S 8 9 11 13 16 hr
YM 1S 2400 2475 2625 2800 3000 MPa
YM 2S 2400 2325 2175 2000 1800 MPa
TS 1S 44.8 45.8 48 51 56 MPa
TS 2S 44.8 43.8 41.5 38.5 34 MPa
S 1S 5.99 6.29 6.89 7.79 8.99 MPa
S 2S 5.99 5.69 5.09 4.19 3 MPa
W 1S 3.43 3.6 3.94 4.46 5.15 g
W 2S 3.43 3.26 2.92 2.4 1.72 g
YD 1S 0.68 0.71 0.78 0.88 1.02 mm
YD 2S 0.68 0.65 0.58 0.48 0.34 mm
D 1S 20.32 20.83 21.84 23.37 25.4 mm
D 2S 20.32 19.81 18.8 17.27 15.24 mm
d 1S 10.16 10.41 10.92 11.68 12.7 mm
d 2S 10.16 9.91 9.4 8.64 7.62 mm
t 1S 3.048 3.099 3.2 3.353 3.557 mm
t 2S 3.048 2.996 2.896 2.743 2.539 mm
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GIVEN:
*  Parametric CAD model of the robot arm
e Prototype parts built on SLA 3500 with SL 7510 resin
o Young’s modulus, YM = £ (LT, HOC) -> RP-PP problem
o Tensile strength, TS = f (LT, HOC) -> RP-PP problem
o Density = 1.22 * 10° kg/mm’
e Production parts injection molded with ABS — Molded material
o Young’s modulus = 2540 MPa
o Tensile strength = 44.8 MPa
o Density = 1.04 * 10°® kg/mm’
*  Required number of parts (Np) = 10
¢ Allowable layer thicknesses (LT): 2, 4 and 8 mils
e  Response surfaces:
ZL,SP=f(LT) -> RP-PP problem
PTOL, FTOL = f (PO, LT, HOC, FOC, ZL, SP)-> RP-PP problem
SF, DSF={ (PO, LT) - RP-PP problem
BT = (D, d, t, PO, LT, HOC, FOC, ZL, SP)
<> Coupled goal
= BT={(PO,LT, HOC, FOC, ZL,SP) - RP-PP problem
o C={(BT) - RP-PP problem
o T=f(BT) = RP-PP problem

ooo0co0

o YD=f{(D,d,t,YM) - Coupled goal
s YD= (D, d,t) > GT problem
o S=f(D,dt) -> GT problem
o W=f(D,d1t) - GT problem
FIND:

System variables

e  Geometry variables: D, d, and t

e RP process variables: PO, LT, HOC, and FOC
Deviation variables

d, ' d,~ i=1,..32 n=1,.4
SATISFY:
Goals

e C,T,BT, PTOL, FTOLI, FTOL2, SF1, SF2, DSF are minimization goals

e TS, YM,S, W, YD,D,dand t are target-matching goals and each is split into min. and max. goals.
Bounds

e 1786<D<2].82

e 852<d<1042

e 261=5t<319

¢ PO - Discrete variable

s 2 <LT <8 (mils) — Discrete variable

+  0.002 <HOC, < 0.006 (mils)

e 0.003 < HOC, < 0.007 (mils)

e 0.001 £HOC; < 0.005 (mils)

e 0.012<FOC, <0.016 (mils)

e 0.004 <FOC, <0.008 (mils)

e 0.002 SFOC; < 0.006 (mils)
MINIMIZE:

4 3
z=33 w,ald, +d})

n=i i=1

Fig. 9 cDSP of MPGT /RP for robot arm example

tained from solving the modified RP-PP problem. The same exalues of geometry variables corresponding to the solution. Actual
periments used to generate von Mises stressyadidplacement values of RP process goals are obtained by running the RP process
response surfaces in the MPGT problem are also used to genepd®ning software. For part weight, the actual value is determined
the response surfaces for the modified MPGT problem, includinfjom the volume of the original CAD model. These values along
accuracy, surface finish, Young’s modulus, tensile strength, amith the errors(from estimated valugsare presented in Table 4.
cost. The RP process planning software is used to perform expéHie errors for all the goals are less than 1.2%. The error values for
ments. The solutions obtained for each experiment are simildie response surfaces and the result are very small and hence this
yielding almost flat horizontal planes as response surfaces.  solution is accepted as the solution for the MPGT problem.

The modified MPGT/RP problem was solved in OptdesX using The solution of MPGT problem was also validated through
the Simulated AnnealingSAN) algorithm. Different starting physical experiments. The results of all the physical experimenta-
points are investigated to test theconvergence of the solutidion are summarized in Table 5 along with their expected values.
SAN was run for 5000 cycles for each starting point, with eachen links were built in our SLA-3500 machine; their dimensions,
run requiring less than 30 seconds of execution time on a S&lrface finishes, and weight were measured. Tensile bars were
Impact 10,000 workstation. To test the accuracy of the SAN algatso built and tested to determine Young’s modulus and tensile
rithm, a grid search algorithm was used, resulting in the solutiostrength of the material. From the values in the table, we can see
D=19.34 mm,d=10.02 mm, and=2.899 mm. This is approxi- that the variableD, d andt have the least error0.5%. The
mately the same solution reached using the SAN algorithm.  Young’'s modulus, tensile strength, weight, surface finish and build

Since response surfaces were used to solve the modifigde variables have an error f12%. These errors are small and
MPGT-RP problem, it is necessary to validate this solution wittean be attributed to response surface generation error and experi-
out utilizing response surfaces. The actual values of the stress amehtal error. The build time error is substantial, but can be attrib-
y-displacement goals are obtained by running ANSYS with th&ted to the omission of compensation effect on the build time

Table 4 Estimated and actual values for the solution

D d t LT HOC FOC SF Cost YM TS YD Stress Weight
Actual 1.6 182 2460 47.7 0.77 6.9 3.62
Estimated 19.34 10.02 2.899 2 4 12 1.6 181 2475 479 0.76 6.9 3.62
% Error 0.0 0.5 06 04 12 0.2 0.0
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Table 5 Physical validation results can be considered as experimental or part building error. The sur-

face finish values have an errorsfL0%. Though not very small,

Goal Actual Estimated % BITor this error is also reasonable. It should be noted that the surface

D [mm] 19.24 19.34 0.5 finish models are developed for the SLA molds and are applied for

?[[m"}] 13-% 13-82 70623 the injection-molded parts. Part fabrication and ejection could
mmj - : = cause small variations in surface finish values. Weight and part

\T(gggigl;essl\:lr%?]tg#ﬁs'\[ﬂhg;eﬂ 2622.5 242? 7 82.% thickness have an error of 18%. This can be attributed to the flash

Flatness TolZmm] 0.025 0.043 70.0 generated due to mold warpage. The error in the tolerance values

Elatn”esls TO[IZ_{rI?m] ; 8838 8821(1) %(1)%8 could be due to the small surface area used for the measurement.
arallelism Tol[mm . . . ; ; [ ;

Large holeSF[mm] 18 16 _1i1 ﬁfr?]’taheef;)?:galtl;% vr\;]&(l)sldvalldated by injection-molding 50 parts

Small holeSF[ mm] 1.6 1.6 1.6 :

Build Time [min.] 126 140 11.1

Weight[g] 3.52 3.6 2.3

6 Conclusions and Future Work

The Material Process Geometric Tailoring framework was de-
veloped to assist designers in fabricating functional prototypes,
models used in the RP-PP method. Inclusiorz@bmpensation where mismatches in materials and mechanical properties cause
would have reduced the build time error to less than 1%. Thmototypes to have different behaviors than production parts. With
errors of tolerance variables are very high, but indicate that $his framework, design requirements, design freedom, and manu-
accuracy was better than expected from the response surface mggturing capabilities are integrated for Rapid Prototyping and
els. Rapid Tooling scenarios. The problem of producing functional

5.4 Results and Discussion for RT Scenario.In addition ~Prototypes is cast as a DFM problem. Design requirements and
to RP, a rapid tooling scenario was also investigated. For tHi§sign freedom are modeled in one compromise Decision Support
problem, it was assumed that fifty functional prototypes of theroblem(cDSB, while manufacturing and material capabilities
robot arms fabricated in the production material are required fare modeled as a second cDSP. The MPGT problem is formulated
functional testing in the later phases of product realization. THY integrated these cDSP's into one decision problem. A problem
production robot arms are injection molded in atactic polystyrerfécomposition and solution method was presented, where decom-
material and the functional prototypes should have very simil@@sition was achieved by separating the effects on responses of
behavior and performance as the production parts. Prototypgterest of part dimensions from those of manufacturing process
should be fabricated in less than a week within the maximui@riables. Response surface methodology is used to model cou-
available budget of $1500. pling effects among these responses. The MPGT problem is

The RT solution procedure involves formulating GT, RT-Prsolved by sequentially solving the process planning problem, fol-
IM-PP problems including response surfaces, then synthesiziyved by the MPGT problem with only part dimensions as vari-
the MPGT problem considering coupling. The solution of the débles. One rapid prototyping example was presented in detail and
composed MPGT problem is presented in Table 6. Using the rapid tooling extension was also summarized. _
sults, one set of molds was fabricated in our SLA-3500 machineAs a result of this work, we can conclude that the compromise
and 50 po|ystyrene parts were molded. These parts were m@&P formulation was effective at integrating dES|gn requirements,
sured. design freedom, and manufacturing capabilities. The geometric

The values of the different goals and variables obtained frofiloring, process planning, and MPGT cDSP formulations are ge-
physical experimentation are summarized in Table 7 along wiftric to model functional prototype DFM problems, and can be
their estimated values. From the values in the table, we can dgglantiated for particular problems, such as the robot arm ex-
that the variable®, d, Young's modulus, tensile strength, build@mple presented in Section 5. Decoupling of part dimensions from

time and density have errer1.5%. This error is very small and Process variables using response surfaces was effective, but intro-
duced errors into the modeling of stress, deflection, etc. goals. By

reducing the design space and re-solving the problem, errors were
shown to become greatly reducgtB]. Through this decomposi-
tion strategy, a sequential solution method was developed that was

Table 6 Solutions of MPGT /RT problem

Goal D d t TA  Draftl Draft2 CT efficient. A series of four example problems have been solved
Soin 20.68 9.92 299 0 061 0.01 300 using the r_nethods presented in this paper, including both RP and
Stress  Y-Disp Weight SF1 SF2  PTol  FToll  FTol2RT scenarios.
5.99 0.49 3.36 1.7 1.7 0051 0.051 0.051 Since design requirements and freedom are integrated into
Cost # Molds obj Fn. MPGT problems, the framework presented here facilitates the
transfer of DFM responsibility to the manufacturer. Conversely,
$570 1 0.03542 py integrated manufacturing capabilities into a MPGT problem,
the designer is enabled to perform better DFM. With this method,
Table 7 Physical validation results for MPGT  /RT we have demonstrated that design and manufacturing activities
can be separated, facilitating the use of this method in geographi-
Goal Actual Estimated % Error cally distributed product development organizations.
Although the MPGT method was developed for functional pro-
D 20.71 20.64 -0.3 b . . . .
d 10,04 9.9 14 totypes, it is applicable to the design of production parts and their
t 3.65 2.99 -18.1 manufacture using conventional procéas opposed to RP ma-
¥0un_§|3'ssl\:lodu|#]s 34%% 3 34%% g —2.51 5 chines. Consider DFM activities associated with changing a
ensile stren . . . ’ i i i
Flatness Tollg 0.018 0.043 1429 part’s materl_al. The M_PGT r_nethod_ could be_applled to automati-
Flatness Tol2 0.048 0.043 —105  cally determine part dimensions, given the differences in material
Parallelism Tol 0.056 0.041 -27.3 properties. Furthermore, differences in injection molding pro-
Large holeSF 1.7 1.6 —8.7  cesses can also be included in the problem formulation so that part
Sm%”ﬁ%'gs': 2910-8 2913-6 _12100 dimensions and molding processes can be fine-tuned.
Weight 4.09 334 183 Future work will involve developing improved models of ma-
Density 1.025 1.04 1.5 terial properties and process capabilities, particularly for modeling
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tolerances as functions of process variables. The second-order re-
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sponse surface models utilized in problem decomposition did not3l http://www.renshape.com/ourProducts/st_ereolitr_lography_lstereolithography.asp
always accurately model relationships among variables and reL4] Dawson, K., 2001, “The Effects of Rapid Tooling on Final Product Proper-

sponses. Improved surrogate models for MPGT goals will be in-
vestigated. Also, methods exist in the Multi-Disciplinary Optimi-
zation literature for solving coupled problems simultaneously,
rather than in the sequential manner utilized in our work. We will
investigate this literature for suitable solution methods.
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Nomenclature

A_

AC

BT

c

di . d7
FOC
FP

G
HOC
LT

value of goallvarioug

accuracy{mm|]

build time [hr]

cost[$]

deviation variable$—]

fill overcure[mils]

functional propertie$varioug

geometric dimensions, Goal target valuem|
hatch overcurg¢mils]

layer thicknesgmil]

M material propertiegvarioug
p = parametefmm]
PO part orientatior{ radiang
S = stres§YMPa]
SP = sweep periodsed
T = time[hr]
t = thickness of featurémm]
TS = tensile strengthiMPa]
W = weight of part[g]
YD Y Deflection[mm]
YM Young’s Modulus[MPa]
ZL Z-level wait[sed
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