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designer can work more closely with the manufacturing process thsfc is possible in tndUoM|
manufacturing systems.

This paper describes our preliminary work to create a link between design and manufacturing to enable
deﬂgners to acqune knowledge about the manufactun‘ng process and to develop mo els of the
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to manufacturepanstor efineand adapt the pr ocessso that new panscan bedesigned,

L Introduction '

In our previous work on concurrent design, see for.example (5], we have assumed that models of the
manufacturing process exist and that the featuras which govern the mamifymrawlity of a design are
known. Under these conditions, the pdmary (and not inconsequential) problem is to provide
manufacturing knowledge to the designer in a useful fonn. However, for thenew M D* process [8] being
developed at Carnegie Meéllon, these assumptions do not hold We do not have enough experience with
the manufacturing process*& taow whit feaiira affiect the quality of the final design artifact nor do we
have fundamental models of the manuftcturing processitteft

The MD* shape deposition process is described in more detail in Section 2 below; however, one of its
primary attribute from a design point of-vtew:is that«it removes tndftional manufactwi*g constraints

thereby significamly incsvasing the spece of poasible piodects. It allows allows milti-material layers.




Figure 1: Emogswawliimrlmm;mmmam
allows assemblies to-be'sprayed in place; andf allBWsttectr oticsto be embedded in structures. Using a
layered deposition process provides accessto theinterior of * pan Sofor example, one can build a solid
sphere of one material surroundedt by a dosedttolie’ oftdititt material (closed except for a small weep

hole to let the support material drain otft):" ng“ﬁ 1"sHoWdThi's pan half way through its manufacture.
The white areaisthe support material whlch W|fl bed}vrﬁed after thepart is complete.

Anocther impoitant attribute of the M D* proce& asweII as other solid frcefbnn manufacturing processest
isthat it requiresminimal fixturingand setup. AsFigure 1 |Iluarates the support material conespondsto
the fixturing in traditional manufacturing processes. For MD* , process planning consists of filling the
voids W|th Support maIerlal dicing the part |nto Iayers and computlng the tooI paths to deposit the
8], palfeCB'nbesettdlrectty fmmu;eddm bt 0 the tidnufacturing syseeiii. T husthedesignee can
woik more.closely with the manufacturing pracessTep | s possiblein traditional. manufactunng systems.
Onceapart has been verified, it can bedownloaded diiectiy {0 tt emuamtacturing cell.

Because the MD* process is under development the nunufacturing, subprocesses are mnrtiwally )
evolving. . We need to design and manufacturemp to discover the capabilities of the system, but we- - .-
need to know the capabilities of the process to onter to.design.and manufacture paits. Thedeegner does

not know how to set deagn parametersto achle/ereqt|||enen§and doesn't know the connection between
4f|7|gn dfriglfim imgiha A H ., HETITR fyofwwyfmm* The goal &f the woik decribed in this:
‘paper is to allow the deagner to acquire knowledge about and to develop models of the manufacturing
processaspart of thedesign process. =~ - = 1

“2. ThéMD* ManufacturingProcess .

"M I also taown as shape deposition num? "m(muuhmdm in which
parts and:assemblies are manufactured by successively splaying crossisectional. areast St|It|ng from a
geometric model “the part is discretized Into thih layers based cm geometric as well as material criteria.
The part is built by a veiticai concatenation of two and half dimensional layers. Each layer undeigoes a
series of processes |ncIud|ng material addition, stress relief, selective material removal, and.surface
preparation. The MD* process allows encapsulanon of prefabncaled pans, such as computer chips, by

+ placing than in sockets and-building the structure arounc thém. * Salient features of At process are its
ability to handle any geometry, to vary shape and matérial composition continuougly with the part, to

-embed- electronic components, and to make electronlc packaglng an integral pait of the mechanical
gructure

The basic sequence of operationsin theM D* processis shown in Figurez. Not all operations need to be
performed for each layer. Additional processes, like cmhtttf ing-prefabricated: pans, can occur between
repetitions of this loop.

- The primary. process for, depositing material is rcferod to is weld-based Spray or micro- cagting- The
process is smilar to conventional welding in which the deposition mtferial-is originally.in theltem of a i




Flgure2 MD» Subprocessesto Fonn aSingleLayer in M D»

wire. TheW|re|s melted in an inert_atmosphere and dioptets of metal are deposted bewk each other to
fbim-alayer on thesubstrate. Incontrast tot fi d il welding, the wire is mmmmm
protecttheexisting Uyenfran the. . - . dusing dis'melging process. Thedroplet sizeislarge so

. thatttecboptetsr cmamatatempentture" hiﬁntﬂun the meiting poit while they are.in contact with the
substttte. Thisresultsin better metallurgical bonding between thesu cc’\wdepmtﬂmhyﬂ:[l]

Thermal spraylng (plasma or eectric arc) can also be used to deposit material. Thenmi’ spraying staits
with ametal powder which is melted to create a fine gream of hot particles: To fotm alayer, the particles
are deposited on to the subgtrate under an inert atmosphere. The particles are an order of magnitude
smaller than thedropletsused in welding deposition.

Oneof the prominent phenomena.that occur during material deposition isthe generation of sored residual
stresses which resultsfrom the differential tbeimal connidion. Even when the substrate ishealed. and
both the sprayed: material- and the subsrate are cooled together, a degree of diS&rential thermal
contraction:isiinevitable. In practice, large stresses are genwited. whfch cai»e spallation, distortion, or
generation of cracks. Stress relief is achieved by shot peening. During shot peening, metallic balls or
shots drike the object under pressure. Varying the shot material, shot size, pressure, and Iength of time
results in dlfferent process outputs. Excess thaterial |sremoved to shapethe geometry of thelayer and to
make recessesfor inserting pre‘abrmted or eectronic parts “Material removal is achieved by precise
machining using ahigh- preuson five axis CNC machine. The surface of each layer is prepared before
spraying the next layer. " Cleaning followed by grit blasting ensures better bonding between layers. Grit
~ blagting, WhICh onS|sts of griking thedeaned surface with abrasve partlcles increases the surface
roughness. Grit blasnng also removesthe oxidized film on awelded Iayer

3. Characterlzmg the Manufacturlng Process

"Charactérizing the"manufacturing process for design requires ari underdanding of the influence and
inter actions of design and process variables on the final quality of the artifact Variables are often
propertles of the‘material (or combinations of materials) selected, of the geometry of the part, of the
equipment settings, and of the manufacturing environmental conditions. Characterization also involves
the establishment of the working limits oh these variables. In other'words, chardcterization is equivalent
to establishing an accurate model of the process and therange of its applicability.

A processmodel can be used to answer questions about the capabilities of a process as well asto control
the process. Manufacturing processes can be modelled at different levels of detail. The level of detail
desired, the available resources, and the available knowledge about the phenomena involved dictate the




type of modelling technique. To study the microscopic effects or detailed sructural effects requires
rigorous models based on the science of thephenomena occurring in the process. Coarser models based
on approximations are sufficient for providing afirst estimate or for studying the general behavior of the
process. For many new manufacturing processes, models based on science have not been developed. In
such cases, empirical models based on experimental dataarewidely used in industry.

Statidtical modelsobtalned from input/output data provide apolynomial relationship between the process
variables and the outputs. of the process. If ii"ut/outhm_data are not available in sufficient quantity,
models are developed using a combination of regression techniques and a set of systematically designed
experiments. The main advantage of statistical modeling is that any process can be modeled; however,

the correctness of the model depends on the expenment design, the interpretation of theresultst and the
range of its application. Even though statistical modelsare not based on fundamental principles, they can
provideinsight and serve asthefirst stepin developmg mor e detailed models.

In this paper, we develop amethod that can be used by a designer to develop models of a manufacturing

process that isrepetition of a sequence of related subpiocesses. Each subprocess isrepresentedin terms

‘of its input- properties, control parameters, anil- butput characteristics. A statistical model of each

- -subprocessis developed using design of experiments. Theinterme& ate-outputs of the subpiocesses form

- theinput propérties and control parameters of the model- that combines the models of the subprocesses,

Subprocess interactions arc incorporated as crossed factorsin tie combined, comprehensive satistical

model. Theabsence of a fundamental undersanding-of the overall process as well asthe subprocesses,

tbe lack of sufficient data, and the novelty of the process make statistical modeling most suitable for
iritial modeling of this process. .

3.1. Design of Experiments

Box [3L presants some of the earliest woik in experimental.design. Later developments leading to
classfication of -experimental .design can be found in. Steinberg[12]. A different perspective on
experimental design, often called off-line.quality conr ol, can'be found in Taguachi {14]. Many.references
to-the use of ttese methods to'-model;-understand, and improve; manufacturing processesareavallablem
literature. - :

Bxa" ptes of modéling |nd|V|dual processes involving many control variables are available in literature.
Gioia[6] describesthe development of a quadratic model usiri§ a Box-Behnken degign for & onemicron
CMOS process.. Donnélly. [4] and Hanrahan([7] demorigtrate the use of responsesurface experimental
design in pred|ct|ng the feasibility of a manufacturing process for a certain yield. Developments have
also been made using neural networks in modeling manufacturing processes. Yerramareddy [1S] and
Mahajan[9] describes the development of empirical modéls using attificial neural networks for a
machining process from experimental data ahd a silicon” deposition process from analytical data
respectively. Nadi [10] describes modeling a process that has many effects using a combination of two
types of networks®  Anderson [2] reportson the use of learning models for processes using coimectionist
neural networks sarting from a basic paiametegzed model developed using available knowledge about
the process. Neural networks like polynomial regression techniques are universal approximation;;
however, they require a substantial amount of data before a mddel can be obtained. Strojwas
[13] describes the use of response surfaces and multi-layer non-linear regression analysis for modelmg
- chemical vapor deposition process and plasmaetching for VLS manufacture,

The common procedure for satistical design- of experiments consists of recognizing the goal of
experimentation, choosing die variables in tbe process and ther levels, choosing the response or
dependent variable, choosing the set of experiments, planning data coIIect|on and planning the analyses
of the collected datato draw conclusions. For.more detail on each of the steps or setting up orthogonal
arrays for experiments involving fewer trials see Box [3] and TagucM [14]. The basic steps are listed
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designer can work more closely with the manufacturing process thsfc is possible in tndUoM|
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This paper describes our preliminary work to create a link between design and manufacturing to enable
deﬂgners to acqune knowledge about the manufactun‘ng process and to develop mo els of the
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to manufacturepanstor efineand adapt the pr ocessso that new panscan bedesigned,

L Introduction '

In our previous work on concurrent design, see for.example (5], we have assumed that models of the
manufacturing process exist and that the featuras which govern the mamifymrawlity of a design are
known. Under these conditions, the pdmary (and not inconsequential) problem is to provide
manufacturing knowledge to the designer in a useful fonn. However, for thenew M D* process [8] being
developed at Carnegie Meéllon, these assumptions do not hold We do not have enough experience with
the manufacturing process*& taow whit feaiira affiect the quality of the final design artifact nor do we
have fundamental models of the manuftcturing processitteft

The MD* shape deposition process is described in more detail in Section 2 below; however, one of its
primary attribute from a design point of-vtew:is that«it removes tndftional manufactwi*g constraints

thereby significamly incsvasing the spece of poasible piodects. It allows allows milti-material layers.




Figure 1: Emogswawliimrlmm;mmmam
allows assemblies to-be'sprayed in place; andf allBWsttectr oticsto be embedded in structures. Using a
layered deposition process provides accessto theinterior of * pan Sofor example, one can build a solid
sphere of one material surroundedt by a dosedttolie’ oftdititt material (closed except for a small weep

hole to let the support material drain otft):" ng“ﬁ 1"sHoWdThi's pan half way through its manufacture.
The white areaisthe support material whlch W|fl bed}vrﬁed after thepart is complete.

Anocther impoitant attribute of the M D* proce& asweII as other solid frcefbnn manufacturing processest
isthat it requiresminimal fixturingand setup. AsFigure 1 |Iluarates the support material conespondsto
the fixturing in traditional manufacturing processes. For MD* , process planning consists of filling the
voids W|th Support maIerlal dicing the part |nto Iayers and computlng the tooI paths to deposit the
8], palfeCB'nbesettdlrectty fmmu;eddm bt 0 the tidnufacturing syseeiii. T husthedesignee can
woik more.closely with the manufacturing pracessTep | s possiblein traditional. manufactunng systems.
Onceapart has been verified, it can bedownloaded diiectiy {0 tt emuamtacturing cell.

Because the MD* process is under development the nunufacturing, subprocesses are mnrtiwally )
evolving. . We need to design and manufacturemp to discover the capabilities of the system, but we- - .-
need to know the capabilities of the process to onter to.design.and manufacture paits. Thedeegner does

not know how to set deagn parametersto achle/ereqt|||enen§and doesn't know the connection between
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‘paper is to allow the deagner to acquire knowledge about and to develop models of the manufacturing
processaspart of thedesign process. =~ - = 1

“2. ThéMD* ManufacturingProcess .

"M I also taown as shape deposition num? "m(muuhmdm in which
parts and:assemblies are manufactured by successively splaying crossisectional. areast St|It|ng from a
geometric model “the part is discretized Into thih layers based cm geometric as well as material criteria.
The part is built by a veiticai concatenation of two and half dimensional layers. Each layer undeigoes a
series of processes |ncIud|ng material addition, stress relief, selective material removal, and.surface
preparation. The MD* process allows encapsulanon of prefabncaled pans, such as computer chips, by

+ placing than in sockets and-building the structure arounc thém. * Salient features of At process are its
ability to handle any geometry, to vary shape and matérial composition continuougly with the part, to

-embed- electronic components, and to make electronlc packaglng an integral pait of the mechanical
gructure

The basic sequence of operationsin theM D* processis shown in Figurez. Not all operations need to be
performed for each layer. Additional processes, like cmhtttf ing-prefabricated: pans, can occur between
repetitions of this loop.

- The primary. process for, depositing material is rcferod to is weld-based Spray or micro- cagting- The
process is smilar to conventional welding in which the deposition mtferial-is originally.in theltem of a i
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wire. TheW|re|s melted in an inert_atmosphere and dioptets of metal are deposted bewk each other to
fbim-alayer on thesubstrate. Incontrast tot fi d il welding, the wire is mmmmm
protecttheexisting Uyenfran the. . - . dusing dis'melging process. Thedroplet sizeislarge so

. thatttecboptetsr cmamatatempentture" hiﬁntﬂun the meiting poit while they are.in contact with the
substttte. Thisresultsin better metallurgical bonding between thesu cc’\wdepmtﬂmhyﬂ:[l]

Thermal spraylng (plasma or eectric arc) can also be used to deposit material. Thenmi’ spraying staits
with ametal powder which is melted to create a fine gream of hot particles: To fotm alayer, the particles
are deposited on to the subgtrate under an inert atmosphere. The particles are an order of magnitude
smaller than thedropletsused in welding deposition.

Oneof the prominent phenomena.that occur during material deposition isthe generation of sored residual
stresses which resultsfrom the differential tbeimal connidion. Even when the substrate ishealed. and
both the sprayed: material- and the subsrate are cooled together, a degree of diS&rential thermal
contraction:isiinevitable. In practice, large stresses are genwited. whfch cai»e spallation, distortion, or
generation of cracks. Stress relief is achieved by shot peening. During shot peening, metallic balls or
shots drike the object under pressure. Varying the shot material, shot size, pressure, and Iength of time
results in dlfferent process outputs. Excess thaterial |sremoved to shapethe geometry of thelayer and to
make recessesfor inserting pre‘abrmted or eectronic parts “Material removal is achieved by precise
machining using ahigh- preuson five axis CNC machine. The surface of each layer is prepared before
spraying the next layer. " Cleaning followed by grit blasting ensures better bonding between layers. Grit
~ blagting, WhICh onS|sts of griking thedeaned surface with abrasve partlcles increases the surface
roughness. Grit blasnng also removesthe oxidized film on awelded Iayer

3. Characterlzmg the Manufacturlng Process

"Charactérizing the"manufacturing process for design requires ari underdanding of the influence and
inter actions of design and process variables on the final quality of the artifact Variables are often
propertles of the‘material (or combinations of materials) selected, of the geometry of the part, of the
equipment settings, and of the manufacturing environmental conditions. Characterization also involves
the establishment of the working limits oh these variables. In other'words, chardcterization is equivalent
to establishing an accurate model of the process and therange of its applicability.

A processmodel can be used to answer questions about the capabilities of a process as well asto control
the process. Manufacturing processes can be modelled at different levels of detail. The level of detail
desired, the available resources, and the available knowledge about the phenomena involved dictate the




type of modelling technique. To study the microscopic effects or detailed sructural effects requires
rigorous models based on the science of thephenomena occurring in the process. Coarser models based
on approximations are sufficient for providing afirst estimate or for studying the general behavior of the
process. For many new manufacturing processes, models based on science have not been developed. In
such cases, empirical models based on experimental dataarewidely used in industry.

Statidtical modelsobtalned from input/output data provide apolynomial relationship between the process
variables and the outputs. of the process. If ii"ut/outhm_data are not available in sufficient quantity,
models are developed using a combination of regression techniques and a set of systematically designed
experiments. The main advantage of statistical modeling is that any process can be modeled; however,

the correctness of the model depends on the expenment design, the interpretation of theresultst and the
range of its application. Even though statistical modelsare not based on fundamental principles, they can
provideinsight and serve asthefirst stepin developmg mor e detailed models.

In this paper, we develop amethod that can be used by a designer to develop models of a manufacturing

process that isrepetition of a sequence of related subpiocesses. Each subprocess isrepresentedin terms

‘of its input- properties, control parameters, anil- butput characteristics. A statistical model of each

- -subprocessis developed using design of experiments. Theinterme& ate-outputs of the subpiocesses form

- theinput propérties and control parameters of the model- that combines the models of the subprocesses,

Subprocess interactions arc incorporated as crossed factorsin tie combined, comprehensive satistical

model. Theabsence of a fundamental undersanding-of the overall process as well asthe subprocesses,

tbe lack of sufficient data, and the novelty of the process make statistical modeling most suitable for
iritial modeling of this process. .

3.1. Design of Experiments

Box [3L presants some of the earliest woik in experimental.design. Later developments leading to
classfication of -experimental .design can be found in. Steinberg[12]. A different perspective on
experimental design, often called off-line.quality conr ol, can'be found in Taguachi {14]. Many.references
to-the use of ttese methods to'-model;-understand, and improve; manufacturing processesareavallablem
literature. - :

Bxa" ptes of modéling |nd|V|dual processes involving many control variables are available in literature.
Gioia[6] describesthe development of a quadratic model usiri§ a Box-Behnken degign for & onemicron
CMOS process.. Donnélly. [4] and Hanrahan([7] demorigtrate the use of responsesurface experimental
design in pred|ct|ng the feasibility of a manufacturing process for a certain yield. Developments have
also been made using neural networks in modeling manufacturing processes. Yerramareddy [1S] and
Mahajan[9] describes the development of empirical modéls using attificial neural networks for a
machining process from experimental data ahd a silicon” deposition process from analytical data
respectively. Nadi [10] describes modeling a process that has many effects using a combination of two
types of networks®  Anderson [2] reportson the use of learning models for processes using coimectionist
neural networks sarting from a basic paiametegzed model developed using available knowledge about
the process. Neural networks like polynomial regression techniques are universal approximation;;
however, they require a substantial amount of data before a mddel can be obtained. Strojwas
[13] describes the use of response surfaces and multi-layer non-linear regression analysis for modelmg
- chemical vapor deposition process and plasmaetching for VLS manufacture,

The common procedure for satistical design- of experiments consists of recognizing the goal of
experimentation, choosing die variables in tbe process and ther levels, choosing the response or
dependent variable, choosing the set of experiments, planning data coIIect|on and planning the analyses
of the collected datato draw conclusions. For.more detail on each of the steps or setting up orthogonal
arrays for experiments involving fewer trials see Box [3] and TagucM [14]. The basic steps are listed
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1. Recog«f*f goal of the experiment: Thi* steq is cniciai for wiMequegt decisions like the
typeof experimenttobechosen ottbcnumber of replrcatrons required.

2. Choosing the variables and their levelr. The independent variables, or factocs, whose effects
-"ae to be stained must :be selected. The vataw or Ievels ofthe fcaon-to be used fat the
couperiinent setst bs deClided. -

3. Chodtbt ‘the resPonse variable: The respomer varrable IS Met to maaBW= die-effect of
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5. Dam-mUmta*;: Dst» must be «collected on the«ier |n.«M_ch the_diffierent experimental
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6. Planning dm analyser. Although, analyses-and coodostons come only after the
experiments have been perfonacd, consktering thte aspect while designing the experiment
can rcsoit in differcni choiceof experiments-

The cost of using design of: experrmentSWrdared to the expeiimert itself airi to the munber of

(sample sin) chosen. Risk is the chance. taken to estimate a certaif effect with a certain nnnthtr of
experimental iims. DifiEeitm experimental desagpsallow di” "ot levels of compromise between cost and
risk. Fuither, bifed on the'type of effect'to be catlinilfiri (Itear* additive* nonlinear, or interactive)
difforerg  sasthorpetionl models. and o POIVHYIHEE, *AQ0eBaV0otMi. JoBgps most de chosen* 1Mt
mathematiopl medel slsq affects the type of gtasigtical snelyses perfosmed on the data.

Associated wMi- 6tchr of thé sbbprtx’\eeses st many vacUMes and cooiiol_foctois whose effect on the
sithpfocess and-the eutitéprodsss is inknown. - Further* the intertctions between these-subpioosscs aie
not cleariy understood. Thismakes the problem of modelling such processes challenging:*-

| deally, aU thevariables controllingthe decred output must be understood and agelmited for better yieid;
however ; it |S‘(Bfflcurt to obtain a modd that ¢chtftes all the vari*tesin all-the subprocesses to the final
output oftile pfocess: Oné way to rioddl such aprocess-isto nodel each subpiocfess tfvkhially and
then comibine the“modds.  Tlie combiriation procedure mu$t incorporate mteractrons between the
subprocesss ahd reducethenumber of variablesinvolved.

Each subprocess |srepreeented in.tenns of its input popertres contjol variables am) output parameters.
We develop a statistical model of each’ subprocess using design of experiments. The intermediate outputs
of the subprocesses fomn the input properties and contt ol variables of thed” odd that combinesthe models
of the suibproctties. - Subprocess - mteriictions BMNnod\prdratazI as crossed ftctors in the combined
comprehehsvermm

4. Modelling M D*

In novel manafartufmg processes, data ate scarce and there is no gtarting model. All the research
surveyed above involvés.modeling a'single maoifocturing -process. Moddtag processes involving
different sSAprocesses is not discussed | h the Uteratnre We'tat developing models such manu& ctnring
pnx” sses, asthey dfebeirg developed; for predrcts“m Design of experimentsis used to
- obtain mefkifdliw™ tafor matton from a restricted set of experimeitts to model the subprocesses. Because
Satistical models complement design of experrments, we usethem to model individual-subprocesses.

During its manufacture a part undergoes many changes and passes through many mamifacturing




subprocesses before it is complete. | deally, these subprocesses are independent of each otter and can be

- moddléd-individually*/ Howeveér, Htalmfaffurmg process like MD* - r_:equwé an iterative sequence of

dependent subprom that hm éocn|f|rand|nge£fectontteoutput

~ In tte MD* process, each: Iayer is formed. using micro-casting; stress relief, machining, and surface

preparation, then tte layers are concatenated to creatette part. Tteinter- -layer effectsareas important as
tte ma*4aycr eflbcts in-tte MD* process, so we must modpl nptonly tte sequence within alayer, but

. also tte kiteactksns between,layers. - Tht method prosmttd here'is based on.tfe divide and conquer

principle. Ttecomplex processisfirst divided into smaller subptoceaaes. Ttesubpexnses aremodeled

individually.in acommon framewort Tteindividual mwiels are comtwied:tofom amodel of ttelayer
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F|gure3 Modd of tte Subprocessto Createal ayer inMD*

In addmon to modeling tte layer creation process, we must also model tteprocess:of concatenating
layers.  Some of the most interesting issues in both- design and- manufacture-arise in tte layer
concatenation process. For design, features such as unsupportable. overhangs arise from interaction

- between layers. For manufacturmg, some of tte most serious defects/such as delamination, occur -

between layers.

Whilespraying ttefirst layer of apart, tte efBea of properties of the substrate material are not amsidered
because bonding between tte subgtrate and-the first layer isnot of interest Howiever, Wh||espray|ng any
subsequent layer tte output: propertm (temperature surface roughness, etc) of tte previous layer affect

~ tte bonding between tte two layers.  The inter-layer effects are modeled by considering tte output

variables of tte previous layer as input variables to the process of creating of tte current layer.

Interactions between tte properties of the previous layer and the control varlaU&s for tte current Iayer -
- makeit-possibleto‘compensate for'the properties of the previous layers. »

Thedivision of the processinto subprocesses must:

|.be conducive to studying. tte subprocess by itsdf* i.e* each subprocess should be a
physcally separable sep in tte manufacturing process. For example, in a silicon film
egostlon process, film thickness and stress development cannct be divided into two
subprocesses even though a separate model maybe be required to describe f|Im thickness
and stressdevelopment _

2. alow subpmce&e&tote COM " ped. with neighboring subprocesses. The combination of the
subprocesses into a larger- model. rec1uwes that neighboring.subprocesses have a common
property or variable which forms n link. between them. Tdeally the output variable of a
subprocessistteinput variableor. aconfrol factor of thesubsequent subprocess. -

3. possess.output variables that are measureundmmﬂve the changes occurring in
the,subprocess.  This will.enable control " of tte.subprocess as well asreduction of tte
number of variablesinvolvid in‘the modd.

'Every subprocess has inputs which ate processed through some equipment to produce certain outputs.
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This geneiality-is used;in aodejiog..a. sybpocess. The subproccaces, arefrpfralenfrrt in tonn&. of input
Jproperties, process or - control: varlables, -and.-output properties Th? igput, propertles are relevant
. pfopertief (geometry,flnlsh,,matnrlal :etc)-of »e input maarial : Theoqurd vanableearethesettlngsof
: theeqU|pn||C| (|acaKfeg r#lnwnJ used 1o control theenwronment)_ sed mtheaufaprocec Theoutput

modified input properties, such assurface& rah>"
in thermal spraying.

g, OF anew.pr Qperty,_ Such asstress

The subprocessismodeled asfollows: Let i, ¢, and o bevectorsreprwentlngthe mput propertles control
variables, and output properties from the wbprocessrepreet:>|tttf$h 'I"?éBldattonhl p bétween the output
properties and the input properties and control variables (*m bewr |tW| A

o = flic)

where,/is a vector of unknown functions. Each function/; in/is afiinction of some or all of the input
properties and control variables and correspondsto oneoutpj” prope"r ino.

The unknown functions in/ar e determined by design of experiments:” First screening experlments are
cxxidiftCtedtadiacoY erwhk&of theingmt spd: contsal varisbles afiact the cutges. or meponse vaziable in a
statigtically significant, senscv . Depending ofittie wiocm of pripr-knowledgeabottt the eflfect of significant
vaziables on the: rcsfwnse. emplrlcal or mfchanigic models arc developed for / baaed on further

cxpurimentation.

The effects of all the subprocess that form the process when combined together produce a mode of the
entire process. U0JJ= |,2-..n arc the output vectors of the n subprocesses, the process can be modeled
as

s Y = g0y sy0y)
where, y is the vector of outpmprc’\rt» of thesi A A mwpuwam function
that mode the intra-layer process, and i, isthe vector of input properties forthefirst subprocess. The
vector g is determined using a process smilar to the process in which / was-defeennined earlier. The
experimentation necessary to determine g is reduce significantly due to the avallablllty of data from the
experiments perfonned - to- model -The subprocesses;; asalmlng thai mod of the test specimens were
processed completely.

The rationale behind the use of the outputs from the subprocm to model the intra-layer process isthe
fact that input and contraol variables of each subprocess can’ b$ used to control the corresponding output
Thisistrue because the intra-layer process was divided intQ _s_ubp_noc&ses under: a set of conditions, one of
which required the output of the subprocess to represent the changes effected by the subprocess. We
assume that the number of output variables in each.subpiocess will be less than the sum of the input and
control variables. Hence there is a considerable reduction in.the number of variables or factors involved
in the mode of the intra-layer process. Further, if some of the subprocess outputs are not statistically
significant, the number of variablesin overall model will be reduced furthér.

5. Example
This section describes a prototype system that has been developed at CMU. This section describesjust
the-part of the system that allows the designer to design the experiment; and generate the geometric and
material description of the samptemcimmthltmbeu'mimdm the

As part of another project, we arc designing and manufacturing wearable computers Wlth confbnnal
eectronics [11]. Because the manufacturing process is under development, designers often do not know
the capabilities of the system. For example, to create parts with embedded electronics, the components
arc dropped into milled pocketswith their leads pointing up wards. Due to ccmnectivity aswell asthermal




*problems adesigier-has decided | D try embedding the componentt in anylon materiak. - A layer of zinc
" “igpriyed*dfitopof Hie hylon ftvmsthe cofdnidiing:layer ‘whicht'ft-ifsed to- make conrections to the
- dectroviccomponent: The zinc layer'is plahe* afterritying and Iheé'circuit isthen cat However, the
zfnclanrten i Dp#tiff Wife wiidithing & bredks'in eldesioRt comitmity. Thwiesigner wantsto
createme(pferumntwm théobjéctive of deftminttty *th¥mad|fh|ng parlmeteB for spvvycd zinc The
“designer hasdétermined‘that the expérimiental factorsale: + + -+
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Cutter spesd
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+ Gap between cuts
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The (tesgher bdteves that cutting speed (a function of cuter dlameter=and cotter speed) feed me, and
depthof cut aretheprimary varirtrfeathat affect theécutpit - Using thedesign systeny™ the designer creates
an experiment-to Vary each of these Variables at tivo levels and patfonH atwo-level factorial-experiment
The streen in which the desgner setsup the experiment isshown in Figure4. Thésysem setsup atwo-
level factorial nmadfimixad run asshown in Table 1. S

Figure4: Soreento Design an Experiment for aMachining Process

~ The initial'model“is alinear model that assumes that the output variables are a lingar function of the
a)ntra variables Depending 6n the outcomeé of the experlment the linear modet mzymuf to te refined
-~ or amorecwnpikated modd subgtituted : _ o

n= h,vi + g
yz' = Xb‘v, + E




where
a| and bj arctheunknown parameters (co-efficients) to bedetermlned
vp stettvenbtes(feed £peed, depth) |IItheexper|mental irans -
Y andy, aleflleoutﬁutsofllleproceﬁs (peel oﬂfc resistance)

£istheerror
Run Dimeter ﬁth ofcut  Feed me
- ‘Number (in) (inlteg)
1 05 . . ao002 u
2 0.75 10.002 15
3 0.75 ~0:.005 30
4 0.75 0.005 15
5 05 0.005 30
6 05 - 0.005 - 15
7 0.75 0Joo2 30
8 05 ojaaz 30

Tablel: Rxpcrimentai Design for Marhining Zinc Layer

-+ After the mn table is generated, the system will attomatically genenrte the geometric model for asample

specimen with the approprlaie process control variables to nm the experiment -on  the manufacturtag
.system .

6. Conetasdl’
We have presented aprellmlnary version of asystem that allowsde3|gnm to acquiredata about aprocess
by designing.and.naming experiments..on theq_J_nganufa,(;tl_Jr:_u__lg system_ We _have_pr&se_nted models of

rfiMM>iMiaBrai»MMMMSKAMBX mwnnjMutiii ni mSflvV UBzIDVB nwH wy ir gunwgdTPIMHIK

Currently, because of the lack of data on the MD* processes, we are focussing on designing experiments
to characterize the manufacturing subpiocesses. Asthe models of the process improve, we will also begin
to synthesizethe knowledge so that design advisors can be built
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In addmon to modeling tte layer creation process, we must also model tteprocess:of concatenating
layers.  Some of the most interesting issues in both- design and- manufacture-arise in tte layer
concatenation process. For design, features such as unsupportable. overhangs arise from interaction

- between layers. For manufacturmg, some of tte most serious defects/such as delamination, occur -

between layers.

Whilespraying ttefirst layer of apart, tte efBea of properties of the substrate material are not amsidered
because bonding between tte subgtrate and-the first layer isnot of interest Howiever, Wh||espray|ng any
subsequent layer tte output: propertm (temperature surface roughness, etc) of tte previous layer affect

~ tte bonding between tte two layers.  The inter-layer effects are modeled by considering tte output

variables of tte previous layer as input variables to the process of creating of tte current layer.

Interactions between tte properties of the previous layer and the control varlaU&s for tte current Iayer -
- makeit-possibleto‘compensate for'the properties of the previous layers. »

Thedivision of the processinto subprocesses must:

|.be conducive to studying. tte subprocess by itsdf* i.e* each subprocess should be a
physcally separable sep in tte manufacturing process. For example, in a silicon film
egostlon process, film thickness and stress development cannct be divided into two
subprocesses even though a separate model maybe be required to describe f|Im thickness
and stressdevelopment _

2. alow subpmce&e&tote COM " ped. with neighboring subprocesses. The combination of the
subprocesses into a larger- model. rec1uwes that neighboring.subprocesses have a common
property or variable which forms n link. between them. Tdeally the output variable of a
subprocessistteinput variableor. aconfrol factor of thesubsequent subprocess. -

3. possess.output variables that are measureundmmﬂve the changes occurring in
the,subprocess.  This will.enable control " of tte.subprocess as well asreduction of tte
number of variablesinvolvid in‘the modd.

'Every subprocess has inputs which ate processed through some equipment to produce certain outputs.
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The subprocessismodeled asfollows: Let i, ¢, and o bevectorsreprwentlngthe mput propertles control
variables, and output properties from the wbprocessrepreet:>|tttf$h 'I"?éBldattonhl p bétween the output
properties and the input properties and control variables (*m bewr |tW| A

o = flic)

where,/is a vector of unknown functions. Each function/; in/is afiinction of some or all of the input
properties and control variables and correspondsto oneoutpj” prope"r ino.

The unknown functions in/ar e determined by design of experiments:” First screening experlments are
cxxidiftCtedtadiacoY erwhk&of theingmt spd: contsal varisbles afiact the cutges. or meponse vaziable in a
statigtically significant, senscv . Depending ofittie wiocm of pripr-knowledgeabottt the eflfect of significant
vaziables on the: rcsfwnse. emplrlcal or mfchanigic models arc developed for / baaed on further

cxpurimentation.

The effects of all the subprocess that form the process when combined together produce a mode of the
entire process. U0JJ= |,2-..n arc the output vectors of the n subprocesses, the process can be modeled
as

s Y = g0y sy0y)
where, y is the vector of outpmprc’\rt» of thesi A A mwpuwam function
that mode the intra-layer process, and i, isthe vector of input properties forthefirst subprocess. The
vector g is determined using a process smilar to the process in which / was-defeennined earlier. The
experimentation necessary to determine g is reduce significantly due to the avallablllty of data from the
experiments perfonned - to- model -The subprocesses;; asalmlng thai mod of the test specimens were
processed completely.

The rationale behind the use of the outputs from the subprocm to model the intra-layer process isthe
fact that input and contraol variables of each subprocess can’ b$ used to control the corresponding output
Thisistrue because the intra-layer process was divided intQ _s_ubp_noc&ses under: a set of conditions, one of
which required the output of the subprocess to represent the changes effected by the subprocess. We
assume that the number of output variables in each.subpiocess will be less than the sum of the input and
control variables. Hence there is a considerable reduction in.the number of variables or factors involved
in the mode of the intra-layer process. Further, if some of the subprocess outputs are not statistically
significant, the number of variablesin overall model will be reduced furthér.

5. Example
This section describes a prototype system that has been developed at CMU. This section describesjust
the-part of the system that allows the designer to design the experiment; and generate the geometric and
material description of the samptemcimmthltmbeu'mimdm the

As part of another project, we arc designing and manufacturing wearable computers Wlth confbnnal
eectronics [11]. Because the manufacturing process is under development, designers often do not know
the capabilities of the system. For example, to create parts with embedded electronics, the components
arc dropped into milled pocketswith their leads pointing up wards. Due to ccmnectivity aswell asthermal
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Tablel: Rxpcrimentai Design for Marhining Zinc Layer

-+ After the mn table is generated, the system will attomatically genenrte the geometric model for asample

specimen with the approprlaie process control variables to nm the experiment -on  the manufacturtag
.system .
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Currently, because of the lack of data on the MD* processes, we are focussing on designing experiments
to characterize the manufacturing subpiocesses. Asthe models of the process improve, we will also begin
to synthesizethe knowledge so that design advisors can be built
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