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1 Introduction In summary, layered manufacturing adds a new dimension to
product realization by making possible the fabrication of compli-

artifacts are constructed by depositing material layer by layer u%@te.d and heterogen_eous artlfacts that_canr_mt _be made with con-
der computer control. Also referred to as Solid Freeform Fabric}:@m'onal manufacturing techniques. This point is argued strongly

. - : ~In a recent “industry trends” documetifl] which says:Long-
tion (SFP, layered manufacturing complements existiognven E(Lerm growth in the RP industry will come from applications that

tional) manufacturing methods of material removal and formin o : X . . ;
A host of LM technologies are available commercially. A none are difficult, time-consuming, costly, or impossible with standard
. techniques

haustive list includes: Stereolithograp$LA) by 3D Systems, ! - . . .
Selective Laser SinteringSLS) by DTM Corp., Fused Deposition In this paper, we h'gh.“ght opportunities, constraints, anq ISSUES
Modeling (FDM) by Stratasys Corp., Solid Ground Curif§GO related to facilitating this “long-term growth” in the LM field.
by Cubital, and Laminated Object .Manufacturi(lg)M) by He- Two main opportunities that have been realized in recent years
lisys. In addition, several LM processes are under developmenta:;rl :
various universities such as Carnegie Mellon, Stanford, MIT, Uni- « The capability to process material at virtually any point in
¥er5|ty of Dayton, University of Michigan, and the University of  gpace-facilitating greatly increased capability for shape and
exas. materials complexity.
In industry, layered manufacturing is usually referred to as . \ell-defined geco%position methods into manufacturable
rapid prototyping(RP) reflecting the most common use. Itis used  glements-facilitating design-for-manufacture, process plan-

for the rapid fabrication of physical prototypes of functional parts ning and separation of design and manufacturing activities.
(important in the design stagepatterns for molds, medical pro-

totypes(implants, bones consumer products, and so on. Rapido fully realize these opportunities, several constraints must be
tooling is one of the largest application areas of RP today. @vercome, including:
unique feature of LM is its “direct” fabrication capability—it
does not involve tooling, fixturing, and other peripheral activities
associated with conventional manufacturing. Therefore, it is pos-
sible to start from a CAD model and create the physical part/
prototype in a very short timghat is, hours instead of days and at
a relatively low cost

It is interesting and important to consider the use of layered *
manufacturing beyond RP applications. When viewed as a fabri-
cation technology, its novelty stems from the layer-wise deposi- . ) .
tion principle. This offers a range of possibilities including multi- * Design methods that gnablg exploration of new design con-
material structurege.g., copper cooling channels inside a tool ~ CePts that leverage LM's unique shape and material complex-
steel exterior, objects with embedded electronic components, Ity capabilities.

etc), direct build of multi-component assemblies, as well as the In the remainder of this paper, we report on the recent progress
fabrication of materially graded structures—in density and comy, design systems for layered manufacturing in Section 2. The
position. Layered manufacturing is also an attractive technology, systems(commercial and under development in universjties

for the fabrication of mesoscopic devices. We note, however, thal, jescribed in Section 3. In Section 4. we provide an overview
only few LM systems currently possess multi-material and heterg rocess planning issues for layered manufacturing. Data in-
geneous object capability. But, research is underway and commglz,herapility is an important issue in CAD/CAM systems and in

cial development of such machines has begun. Section 5 we remark on this. Section 6 contains a discussion of
novel applications that LM is making possible. Future trends are

Contributed by the Computer Aided Product Development Committee for publ'é|ab0rated in the final section. Since the term solid freeform fab-
cation in the Journal of Computing and Information Science in Engineering. Manu-

script received September 2000; revised manuscript received January 2001. Assl'dE:iatio'_'] (SFF) is used as frequently as |ay(:'\r(:3(_j manufacturing
ate Editor S. Szykman. (LM), in this paper, both LM and SFF are used interchangeably.

Layered manufacturing_M) is a fabrication method whereby

» Representation schemes that include geometry and materials
and CAD systems that better support part and assembly de-
sign for LM.

» Generalized CAD model decomposition methods that suit an

increasing variety of LM processes.

Process planning and manufacturability assessment methods

that operate on the CAD representations and decomposed

models.
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2 Design Systems for Layered Manufacturing two groups are based on this approach—the tetrahedral mesh-

Al layered manufacturing methods require the CAD model q125€d modeling4] and quadrilateral element modgd]. In the
IIst, a traditional tetrahedral mesh structure is used. Each tetra-

the part to be fabricated. Furthermore, the CAD models are “Yedron, in turn, references four nodes. Each node maintains
verted to the STL format prior to processing for build. The STL ’ ’ :

format (i.e., STereoLithography formatdeveloped by the Albert Mformation about its position in space as well as an associated
Consulting Group, was put forth by 3D Systems in the early yeaﬁ:gmposmon. Th‘? shape and composition over _each tetrahedron_ls
of this technology and has since become tee factoindustry e_valuated_ as a linear interpolation of the positions and composi-
standard. The STL format describes the boundary of the object% S .Of its nodes_. The s_econd approach is based on four-
a list of triangles(i.e., a facetted representatjcend each triangle n Qe ISo-parametric quadnlateral el_ements ge_n_erate_d over the
is described by its three vertices and outward pointing norm&lOIId ora feasible region. _The mate_rlal composition vv_|th|_n each

Conversion to STL is simple and done by standard triangulati(%ement is represented by interpolating nodal values with isopara-

algorithms which are very robust. Some downstream operatioflfic shape functions for the four-node quadrilateral element.
such as slicing and orientation are quite easy to perform on thgaPtive meshing of the domain corresponding to material grada-
STL model tion would be useful for reducing the approximation of material

However, there is widespread dissatisfaction with the STL fof.omposition.
mat due to a variety of reasons elaborated2hand efforts are Voxel-based methods
underway to develop new representation schemes and data forSpatial occupancy enumeration can also be used as a basis
mats. Since the fabrication of heterogeneous objects is well suifedd modeling heterogeneous solids. This is a special case of
for layered manufacturing.e., by selective deposition of materi-cell decomposition where cells are cubical in shape and located
alg) a large number of researchers have focused on representafipa fixed spatial grid. Similar to the tetrahedral model, the shape
of heterogeneous objects. By heterogeneous objects we refeai@el material composition of a cube can be formulated in terms
ones composed of different constituent materials exhibiting cosf tensor product$6]. Control points and control compositions
tinuously varying composition and/or micro structure thus produere formulated using polynomial basis functions such as mono-
ing gradation in their properties. For example, Figure 1 showsmgial, Hermite, Bernstein or B-spline. A NURBS-based voxel
functionally gradient turbine blade with a graded composition bénodel is proposed by7]. Their approach is a combination of
tween the ceramic exterior and metal interf@f. The varying voxel-based model and NURBS model since the object is repre-

material composition resulting in variation in physical propertiesented by a set of voxels with NURBS representation of surface
in different regions of the object can be exploited to achieve muyoundaries.

tiple and conflicting functionalitye.g., mechanical strength and
thermal resistance in the turbine blade example
It is important to point out that the heterogeneous objec

Generalized cellular decomposition

t In Jacksor4,8] the Cell-Tuple-Graph data structure has been

fabrication capability is not widespread in current LM systems. quposed as the u_nderlylng_ relational database for_ capturing t_he
djacency information. In this approach, the topological entities in

is limited to a few research systems primarily in universitie del idered IS of th ding di .
(e.g., Stanford, Michigan, MIfand national laboratorie€San- the moael are considered as cells of the corresponding dimension.
1erefore, vertices, edges, faces, and regions can be treated in a

g:lrz.eoltllgn:éreilgs,sauégiddhe;grgggﬂgoﬁpsrgﬁj r:;%té?er;ﬁgqf)’ ihseteg(?milar fgshion. 'I_'he Cell-Tuple-Graph database maintains the Qd-

increasingly gaining the attention of researchers. Sevel@fency information between the cells. Geometry and material in-

methods have been proposed and are under development. fo[§hation associated with each cell define the shape and compo-

hoped that both technologies, LM systems with heterogenect/don Of the entire model in a fashion analogous to the B-rep

capability and HSM, will mature synergistically and their conMethods.

fluence in the not too distant future will open a new chapteTonstructive Methods

in product realization. In the following sections, we briefly de- A constructive method for synthesis of heterogeneous objects

scribe some methods for creating heterogeneous objects notirzg been proposed [8] and implementation described [ibQ]. It

that it is only the beginning of a new field and much remains to texpands on the ,-object model for representing heterogeneous

accomplished. objects proposed ifi3]. A set of modeling operations and func-

tions (e.g. union, difference, intersection, partition, gtare de-

fined onr ,-sets for use by the designer. In addition to geometry

Finite element based methods creation by combining simple primitive shapes, material compo-
Recognizing the similarity between modeling material variatiosition functions can be specified for each in several wdgs:

and physical properties, such as stress distribution, it has begometry-independent material functions, where users can choose

suggested that finite element approaches used for analysis cadappropriate coordinate typ€artesian, cylindrical or spherigal

be adapted to the design of heterogeneous objects. Activitiesanfd specify composition functiongh) geometry-dependent, in-

2.1 Constructing Heterogeneous Objects

Tharrmal
| | R etance
|
_ Mechznical
Swangh
| = =
Mazal | Graded I Cararnse

Camposition
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Metal Bord coal FOM  Ceramic

Fig. 1 Use of functionally gradient material in turbine blade [Kumar 99 ]

Journal of Computing and Information Science in Engineering MARCH 2001, Vol. 1 / 61



Fig. 2 Image data of a bone

Fig. 3 Converted solid model

cluding the distance-based, sweeping and blending methods for
defining material composition(c) context-specific methods for
material definition.

The final object geometry has an associated constructive mate-
rial composition(CMC) data-structure. The CMC is a binary tree
representing the,-objects below the root level and retains their
material functions, the weight factor for the intersect region,
specified boolean operation and the new resultant geometry. This
framework is helpful for design changes that might involve geom-
etry and/or material. In the implemented modelg0] the
synthesis process is enabled by the Graphic User Interface. The
material distribution functions are input directly by the user or
selected from a library. Examples of objects created in the mod-
eler are shown in Fig. 4. Slicing such heterogeneous objects re-
sults in geometry and material distribution information for each
slice[11].

Heterogeneous Objects from 3D images

Finally, we remark on the inverse problem. In the previous
sections we considered the situation where a designer constructs a
heterogeneous solid model using a CAD system. The reverse pro-
cess involves the conversion of image défég. 2) into solid
models(Fig. 3). Such data can come from a variety of sources
including CT scans, MRI data and automated design output such
as in Homogenization Desidi2]. It is important and arises in a
variety of applications in the medical and engineering domains. In
addition to reconstructing the outer geometry for which several
methods existsee[13] for an overview the challenge here is to
capture the material distribution in the interior. Transfinite inter-
polation methods reported [14] are promising in this regard.

Fig. 4 Some of the examples modeled through HSM

Table 1 LM Process and Characteristics

Process Build Size Accuracy Materials Heterogeneous
Objects
Lithography up to +0.05 mm + Photo-polymers Theoretically
500x500x580 mm | 0.0015 mm/mm capable, but still
research topic
Laser Fusion 380x330x460 mm | £0.1 mm Plastics (PC, nylon, Under
polyamide) and Steel | development
Laminated up to 0.5 mm Paper, plastic sheet, | No
Object 810x560x500 mm some ceramics
Manufacturing
Extrusion up to +0.13 mm + ABS, Elastomer, No
600x500x600 mm | 0.0015 mm/mm Wax
Ink-Jet Printing: | Z Corporation 0.5 mm Starch, Plaster, Under
200x250x200 mm various infiltrants development
Extrude Hone 0.13 mm Stainless Steels with | No
305x305x250 mm Bronze
Shape Deposition Material and size Various polymers, Yes
Manufacturing dependent ceramics, and metals
Direct Metal 900x450x450 mm | 500 microns Any metal Yes
Deposition
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3 LM Systems

The following section summarizes functionality of several lay
ered manufacturing technologies. No attempt is made to provi
an exhaustive overview of existing methods. Those described |
low include the most widely used systems in indu$iry,16. The
methods that can be used for heterogeneous object fabrication
mentioned in Table I.

f"‘—"—“—\

* Spray resin

Devel!p photomask
Expose mask
*Vacuum uncured resin

Photolithography (resin-basedLM systems build shapes using Spray;mx
light to selectively solidify photocurable resins. There are tw Mill flat
basic approaches: laser photolithography and photomasking. 1
laser photolithography approach depicted in Fig. 5 is current
the most popular used SFF technology for rapid prototyping
industry. ) )
Laser photolithography creates acrylic or epoxy parts directly Fig. 6 Photomasking
from a vat of liquid photocurable polymer by selectively solidify-
ing the polymer with a scanning laser beam. Parts are built-up on
an elevator platform which incrementally lowers the part into thgroduce a flat surface. The Solid Ground Curing technology, from
vat by the distance of the layer thickness. To build each layerGubital Ltd., is the best known commercial example of this
laser beam is guided across the surféme servo-controlled gal- method(http://www.cubital.com
vanometer mirrors, for examplerawing a cross-sectional pattern In laser fusion systems, high powered lasers selectively fuse
in the x-y plane to form a solid section. The platform is therpowdered material to build up shapes. The “selective laser sinter-
lowered into the vat and the next layer is drawn and adhered to tiag” approach, depicted in Fig. 7, was originally developed at
previous layer. These steps are repeated, layer-by-layer, until thee University of Texas at Austin, now available commercially in
complete part is built up. the U.S. through DTM Corp(http://www.dtm-corp.cor In this
With laser photolithography, features with gradually changingystem a layer of powdered material is spread out and leveled
overhangs can be built up without support structures. Large ovefrer the top surface of the growing structure. A C@ser then
hanging features, however, require supports since the initial thielectively scans the layer to fuse those areas defined by the ge-
layers which form them can warp or break off as the part movesnetry of the cross-section; the laser energy also fuses subsequent
down into the liquid. The supports are typically built up as thimayers together. The unfused material remains in place as the
wall sections which can easily be broken away from the part upg@opport structure. After each layer is deposited, an elevator plat-
completion. Photolithography has been commercialized by sevef@m lowers the part by the thickness of the layer and the next
companies, notably 3D Systems, with their stereolithography lingyer of powder is deposited. Several types of materials are avail-
of machineg http://www.3dsystems.com able including plastics, waxes, and low melting metal alloys, as
In contrast to “drawing” out each cross-section with laser phowell as polymer coated metals and ceramics for making “green”
tolithography, it is possible to image an entire cross-section inpreforms.
single operation using photomasks as depicted in Fig. 6. EE

h . . . . N
. . minated Object Manufacturing (LOM) is a lamination
cross-section may be imaged onto an erasable mask plate 3 . X . .
duced by charging the plate via an fonographic process and tigfiyl ARE0 UG Buect AR VRS Y BEER S BECR
developing the image with an electrostatic torterg., like the ' '

Xerography processThe mask is then positioned overaunifornflued to the previous layer with a heated roller. A laser cuts

7 . - e outline of the part cross-section for each layer. The laser
layer of liquid photopolymer and an intense pulse of ultra wolp% n scribes the remaining material in each layer into a cross-

light is passed through it to selectively cure the material. Uncur dich pattern of small squarésee Fig. 8 and as the process

photopolymer is removed from the layer and replaced with a lo ) . )
melting point, water-soluble wax which serves as the sacrifici%_‘peats' the crosshatches build up into tiles of support structure.

. e cross-hatching facilitates removal of this tiled structure
support. After the wax has cooled, the layer can be milled When the part is completed. LOM builds up large parts relatively

Beam delive%
(e.g . galvo-minots)

Deposit and level

Elevator !
heat-fusible powder

Recoating
ragc hanism

”””|”“#|I|m....mlll

Photocurable
resin

Fig. 5 Laser photolithography Fig. 7 Laser fusion
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hinder

Depcsit and level
bindaHe powr der
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—

Heated rdler

Y

Fig. 10 Ink-Jet printing systems

'

Fig. 8 Lamination systems

short overhanging features without the need for explicit support.
In general, however, explicit supports are needed which are drawn

. (Rhlt as thin wall sections.
rapidly because _only contours are scanned. In_ the US., LO Several SFF processes have taken advantagekgét print-
systems are available commercially through Helisys, (hitp:/

. ing technolo to print layers of structures. The Three-
www.helisys.com g9 gy p y

G . - . Dimensional Printing3DP) process, depicted in Fig. 10 was de-
In lamination systems, internal cavities are hard to form S'nce\}leloped at M.LT. as a method to form “green” preforms for

is difficult to remove the sacrificial material from internal reglonﬁgdered metallurgy applications. Powderg., aluminais dis-

To address this issue, Case Western Reserve University : :
y - oo . sed from a hopper above the bin, and a roller is used to spread
CAM_LEM, Inc (USA) are developing a lamination system usind,, |eve| the powder. An ink-jet printing head scans the powder

green tape cas_ting_s With a separate §upp0rting material fugitg/ face and selectively injects a binderg., colloidal silicainto

tape. Each section Is |nd|V|dgaIIy cut with a laser and_ then stac powder. The binder joins the powder together into those areas
in-place. The fugitive tape is then burned out during the fingefineq by the geometry of the cross-section. The unbound pow-
firing and sintering process. der becomes the support material. When the shape is completely
Extruding freeform shapegFig. 9 is practiced by a method built up, the “green” structure is fired, and then the part is re-
called Fused Deposition Modeling~DM), commercialized by moved from the unbound powder. 3DP of metal powders, such as
Stratasys, Incthttp://www.stratasys.comin this technique a con- stainless steel bound with a polymeric binder, is also being ex-
tinuous filament of a thermoplastic polymer or wax is depositgaored; subsequent infiltration of the matrix is then required for
through a heated nozzle that moves oxyatable. The material is densification. Ink-jet printing machines are available commer-
heated to slightly above its flow point so that it solidifies relativelgially through Z Corp(http://www.zcorp.comand Extrude-Hone
quickly after it exits the nozzle. Therefore, it is possible to fornghttp://www.extrudehone.com

Extrusion
—

Extrude wire feedstock

o1

Fig. 9 Extruding freeform shapes
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sacrificial stainless

copper '! steel
(%)

€.g., microcasting \\_/ CNC machining

Deposit

) . ) Fig. 12 LM process planning tasks in model and layer do-
Fig. 11 Shape deposition manufacturing mains

task. These layers are obtained by slicing, which can be thought of
There are efforts to investigate combining the benefits of matas a mapping from th€3D) model domain to thg2D) layer

rial additive processe@.e., simplifies planningwith the benefits domain.
of material removal processéise., for accuracy and surface fin- The existing literature can be divided into two categories:
ish). Carnegie Mellon and Stanford universities are developing ahgorithmic and decision-support. The first refers to geometric
addition/removal processshape Deposition Manufacturing methods that operate on the CAD model. A significant amount
(SDM), which incorporates support structurgs]. In SDM, a of work has been done in this area and a survey can be found
CAD model is first sliced into 3D layered structures. Layers [2]. The decision support approaches seek to quantify trade-
segments are then deposited as near-net shapes and then macbiifedmong competing goals during process planning. Techniques
to net-shape before additional material is deposited). 11). from multiobjective optimization and heuristics are used to
The sequence for depositing and shaping the primary and suppprantitatively relate process variables to the objectives. In the
materials is dependent upon the local geometry; the idea isremainder of this section, we first describe the algorithmic
decompose shapes into layer segments such that undercut featorethods for process planning tasks and then consider decision-
need not be machined, but are formed by previously shaped segpport methods. As in the earlier section, no attempt is made to
ments. SDM can use alternative deposition sources, such as be-exhaustive.
crocasting, which deposits discrete, super-heated molten metal . . —_ . .
droplets in order to build up fully dense, metallurgically bondcl_erfl 4.1 Orientation Determination. The task in planning for
structures. For example, stainless-steel is deposited as the pri red manufacturing is the determination of the orientation in
material and copper as the sacrificial material. Other types WHTch the part will be builtsee Fig. 18 Various factors can be
deposition processes which are being investigated include |a§§p5|dered important during the part orientation selection. The

Idi lcasti uv bl ¢ and 2-part epoxy miR€ight of the partin the bqild Qirectiom for many processes is
welaing, gelcasting, eurable systems, P POXy rectly related to total build time. Part orientation impacts the

tures. Laser—cladding process can make heterogeneous parts _
is being commercializefB0)]. quality of the part surfa.ces. as WQII as the amount of support struc-
In Table 1, we summarize the capabilities of these technologi%—:\‘fes used during fabrication. Finally, mechanical properties can
with respect to build size, materials, accuracy, and capability & asr?sgieag:iﬁf)??o;)é the chosen orientation since the fabricated
build heterogeneous objects. . X o .
g I Orientation determination involves analysis on the 3D model
(either the STL file or the native CAD modeand several ap-
4 Process Planning for LM Fabrication proaches have been reported. The task is to determine an orienta-
ion that is optimal with respect to some user defined criteria e.g.,

. . . . . ti
As in conventional manufacturing, an essential task in Iayer‘?gduce support structur§s7,18, minimize trapped volumgl9],
manufacturing is the planning of the fabrication, commonly Cos

. ) rove part quality and engineering propertjd8-21], etc. If
referred to as process planning. Process planning tasks ﬁﬂactors need to be considered concurrently, multi-criteria opti-
layered manufacturing include orientation determination, SUBsization can been usd@2,23
port structure determination, slicing and deposition path planning. T
As shown in Fig. 12, orientation and supports are tasks essentially4.2 Support Structure Determination. When a part
in the 3D model domain, while path planning is a layer-domaiwith overhanging features, in a given orientation, is to be built

& P

Fig. 13 Determining orientation and support structures for layered manufacturing
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Fig. 14 Adaptive slicing of heterogeneous objects

by depositing material layer by layer, it is necessary to detemmes of the part that can be built without any supports for a
mineapriori which surfaces need to be supported from belsge given build direction(initialized with thez-direction). New build

Fig. 13. Once this is known, the support structure has to be fabirections are chosen for the decomposed volumes by a Gauss
ricated along with the part and removed as a post processing apap computation. Figure 15 shows an example of the volume
eration. In certain LM methods such as in laser fusion, ink-jetecomposition for multi-directional depositidiall volumes ex-
printing and lamination systems, the supports are intriisic, cept the horizontal cylinder in to be built in direction-1, the initial
provided by the powder-bed or papemnd not necessary as anzdirection). The sliced volumes are shown in Fig.(&b

extra planning step. - . .
Supports can be internal or external. External supports are*4 Dep(_)smon Path Pla_nnlng. In If':\_yered ma_nufacturlng,
h planning for material deposition consists of two

needed to support overhanging features, while internal su il . g . )
bp ging bp ponents—interior and exterior. Exterior paths refer to the ma-

S;Qgt::jssgymfogitthog ?ﬁgasc-l(?i %Teh?;?e\fl@ffrzta' tShUep%?igiSnglan terial deposited in the neighborhood of the part outer surface and

CAD model[17] or by using slice datd26—28. STL models hence directly affect the surface quality. Interior path planning
provide an easy wagbased on facet normaleo determine facets requires determining the trajectory and the associated process pa-

that require external support. When using a 3D CAD model rameters for filling the inside of the contour with material. For
gaussian map of the surfaces indicates the regions that need st processes, there is a prer%ﬁg geon;]gtrrl]c pE(HB'IBIS'h?thh,
port. However, computing the Gaussian map for freeform surfa (;z_ag_,detohaslln con¥ﬁnt|ona . llm Wb:c m?terlz; IIS epos-d
is a difficult problem. A method for selective thickening of walld'€d Inside the layer. The geometrical problem of path layout an

of a hollow object to eliminate the need for internal support hadacing is similar to CNC cutter path planning. The difference lies
been explored29]. In the process physics whereby the thermal history and material

bonding are considered; this remains an area for further research.

4.3 Slicing. Slicing is a fundamental task in layered manufor rapid prototyping speed is of prime importance and methods
facturing process planning and is required for all LM processes. rave been reported if28,30,44,4% to optimize the speed for
this step the 3D moddbr the associated STL filds intersected various LM processes. For functional parts, however, part proper-
with a horizontal plane to determine the planar contour inside&s and material density/microstructure are possibly of higher pri-
which the material is to be deposited. The output from the slicingrity. Several investigations have been conducted on this topic
procedure is the layer thickness values of the individual slices af6,46—52 relating deposition patterns and process parameters to
the contour profile for each slice for the manufacture of the padesired part properties.

Initial approaches for slicing used the STL f{lg0—33. Later Exterior path planning controls the accuracy of the external
methods focused on a variety of advancements including adaptgeometry of the manufactured layer and typically the paths are
slicing to improve surface quality33—38, robust intersection offsets of the outer contou53—-57. Model bonding/adhesion
methods[39-41] as well as slicing of heterogeneous solfd®] characteristics have also been studi&8—-6(. Feature-based
as shown in Fig. 14. methods for fabrication have also been repofi@®t]. A concept

Recent advances in hardware have resulted in layered manufafc-‘feature interaction volume” is proposed to decompose the
turing machines that can deposit along multiple directions. Thesbject into sub-volumes and reduce the overall staircase effect in
machines can build parts with better surface quality and rethrce the part.
completely eliminatethe need for support structures. A progres-
sive volume decomposition scheme that yields slices along mul-
tiple directions(based on user defined criteriaas been reported 4.5 Decision Support Approaches to Process Planning.
in [43]. The method iteratively computes the regiofssibvol- Decision support approaches have been investigated that seek to

(a} Model {b} Part Decomposition () Slicing

Fig. 15 Multi-direction slicing

66 / Vol. 1, MARCH 2001 Transactions of the ASME



metric tolerance and a surface type, the obtainable accuracy for
that tolerance may be predicted. Six types of geometric tolerances
were considered: positional, flatness, parallelism, perpendicular-
ity, concentricity, and circularity. A total of thirty-six different
response surfaces were developed based on the type of surface,
the orientation of that surface, and the type of tolerance. Toler-
ances can be affected by SLA process variables due to resin
shrinkage, residual stresses, warpage, and other process effects
- e = [68]. Given the tolerance type, orientation of the tolerance surface,
and the values of the layer and recoat parameters, predictions of
the achievable accuracy for every geometric tolerance can be

— made.
- LT . CABSS was demonstrated on a fiber optic attenuator housing,
4. atlenuator part b. emphasis on Accuracy or - shown in Fig. 16466]. Several sets of preferences were investi-

Surface Finish gated. Process planning results are shown in Fig. 16b—d, where
——  the darkest shading represents 0.2032 mm layers, the medium
shading represents 0.1016 mm layers, and the lightest shading
represents 0.0508 mm layers. When the designer preferred accu-

racy over surface finish and build time, the process plan in Fig.

———=16b resulted. In this case, the part was built vertically with smaller

I ——
; T d. emphasis on both Build layers in areas of high curvature and detail. The same result was
c. emphasis on build time Time and Surface Finish obtained when surface finish was most preferred. When build time
was emphasized, the process plan changes completely to that
Fig. 16 Attenuator process plans shown in Fig. 16c. Build time preference would be common for

concept models, for example. When both build time and surface
finish are emphasized, a process plan results that is a modification
of that for build time emphasis—the only change is that smaller
quantify trade-offs among competing goals during process plaayer thicknesses are used near the top of the part. Other combi-
ning. Given a part to be fabricated via LM, the designer may haygitions of objective preferences gave other intermediate process
different preferences for build time, surface finish, and accuragylans(e.g., Fig. 164
depending upon the purpose of the physical part. For example,
people would probably prefer to have concept prototype models Data Standards and Interoperability

built as quickly as possible, even though it may result in a rougher . )
surface and less accuracy than the LM process is capable. Thegg Mmajor bottleneck confronting users of all CAD/CAM systems

process planning methods were adapted from multiobjectil® datf’;\ intgrope(ability. As mentiongd earlier,.there is growing
optimization and utilized empirical dat62,63, analytical dissatisfaction with the STL format in the RP industry. Further-

models, and heuristicks4]. A key idea in the usage of multi- More, it is not suitable for heterogenous object representation, a
objective optimization is the specification of preferences amofgcessity if LM systems are to be effectively utilized for their
the objectives. f brlcatlon._Whll_e extensive research on _het_erogeneous object
A decision support based process planning method for stefepresentations is und_erway, the stan_dardlzatlon of dgta forma_ts
olithography was developed that integrated empirical toleranfQ layered manufacturing has not received much attention. That is
and surface finish models with an adaptive slicing me{ié&geg. Nt surprising since even in the conventiof@hd maturg CAD/
This process planning method orients the part, adaptively slicesG*M industry, problems related to data transfer and compatibility
and selects values of SLA process variables to best meet bligfveéen commercial systems are paramount.
time, accuracy, and surface finish objectives. Different prefer- In the U.S., the National Institute of Standards and Technology
ences among these objectives will result in different process plafiéS taken the lead by organizing several workshops on the topic
Hence, the intent of this process planning method is not to dg)d_lnltlatln_g preliminary wo_rk proposals on RPLM standards in
velop the optimal process plan for the fabrication of the prototypE!€ international STEP meetin{39,70. STEP(STandard for the

but rather, to assist the SLA process planner in quantifying tfechange of Product model dafa an international standattSO
tradeoffs between the three build goals. 10303 for the computer representation of product data for various

The specific multiobjective optimization formulation utilized®ngineering tasks. In industry, there is interest in the standardiza-
for CABSS is the compromise Decision Support ProblemSP
[67]. To support the method, a formulation of the process plan-
ning problem is presented that is based on a series of three cDS

for selecting part orientations, slicing schemes, and SLA paral n a
T

eter values, respectively. The optimization method seeks to mi
mize an aggregate measure of deviation from accuracy, surfe
finish, and build time targets in each of the cDSP’s. The variabl NC
to be found during optimization include part orientation, laye
thicknesses, and SLA process variablesan and recoat vari-
ables. Mathematical models of constraints and goals are pr STEP-AP
sented for each cDSP. Empirical models are presented for e: ‘
goal as a function of SLA process variables. Constraints inclu EP
the effects of support structures and large horizontal planes.

In each cDSP, each surface finish and geometric toler@awe
curacy requiremeintis evaluated separately, after which overal
composite evaluations measure how well the finish and accure DMD SDM SLA
goals are being met. By using a set of response surface models
[62] that relate four build process variabl@satch and fill over- Fig. 17 A STEP based architecture proposed for data
cure, sweep period, ardlevel wai) with a specific type of geo- interoperability

CNC1 CNC2 CNC3

Journal of Computing and Information Science in Engineering MARCH 2001, Vol. 1 / 67



tion of the slice format for layered manufacturing for which nostandards for the slice format. While existing STEP resources can
even ade factostandard exists at present. Toward that end, pree used for representing geometry as well as material type and
liminary work has beguii71] focusing on determining the infor- tolerances, new STEP entities will have to be developed in order
mational requirements for supporting layered manufacturing. & support modeling of graded material composition in heteroge-
(STEP Data Planning Model is under development to represeneous objects. An EXPRESS representation of a heterogeneous
the geometric and material information at the slice level. It islice is partially shown below. The full model can be found in
prudent to include heterogeneous objects in the development[dt].

#1001= COMPONENT",#1002,3;
#1002= MATERIAL _SOLID_MODEL_REPRESENTATION’,1003;

#1003= MATERIAL _SOLID_REPRESENTATION.ITEM(“RMSET1",2,#1004,#1005,#1006
#1004= MANIFOLD _SOLID_BRER'RSETGEAR;, . . .);

#1005= MATERIAL _REPRESENTATION.ITEM(‘MAT1',#1010,#1011,#102B

#1005 MATERIAL _REPRESENTATION.ITEM(‘MAT2',#1010,#1024,#102)

Interoperability of data for layered manufacturing has also beenThe shape complexity capability of LM technologies enables
considered. I1172] a LMData format is investigated in the contextthe fabrication of complex structures and devices that were here-
of an architecture for data interoperabiliiyig. 17). The intent is tofore difficult or impossible to construct. Truss structures are one
for the LMData to be generated by the process planning systemsthod of achieving complex internal shapes that offer the poten-
and used by different LM machines after postprocessing. The idéa to fine-tune dynamic properties, such as inertia or natural fre-
is borrowed from the CNC domain. That is, the LMData has sequency, of devices. Much of the inspiration for internal trusses
eral features that exist in the CNC cutter-location data format. tomes from natural geodesic structures in living organisms. An
particular, the LMData describes the deposition head configuraxample usage of truss structures to reinforce a sculpted external
tion and its movement. A machine definition filMIDEF), as in shape is shown in Fig. 193]. A tetrahedral truss was used to fill
the CNC domain, contains the LM machine specific commandise interior while conforming to the external shape. By modeling
and parameters and is used to postprocess the LMData into riee object using 3-parameter solid volumes, it is straightforward to
chine specific commands. Two commercial machines, Stratagjenerate such truss structures. This particular model utilized two
FDM and Sanders ModelMaker are consideredl7ig] to demon- tri-cubic Bezier volumes with & continuity between them, as
strate the LMData concept. shown in Fig. 20. If the diameters of the trusses and the truss
density were varied, it is possible to optimize the object shape and
structure for improved strength, stiffness, weight, resonant fre-
6 Applications of Layered Manufacturing quency, and other characteristics. These models were fabricated
With stereolithography, but could have been built on most LM
ifaphnologies where parts are self-supporting or where support

area, highlight the fundamental attributes of devices and parts tif4H/Ctures are easily removable. The larger challenges are in de-
make them challenging or unique, and identify the primary road'9n'"9 optimal shapes and structures to satisfy needs, while en-
blocks to improved solutions to these application areas. Succe grlr:gfmanufacturabmtyb For the selected”LM tec?nollogy and gwa-

ful development of solutions for these application areas will ré€fal; features cannot become too small, too closely spaced, or

quire adoption andjor improvement of the heterogeneoﬁ‘%gr‘#:jsesasct‘r:l‘jé?sr'g: tg;);obned glc:r?stlggl:eng lg%ript):ligaghctgmplex shape
modeling capabilities outlined in this paper, as well as improv:
ng cap hap > IMp éjdstrlbutlon Other distributions are also enabled by LM technolo-

als, and processing. gies. When material composition is distributed, heterogeneous

To data, the most widely recognized advantage of layered
manufacturing methodology is the relative ease of automatically
planning and executing the fabrication of complex geometric Conformal Copper Embeddings
shapes. However, as we argue in this paper, shapes using selecti
material deposition/fusion processes will have a second, far:
reaching advantage. They enable designers to create heterog
neous structures. A heterogeneous structure might include multi
material regions and/or pre-fabricated devices embedded into th
growing shapes, surfaces with micro-geometric textures and inter
nal structures or features. These type of designs would not b
practical, perhaps might be impossible to fabricate with conven-
tional techniques. One example of a heterogeneous structure is tt
injection molding tool depicted in Fig. 18. This tool includes con-
formally shaped heating/cooling channels, formed using sacrificia =
material. The interior of the tool is made of copper, for fast and
uniform heating/cooling, while the outside shell would be steel for
strength. Such examples require the fabrication of shape or mate

In this section, we highlight selected emerging appllcatlons

rial structures 5—7 orders of magnitude smaller than typical par Internal Cooling Channels
dimensions. This is a challenging materials processing challenge,
as well as a heterogeneous modeling challenge. Fig. 18 Tooling for injection molding
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Fig. 21 Robot with split-tube joints

Fig. 19 Truss structure model

material structures arise. It is possible to distribute mechanicld intelligence. Recent research advances have utilized compli-
properties, such as compliance, using one material. For exam§igt mechanisms as motion amplifiers and transmitters for these
in stereolithography, it is possible to tune compliance by varyir@PPplications, often amplifying inputs from piezoelectric actuators
the energy that different points in a part cross-section recei {9]. Hence,in-situ assembly provides a promising solution. Con-
Realizing the potential of such mechanical property distributiofiderable progress has been made in designing, modeling, process
will require improvements in process planning and material pré/anning, and fabricating devices for-situ assembly using LM
cessing, and may require extensions of current heterogenedinologies[76], however, challenges remain. Designers need
modeling. Successes enable a wide variety of devices and std@@ls to help them in designing devices with complex heteroge-
tures, such as compliant mechanisms and prosthetics. neous material compositions and embedded components. Further-
Combining the shape and material complexity capabilities &fore, tools are needeql to analyze the.f.unctllonal pehavpr of such
LM systems enables a wide variety of new applications. Mechgevices, to assess their manufacturability via an increasing spec-
nisms require joints or compliance to produce relative motioffum of LM technologies, and to perform processing planning for
Several researchers have explored the fabrication of kinemd{i®se technologies.
joints and mechanisms in Fused-Deposition Manufactufifdg
and Stereolithogra 5]. Others have used inserted componen o
for joints, and r?avgrprzcluded actuators as We&h,77). Althoﬂgh L? Future Trends and Possibilities
kinematic joints are an achievement, greater benefits can Design Systems
achieved through the use of compliance for small mechanismsLM technologies provide the potential for placing any material,
Several variations of revolute joints have been investigated, basgtywhere in space, and processing it to yield desired properties.
on a split-tube design as shown in Fig. Pa8,73. By taking Incremental fabrication of material structures, layer by layer, or
advantage of LM's capabilities, these joints can be placed virtatmost pixel by pixel will further increase the spectrum of devel-
ally anywhere and at any orientation within a mechanism to yielsbment and production tools available at the fingertips of next
complex motions. Simple two-joint miniature robot arms havgeneration designers.
been used to demonstrate the concept, utilizing shape-memoryrhe challenges in design and CAD technologies are to enable
alloy wires as actuators. Improvements in materials are critical tizsigners to explore new design spaces and to ensure the feasibil-
extending the suite of applications outlined here, particularly foty of devices that designers generate. New methods of defining
production, rather than prototyping, usages. and manipulating geometry and material are needed for designing
Device miniaturization offers many advantages and challenggsmplex devices. Representation and reasoning methods for het-
One example is the fabrication of miniaturized mechanisms. Berogeneous materials remain a topic for further research, despite
yond a certain degree of miniaturization it is no longer costhe progress that has been made. Feature-based methods must be
effective to manufacture the links and joint elements as singéplored in the heterogeneous domain since designers transition-
components and assemble them afterwards in an additional opérig-from the conventional solid modeling domain will expect such
tion to form a complete systev3]. Additionally, applications high level tools. Furthermore, modeling and representation of mi-
are emerging for devices that integrate sensing, actuation, conttgb and nanostructures is an area that has not been researched but
will need to be focused upon. Finally, it does not good to synthe-
size complex material structures if they are not physically or
chemically feasible. After heterogeneous devices are designed,
they must be analyzable. Interfaces to CAE tools will have to be
established. Computational methods to analyze complex material
structures in a physically meaningful manner will be necessary.
Data standards for interoperability deserve much more attention in
the coming years if the pitfalls of the CNC domain are to be
avoided.

LM Systems

New layered manufacturing techniques are being pursued in
research laboratories around the world and some are starting to
w1=8 =4, v=ti,w=3 become commercially available. There is considerable research
underway in developing new materials for LM systems as well as
new machines with better tolerances and speed, multi-axis depo-
Fig. 20 Truss structure from two tricubic Bezier volumes sition and wider range of materials.
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