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1 Introduction Feat3 is still reduced due to the cylindrical surface of Feat4. Fig-

. ... ure 1(d) shows the region-based slicing method, in which the
Layered manufacturingLM) refers to a host of fabrication horiz]én)tal cyIindricaIg surface has ghigh surface quality
technologies that build parts by depositing materials layer'bYéquirement

layer. Its domain has moved beyond prototyping and now |ncludesIn this paper, we propose a methodology to localize the curva-

complex functional parts. LM makes parts without part-specific o o :
tooling or fixturing and needs fairly little human involvement. tre effects—the feature based fabrication approach. Figige 1

Although the layer-wise deposition has the advantage of map([esents the feature-based slicing method proposed in this paper

. M ' nd all the featuregFeatl, Feat2, Feat3, and Feagte sliced
ing complex parts easily, it also has one inherent drawback. T@lsdependently. Feature-based slicing enables the localization of

layer-wise deposition makes the dep_osmon process pa_rtlcul_am/e fabrication strategies. Furthermore, it allows the use of any
vglnerable to any local geometry variation. Typically, a point with articular slicing method such as adaptive slicing, local adaptive
high curvature decreases the layer thickness for the entire IayePrsl[. - o A

) R . slicing, or region-based slicing, for each individual feature
that height. Slicing is one of the main factors that affect Surfa(i/eolume
quality and build timeg[1]. A lot of research on slicing has been )
focusing on addressing this issue. 1.2 Staircase Interaction. Layer-wise fabrication in LM

leads to the stair-case effect for slant surfaces, as shown in Fig.

thickness and cusp-heights which in turn affect the surface qual% ag/;/e(zr?rtehg Ir?otrgienglu S&?Egﬁ;ﬁ'cgﬁz mg bmoalj(r']rggm gflstthinczrt
of the part. Slicing also determines the build time since the more P y ry P

layers a part has, the more time it takes to fabricate the part. ﬁlroduced by LM. Depending on the intended application of the

overcome the conflicting requirements associated with high Sl#?’-e/l part one would, in general, employ excess deposition or de-

¢ ; (2 =HE ; - cient deposition[4]. Figure 2Zb) and Fig. Zc) show the two
ace quallty and low buﬂdlng.tlme,.adaptlvg SI'.C'ng was proposeté.e osition situations, in whic8is the desired part boundary and
This idea was to decrease slice thickness in high curvature regug)& h | b d duced by LM

to meet the cusp height requiremeffis-4]. In Sabourin et al[5] Is the actual part boundary producec by LM.

a variant was proposed whereby adaptive high-precision exter}orFor Vé)lum(;efdbe(_:on‘_lposition bajed fa_bricaticﬁ_such as the
and high-speed interior can be achieved. eature-based fabrication proposed hestaircase interaction oc-

However, most adaptive slicing procedures result in a tim&uUrs between neighboring volumes. This staircase interaction re-

inefficient build process. Specifically, the reduced layer thickneSY!tS in geometric incompatibility. For example, in Fig. 3, a part,
at one high curvature point is employed to build the entire Iaye{]’.‘ade of a hemisphere and a slant cylinder, is fabricated by
Recognizing this, new approaches have been prop8gd. eature-based slicing to decrgase the build tjind. If b_o_th fea-
More recently, region-based slicing has been proposed to incBff€ A and feature B are fabricated by excess deposition, the lay-
porate different surface finish requirements on one [&rtHow- 'S in A and B would interfere with each othigfig. 3()). If both

ever, these approaches do not give good criteria to decompose(@fiure A and feature B are fabricated by deficient deposition, a
part volume. Iarge_ void area is cre_ated b_etween the neighboring I_ayers in A and
Research has also been focusing on evaluating trade-df<Fig. 3(). If one is fabricated by excess deposition and the

among build time, accuracy and surface qualyL0]. However other by deficient deposition, the interaction typically results in
compromises ha\}e to be made according to the relative irlnp@tch interference and void since the layer thickness of A and B do
tance of these conflicting objectives. not match(Fig. 3(c)). The layers of A and B become compatible
Figure 1 gives a comparison of various slicing methods. In tHghen the build direction of A is the same as B and the layer
top-left is the example part. Figuréal shows the uniform slicing. thickness of A and B are exactly the saiffég. 3(d)). However,
Figure Xb) shows the adaptive slicing, in which the slant Cy“n_thls compatibility is achieved by sacrificing the fabrication inde-
drical surface at Feat2 decreases the slice thickness of the vertR@fidence between neighboring volumes. The staircase interaction
surface at Featl and the cylindrical surface at Feat4 decreasesP@eS more problems for multiple direction deposition. For ex-
slice thickness of the vertical surface at Feat3. Figum gives ample, with same layer thickness for neighboring volumes, one by
the slices obtained by local adaptive slicing method, in which tfieficient fabrication and one by excess fabrication, the staircase

slicing of Featl is independent of Feat2. But the layer thickness gteraction results in both interference and void areas, as shown in
Fig. 4 (Z1 andZ2 indicate different build directions for hemi-
sphere and slant cylinder

Contributed by the General and Machine Element Design Committee for pub) . .. e . .
cation in the durNAL oF MecHanicaL Desieh. Manuscript received Nov. 1999, As- T hiS geometric incompatibility, i.e. the presence of interference

sociate Editor: J. M. Vance. and void, leads to undesired material properties, such as material

1.1 Previous Work on Slicing. Slicing determines the layer
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Fig. 1 Comparison of various slicing methods: (a) uniform
slicing; (b) adaptive slicing; (c) local adaptive slicing; (d)
region-based slicing; (e) feature-based slicing

distortion, weakened bonding strength, €8ee Section 4)2In
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FIL(Fa) FIL(Fb)

Fig. 5 FIL and its direction

(FIL) and feature interaction surfa¢€lS) to characterize the fea-

ture interaction for LM. Section 3 presents the concept of feature
interaction volume, the staircase-interaction free strategy and the
algorithm for the volume decomposition. Section 4 describes the
implementation and experimental results of the staircase interac-
tion and build time saving by feature-based fabrication. Section 5
analyzes the build time saving by the curvature localized fabrica-

this paper, we propose feature interaction volume, which will déon. Finally the paper is summarized in Section 6.

explained fully in the following sections, to eliminate the stairca

interaction for feature-based fabrication.

55 Feature Interaction Characterization for LM

The remainder of this paper is organized as follows. Section 2Features have been widely and successfully used in design,
reviews feature interaction and introduces feature interaction loppocess planning and manufacturing processes. For a review of

(b) ()

Fig. 2 Staircase effect and different deposition situations: (a)
staircase effect; (b) excess deposition; (c) deficient deposition
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Fig. 3 Staircase interaction: (a) excess +excess; (b) deficient
+deficient; (c) deficient +excess; (d) deficient +excess
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Fig. 4 Staircase interaction for features with different build
directions
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feature technology, refer {d.2]. In the context of layered manu-
facturing, features have been proposed to facilitate the design and
fabrication of the heterogeneous objelts].

To decompose part volume according to features, feature inter-
action processing is a critical issue. Although feature interaction
has been addressed in the NC machining dorftadih, it has not
been explored in LM domain. This section reviews how features
interact with each other. We propose FIL and FIS to be used to
describe feature interactions for different situations in the LM
domain.

Feature interaction refers to the situations where two or more
features intersect. Two featur€s andF; (i#j) are interacting
when FiNF;#0. Note, the intersection operation is a non-
regularized operation.

Feature adjacency refers to situations where features share the
same topological entities, such as e@y®r facds), in the part
volume. We refer to such features as adjacent features.

To systematically handle feature interactions, we classify them
into the following two categorieg1) interaction between additive
features or between subtractive featurgy;interaction between
an additive feature and a subtractive feature. Interaction resulting
from the surface features, such as fillet and chamfer, can be con-
sidered as a special case of interaction between additive feature
and subtractive feature. Note, support volume in LM is considered
as a subtractive feature.

For the first category of feature interactiorfeature interaction
loop is identified to describe the interaction. For the second cat-
egory of feature interactionggature interaction surfaces identi-
fied. Both are described in the next section.

2.1 Interaction between Additive Features or Between
Subtractive Features

2.1.1 Feature Interaction Loop.When one feature intersects
with another, a feature interaction lodpIL) is formed. FIL car-
ries direction indicating which side contains the feature, according
to the anti-clock-wise convention. In Fig. 5, ltersects with F
Two FILs are identified, FIF, and FILF,), each carrying a
direction as shown in Fig. 5. This direction can be easily obtained
by copying the direction of each component edge within the FIL.
That is, the directions of the edges in the adjacent faces of the FIL
form the direction of FIL.

Therefore, more formally, when adjacent features intersect, we
refer to the closedloop) curve of intersection as the FIL.

Note, FIL can be formed by the intersections of two or more
than two featuregFigs. 6a), and b)), and we refer to them as
simple FIL and compound FIL respectively.

Transactions of the ASME
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(a)Simple FIL  (b) Compound FIL (C)FIE
Fig. 6 Feature interaction edge and feature interaction loop: Fig. 9 Compound FIL and FIL cluster
(a) simple FIL; (b) compound FIL; (c) FIE

from the hemisphere and are referred to as FISs. When an additive
In some interaction situations, FIL may not appear as a closfgfiture and a subtractive feature interact with each other, the sur-
loop. In such cases, only a feature interaction e@dE) exists in faces of the subtractive feature that remain in the resultant volume

the part modelFig. 6(c)). We obtain FIL by processing the FIE. Separate the additive feature volume from subtractive volume. We
This step converts FIEs into FIL by intersecting the adjacent fefgfer to these as FISs. Another way to consider FIS is to think of

tures of the FIEs. Figure 7 lists the steps in FIE processing. Sigfditive feature and subtractive feature as volumes made of dif-
pose FIE has adjacent featufes and F,,. We intersecf, and ferent materials. The FIS separates one material from the other.

F, and get the volume Y, (non-regularized intersectionFrom The surface normal indicates yvhich side contains the feature.

the volume ., we form the FIL and map the FIL into the part Sun_‘ace feature_s, such as fillet, _blend, chamfer, etc. are often

model. used in commercial feature modeling packages. To localize the
After the FIE processing, all interactions between additive fefabrication, feature interactions due to surface features can also be

tures or between subtractive features, can be represented by Fifigntified and characterized by the feature interaction surface. An
example is shown in Fig. 1b). The curved surface is a surface

2.1.2 FIL Cluster. FIL cluster is a collection of FILs that are feature in the design and is also an FIS that separates the part from
adjacent to each other. That is, within an FIL cluster, all the FlLie void area.
are topologically connected and each edge is traversed twicelo summarize, feature interactions can be characterized either
along opposite directions. For example, in Fig. 8, Fa and Fb iy FIL (Clustep or by FIS regardless of the interaction type. Both
tersect. The FIL cluster includes RFEa and FIL(Fb), which FIL and FIS carry the directions indicating which side has the
carry opposite directions. feature.

For compound FILs, an FIL cluster can consist of more than
two FILs. An example is shown in Fig. 9, in which REa), 3 Staircase Interaction Free Volume Decomposition
FIL(Fb) and FIL(Fc) together form an FIL cluster. Within this FIL Algorithm for LM

cluster, each component, FIE, is traversed twice in opposite
directions. 3.1 Staircase Interaction Free Strategy. To eliminate the

) . ) staircase interaction for each feature interaction, we propose the
2.2 Interaction Between Additive Feature and Subtractive following two concepts:
Feature. Feature Interaction SurfacéFlS) is a surface that  Feature interaction volume (FIV)is a transition volume
separates a feature from its neighboring volumes in the part. Ogemed to eliminate the staircase interaction between adjacent
example is shown in Fig. 18). Two surfaces of the hole, onefeature volumes
bottom surface and one side cylindrical surface, separate the holgefined feature volume (RFVis a feature volume devoid of all
of its feature interaction volumes
For example, in Fig. 1), features are to be fabricated along

F F, vertical direction Z. An FIV is formed with the vertical and hori-
zontal parting surface. This FIV eliminates the staircase interac-
tion, and the adjacent RFVs can be fabricated independently and

o @E (b) adjacent f compatibly. In Fig. 11b) an FIV is generated for the features with
Fh different build directions.

Still the separating surfaces of RFVs is either perpendicular or
parallel to the build directions of the features. So there is no
staircase interaction.

1 (© Intersecting fet o Before we present the staircase interaction free strategy, we
e andObtaining FIL (@ Mapping FIL  present the following Lemma.
FIS

Fig. 7 FIE processing

Fa <3
=7 = B

(a) (b)

FIL(Fa) FIL(Fb) FIL Cluster
Fig. 10 Subtractive feature, surface feature and feature inter-
Fig. 8 Simple FIL and FIL cluster action surface: (a) subtractive feature; (b) surface feature
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Fig. 11 FIV eliminating staircase interaction: (a) features with same

build direction: (b) features with different build directions

Lemma: If the surfaces{S}, separating RFV from the neigh- We describe the general algorithm in detail as follows.
boring volumes satisfy the following constraintiZS or SLZ, TEP 1: Collect all the EILs and EISs

the(e is no staircase interaction between the RFV and the neig "For each featuré; , depending on the feature interaction type,
boring volumes . we obtain the FILs or FISs. If the interaction is between the same

Based on the_ above Lemma, we can have. the folllowmt e of features, FIL is obtained. Otherwise, FIS is obtained.
staircase-interaction free strategy. At each feature interaction arggie FiE processing is used to convert the non-closed loop into
a transition volume, FIV, is created so that the parting surfacgﬁ_ a{s described in Section 2.
that separate RFV from the neighboring volumes are either per- i
pendicular or parallel to the build direction of the features. SBTEP 2: FIL processing to generate FIV

there is no staircase effect on RFVs and consequently there is ngor each interaction between the same type of features, i.e.,
staircase interaction between any neighboring volumes. feature interactions between additive features or between subtrac-

For any FIL or FIS, the projecting profile and the projectedive features, an FIV is formed. The detailed process contains two

surface along the build direction is parallel and perpendicular réteps, FIL cluster forming and Converting FIL cluster into FIV.
spectively to the build direction. Therefore, a projecting volume STEP 2.1FIL cluster forming

of FIL or FIS can be used to decompose the feature volumes. %ach feature interaction can be characterized by an FIL cluster.
forming FIV based on the projection volume, staircase effect ofhe algorithm is shown in Fig. 13.

RFV is eliminated and the staircase interaction between the RFVSTEP 2.2Converting FIL cluster into FIV .

and FIV also disappears. So the volumes can be fabricated indeErom each FIL cluster we form an FIV. For eakhL; within

pendently and compatibly. an FIL cluster, we assume the build directiorZjs The formation
Therefore, a staircase-interaction free strategy involves a v@fan FIV from an FIL cluster involves three procedures. Each is
ume decomposition problem as follows: described, in sequence, below. o
Given the feature set #{F;,F,, ... F,}, the associated STEP 2.2.1Generate an un-bounded projection volume for
build directions Z{Z;,Z,, ... .Z,} and the part volume PV, €ach FIL
determine a set of decomposed volumes={VV, For each FIL _ )
e {RFV,FIV}} such that a) Get the top point ZT) and bottom point ZB) of FIL;
alongZz; (Fig. 14a)).
1 PV=UV; o b.) ProjectFIL, into the bottom plane with norma), and pass-
2 Each \{ can be sliced independently ) _ing through ZB, to get théFIL’. SinceFIL; carries direction,
3 Each V can be fabricated compatibly with the neighboringz|| + 4150 carries a direction, noted di (FIL'), which is either
volumes the same ag; or the opposite oZ; (Fig. 14b)).

3.2 Staircase Interaction Free Volume Decomposition ¢ Selectany point Va in the FIL and the corresponding pro-
Algorithm.  We now describe the staircase interaction free déection point Vb inFIL". If direction (Va-Vb) is the same as
composition algorithm. It first collects the FILs and FISs for aiflir(FIL") (Fig. 14c1)), form a projection volume=1V (Fig.
the feature interactions. It then processes FIL and FISs separately
and generates an FIV for each feature interaction. Finally the FI\/e

are subtracted from the part volume and the RFVs are general
Figure 12 presents an example of volume decomposition f Q Horizontal
two intersecting cylinders. The processing of the feature intere Projection
tion includes the following step$1) identifying the feature inter- ; FIS FIL L --Ir STEP2
action surface and/or feature interaction logp) obtaining the [ Mdeatication B B
heights of the top pointZT) and bottom pointZB) along the ot
build direction at each feature interaction surface and/or featt — Intersected B
interaction loop; projecting th&IL/FIS onto a horizontal plane  bvyrzs with PT @ -S—E':;’“f"-'— @
and get the projectioR; (3) extruding the projectio® from ZB STEPS. @ STEP4
to ZT; (4) intersecting the extruded voluniewith the part vol- T FIV \m /
ume to get the feature interaction volunig) generating the re-
fined feature volume. Fig. 12 Processing of feature interaction
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Algorithm 1: FIL Cluster Forming Algorithm
Input: FIL set = (FIL,, FIL,, ..., FIL,)}
Output: FIL clusters
Algorithm:
Set each FIL; as a separate FIL cluster (i);
For (i=1; i<m;i++)
For(j=i+1; je=m; j++)
{
Intersect FIL Cluster (i) and FIL Cluster (j);
If FIL Cluster (i) and FIL Cluster (j) share at least one common edge,
merge FIL Cluster (i) and FIL Cluster (j) into one FIL cluster;
Set the new merged FIL cluster as FIL Cluster (j);
Set the FIL Cluster (i) as NULL;
}

return the non-null FIL cluster.

Fig. 13 FIL cluster forming algorithm

14(d1)). Otherwise, project FIL along -Zi into the plane that ha
the normal -Zi and passes through ZHigure 14c2)) and form a
projection volumeFIV (Fig. 14d2). Note, thisFIV is not a
bounded volume since one surface boundedF Hy; is undefined.

STEP 2.2.2 Merge unbounded projection volume

All the volumes generated from théLs are merged to form a

closed solidFI_EV. That is,FI_EV=U,FIV;.

An example of the unbounded volume merging is shown in Fi
15. In Fig. 1%a) the FLEV is formed with the same build direc-
tion. Figure 1%b) shows the volume merging for the features with

different build directions.

(a) same build

Fig. 16 FIS enabling volume decomposition:
direction (Z,=2,); (b) Z,!=2,

Due to the fact that projected volumes may penetrate the feature
boundary, an intersection of the merged volume with the interac-
tion features is performed to get the FIV. That is,

FIV=FI_EVNUF;=UFIV,NUF,

STEP 3: FIS Processing
Each FIS has two adjacent feature4, F2 and two corre-
sponding build directionZ1, Z2. The procedures to form an FIV

Yor each FIS is similar to the FIV forming procedures for the FIL

clusters. The three procedures are described below.
STEP 3.1 Projection volume generation for each side of FIS
An FIV; can be formed for each feature by projecting FIS along
Z; from the bottom point to top point. Note, FIV formed from FIS
is a bounded solid. This is the difference between the FIV gener-
ated from FIS and the FIV from FIL.

9 STEP 3.2 Projection volume Merging

FI_EV=UFIY,
i

Note, FIV(Fa) and FIMFb) are unbounded volumes. The union STEP 3.3 FIV Creation
of the FIVs forming from an FIL cluster forms a bounded solid.

STEP 2.2.3 Form FIV

2T
A zT

z FIL z

{a)
Va ZT
Z FIL
* F
z

dir(FIL )=dir(Vb-Va)
ey n

(b
Vo 2T

Z FIL
FIL *

, FIL
31 '..
2

ir(FIL )= -dir(Vh-Va)

Fig. 14 FIL projection and volume forming

adel

FIV(Fa) 4+ FIV(Fb) = FIEV
Z,
(b) FIV(Fa) + FIV(Fb) = FLEV

Fig. 15 Non-closed volume merging: (&) same build direction;

(b) different build direction

Journal of Mechanical Design

FIV=FI_EVNUF;=UFIV,NUF;
I I I

In Fig. 16 are two FIV formed for different situations. In Fig.
16(a), the two adjacent features of FIS have the same build direc-
tions (Z,=2Zy), while in Fig. 18b), the build directions are dif-
ferent Z,#Zp). In both cases, FIVs are formed by the projection
volumes that project FIS along the build directions of the adjacent
features.

STEP 4: FIV Union

Since the FIVs generated at different feature interaction loca-
tions may interact with each other, and may lead to staircase in-
teraction again, the FIVs are combined. That is, the FIV set is a
union of all the FIVs.

{FIV}=UFIV,

STEP 5: Generating RFV
The final RFVs are generated by subtracting the FIV set from
the part volume. That is,

{RFV}=PV—{FIV}

The five step procedure is summarized by the algorithm shown in
Fig. 17.

3.3 Discussion. The FIV and its processing algorithm have
many desirable properties. Due to space restrictions, we only
highlight a few of them here. For a lengthy discussion, refer to
[15]

* (Local Behavioy Changes in one feature’s build direction
only affects that feature’s RFV.

 (Staircase-interaction fre&1V eliminates the staircase inter-
action between the decomposed volumes, i.e. RFVs and FIV. It
also completely eliminates the staircase effect of the parting
surfaces when the decomposed volumes are fabricated in one
direction.

SEPTEMBER 2001, Vol. 123 / 341



Algorithm: Staircase interaction free volume decomposition for LM
STEP 1: collecting FILs and FISs

Obtain FIL or FIS for each interaction

STEP 2: FIL Processing

Cluster FILs into a set of FIL clusters (FIL cluster forming algorithm)
For each FIL cluster

Generating projection volume FJV;for each FIL;

Merge projection volume U Fiv ;
i

Forming FIV: FIV = \_ FIV,n k;J F;
i

STEP 3: FIS Processing
For each FIS
Generating projection volume FIV; for each FIS;

Fig. 18 Staircase interaction with /out vertical parting surface:
(a) overlap in excess-excess deposition; (b) void in deficient-
deficient deposition:  (c¢) void in excess-deficient deposition
(d) overlap in excess-deficient deposition; (e) compatible
deposition

Merge projection volume U F1v ;
i

Forming FIV: FIV = \_J FIV. UF,
i i
STEP 4: FIV Union

(F1vy = \UJF1v,
i no test on excess-deficient deposition was conducted since the

interaction under excess-deficient deposition will vary from sur-

face to surface, depending on the layer thickness of the neighbor-

STEP 5: Generating RFVs
{RFV} = PV-{FIV}

) ) ) ) - ing volumes.
Fig. 17 Staircase interaction free volume decomposition algo- The dimensional accuracy experiments show that compatible
rithm deposition results in parts with tolerance an order of magnitude

lower than excess-excess deposition. Note, here the dimensional
. accuracy refers to the flathess. The parts made by deficient-
* (IndependenceThe slicing of each decomposed volumegeficient deposition and compatible deposition due to the FIV
RFV or FIV, is independent from the slicing of any neighboring, it the same tolerance, 0.006 as the parts fabricated by the
volumes. ) _ ) _uniform slicing method. However, for deficient-deficient deposi-
* (Uniquenesp The feature interaction processing algorithmion 4 strip of void was visible even by the naked eye at some
creates unique FI¥¥) regardless of the processing order of featurﬁngle(observed in the experiment, when-45 deg (Fig. 20a)).

interactions. For excess-excess deposition, this stack of distortion and overlap
4. Imol tati leads to poor geometric accuracy, particularly in the Z direction
- Implementation and the front surface. A strip of protruded area appeared in the

4.1 Implementation of Feature-Based Fabrication. The front/back surfaces and the top surface. FiguréPshows a front
volume decomposition algorithm has been implemented on a SWjgW Of the protruded area. Along the Z-direction, depending on
workstation using € + and the ACIS geometric modeling ker-the slant angler, a strip protrudes about 0.62.05in high and
nel. The input is a feature based CAD model and the output is R4~ 0-06in wide. On the front surface, the distortion was ob-
decomposed RFVs and FIVs. An in-house software Adaptigerved, ranging from 0.02 to 0.08, while the width is about
Slicing Module[4] is used to slice each of the decomposed voP-01~0.06in.
umes. The parts are fabricated by Stratasys FDM 1650 machine 1€ tensile strength tests show that parts made by excess-

Since our current LM machine cannot deposit materials in mufXc€ss deposition and by compatible depos[tlr)g exhll:_)lt_ consider-
tiple directions, all the features are assumed to have the saffidy higher strength than those parts by deficient-deficient depo-
build direction. However, the feature interaction processing algdlion. Due to the loose bonding in the deficient-deficient
rithm has been developed for features with multiple bu”geposmon, the tensllle strength is below 230N. The proken surface
directions. strictly follows the interface that separates the neighboring vol-

umes (Fig. 20@)). This is due to a very loose bonding at the

4.2 Experimentation of Staircase Interaction Effects. Ex- interface area. For the parts made in excess-excess deposition,
periments were conducted to compare the decomposed voluwigen a>30 deg, the parts tend to fail because of the necking;
interaction with and without the feature interaction processing. when«<30 deg, the failures due to the necking and failures at the

For the part shown in Fig. 3, the microscopic pictures of differweakened bonding between the contour path and raster(fiath
ent interaction scenarios are shown in Fig. 18. Note, only half gfyb)) were both observed. For the compatible deposition by FIV,
the part is fabricated to observe the interface. Figur@)18hows
the layer distortion created during the excess-excess deposition
scenario. Figure 18) shows the voids created during the
deficient-deficient deposition process. Figuregl8nd(d) reveal
that both the distortion and voids exist in the excess-deficie
deposition process. Figure (B shows the layer interface of ver-
tical parting surface due to the FIV.

To quantify the dimensional accuracy loss and material strenc #“
deterioration caused by the staircase interaction, further expe
ments were conducted. A set of OB 0.2inX 4 in bars were
separated by the slant surfae(Fig. 19). Refer to[15] for the strip of overlap /void area in excess-excess /deficient-deficient
details of the experiments. The results are shown in Table 1. Notieposition

t = d/(tana)
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Table 1 Dimensional accuracy and strength comparison of different layer interactions

Item Deficient-Deficient Excess-Excess Compatible deposition
Dimensional Accu- 0.006in 0.05in 0.006in
racy void is visible sometimes protruded aréa of 0.02~0.05in high
and
0.04~0.06in wide
Tensile Strength 0~230N 600~770N 500-600N -

the parts tend to fail at the weakened bonding between the conteompatible deposition by the vertical parting surface introduced
path and the raster path, although the failure caused by neckimgFIV gives overall better dimensional accuracy, surface quality,

were also observed.

and higher strength.

The dimensional and strength test experiments indicate that

Fig. 20 Front views of testing part with visible dimensional
defects: (a) a strip of void in deficient-deficient deposition;
a strip of protruded area in excess-excess deposition

(b)

Table 2 Time comparison of different methods

Method Time (hr)
Adaptive Slicing 7.3
Local Adaptive Slicing 7.1
Feature-based Slicing 5.6

Fig. 21 Example 1 (FIV=nil)

18

(a)

Fig. 22 Example 2 (with FIVs): (a) example part 2;

4.3 Build Time Saving by Feature-Based Fabrica-
tion. We now consider build time savings due to feature-based
fabrication and discuss results from the experiments.

Example 1 (FIV =nil) In this example, FIV is null. Different
slicing methods were used to build the sample part of Fig. 1, and
the build time comparison is given in Table 2. Note, the build time
includes the time taken to build the support un&eat4 Since
feature-based slicing can also incorporate region-based slicing for
each individual volume, we do not include region-based slicing in
Table 2. Figure 21 shows the slices in each individual feature by
the feature-based slicing method. In this example, the cusp height
is 0.005in, minimum layer thickness is 0.002 and maximum
layer thickness is 0.01%. The boundary box of the part is
2.2inX2inx1.8in. The key dimensions of the part are shown in
Fig. 21. As Table 2 shows, nearly one third of the build time is
saved by using feature-based slicing instead of adaptive slicing or
local adaptive slicing. The slicing was done independently for
four feature volumes and slices were finally merged together.

Example 2 (with FIVs). In Example 2(Fig. 22), the sample
part (downloaded from NIST repository with a scale 0.05]
was also sliced by the adaptive slicing, local adaptive slicing and
feature-based slicing method. For this part, there are FIVs gener-
ated by the volume decomposition algorithm. Figuréb22hows
a list of those features in the example part that have FIVs. An FIV
is generated for each feature interaction and the feature volumes
are refined. For instance, the bold dark line in Figil22s an FIL
betweenFeatl and Feat2. FIV12 is then created for the feature
interaction betweefeatlandFeat2as shown in Fig. 22). After
the FIV is generated, the features are refinedRR¥1andRFV2
are obtained respectively froffeatland Feat2

After all the volumes are obtained, adaptive slicing is done
separately for each volume. In this example, the cusp height for
the part is 0.005n. The minimum layer thickness is 0.002 and
the maximum layer thickness is 0.0kt The boundary box of

RFV2

FIW\_ 4 > FIVS

(b) features in the part; (c)

exploded view of decomposed RFVs and FIVs
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Table 3 Time comparison for various methods ) Al A2 Al A2

Methods Time(hr) :
Adaptive Slicing 3.8 nl : nl n2
Local Adaptive Slicing 38 !
i
Feature-based Slicing 3
(a) (b)
Fig. 23 Time comparison of two fabrication methods: (a) uni-

this part is 2.8nxX 1.8inx 2.7in. The key dimensions of the part form deposition;  (b) localized deposition

are shown in the Fig. 28). The time comparison is shown in

Table 3. Note, the build time for the underneath support structure

is approximately 1.6 hours and is not included in the time showHL at area Al by localized deposition is no less than the number of
in Table 3. Feature-based slicing yields a savings of 27 percéayers n2 at area A2, i.e1>=n2. The build time for these two
build time when compared to adaptive slicing method and locapproaches are described in E8). and Eq.(4).

adaptive slicing method. A, A,
N . . L Ty=ng| —+ —]+n;T (3)
5 Build Time Analysis for Localized Fabrication Wy wy
As described in Section 1, decreasing build time by localizing A A,
curvature effects has been explored by some researchers. Local- Ti=ng: WH‘Z' m+(n1+n2)-Ti 4)

ized fabrication saves build time by decreasing the number of ] o ) )

layers over relatively flat areas. However, the total number dfe difference in build time is now given by

layers is still larger than the layers by uniform slicing. Due to the A,

extra time for switching layers during the fabrication, the local- T,—Ti=(N;—ny)- ——n,-T, (5)

ized fabrication may not necessarily lead to build time saving. wv

None of the previous approaches quantitatively analyzes the cqme above equation can be easily extended to situations where
dition that will guarantee the build time saving by localized fabthere areN; decomposed volumeN;> = 2).

rication. In region-based slicing, it has been pointed out that a f A
threshold size exists for the method to save build time but with no T —T,= E (ny—n)) —=—n,-T,
I X «— 1 SOV i
quantification of the siz€8]. =2 wv (6)
To quantitatively analyze the condition of the build time saving, T1 e

we represent the approximate build time for uniform deposition

and localized deposition by E¢l) and Eq.(2) respectively. The In summary, the build time difference by localized slicing method
variables(Table 4 in these equations are as follows: and uniform slicing method consists of two parts, deposition time
difference T1 and layer switching time difference T2. T1 is the

Nu
_ E " time saving by localized deposition due to the saving of layers in
Tu_m = A+ N @) some relatively flat features. T2 is the time increase due to the
increase of number of total layers. So only when a feature size is
1 M N; N larger than certain threshold, the feature-based slicing will lead to
T=— A+ LT 2 build time sayings. _ _
" wy 2‘1 = ,2‘1 (Nj-T) ) To further illustrate this, Eq(5) can be re-written as Eq7)
u ! . .
In the above _equation§iN:1Ai>:2].N:f SHA since uniform T,~T/=n,- Ao ny- ﬁJrTi @
deposition typically has more layers than localized deposition wy wy

does over the small vertical curvature areas. AIBY< From the(Eq.(7), we observe the following:
=EJN;1N} since the localized deposition results in more number of Observation 1 If Ay/wr>10-T;, T,—Ti=ny-Ay/wy
layers than uniform deposition. Therefore, it is not certain that N1-Az/Wv and the idle time effect is negligible. We can have
localized fabrication method will lead to build time reduction. A
To further investigate the situations where localized fabrication T,—Ti=(n,—ny)- 2 (8)
always reduces build time, we illustrate the comparison of two wv
fabrication methods. In Fig. 23, we assume the number of layesthce n2-=n1, it is clear that localized fabrication always saves
build time.
From Eq.(8), it can be inferred that the build time saving is
Table 4 Notations mainly dependent on the area of A@wer curvature areéaand the
difference in the number of layers in A2. Also the build time

T build time for uniform T build time for localized deposi-
u deposition ! tion

T; | idle time between w | deposition road width 1
each layer d .
v | nozzle speed A; | area of the i-th layer in

uniform deposition

A. { i-th layerin j-th N, | number of layers for

feature uniform deposition

Nf number of N} I layers in the j_th features (@) )
decomposed . _ . _
volumes Fig. 24 Benchmark part for time comparison of two fabrica-

tion methods: (a) uniform fabrication; (b) localized fabrication
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Table 5 Time comparison of feature size’s effect over build tome

Build Time by Build Time by Build Time by
Part d 1 r A Uniform Localized I Localized II
No (in) (in) (in) (in?) (n=55) (n1 =55, n2=34) (n1=55, n2=50)
1 1 1 0.5 1 102 min 79 min 98 min
2 1 0.5 0.5 0.5 68 min 59 min 68 min
3 1 03 0.5 0.3 54 min 49 min 56 min

saving is independent of high curvature area Al, which implidse applied to LM processes such as Stereolithograhy), Se-

that the size of high curvature area has no effect on build tinkective Laser SinteringSLS), and LOM, etc. which can fabricate

saving. parts with varying layer thickness in different regions.
Observation 2 If A,/wwv<10-T;, localized fabrication

method reduces build time only when n2 is much larger than n1.
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