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smphen C. Danforth The fabrication of a functional part requires very high layer quality in the Fused Depo-
. sition (FD) processes. The constant deposition flow rate currently used in FD technology
Ahmad Safari cannot meet this requirement, due to the varying geometries of the layers. To achieve a
. ) o high quality functional part, an overfill and underfill analysis is conducted. A deposition
Department of Ceramic & Materials Engineering, planning approach is proposed, which is based on a grouping and mapping algorithm.
Rutgers University, Two piezoelectric test parts have been built to demonstrate the effectiveness and feasibil-
607 Taylor Road, ity of the proposed approaciDOI: 10.1115/1.1455026

Piscataway, NJ 08854

1 Introduction Although the studies of these contributory factors have led to a
variety of methods to improve part quality, there are fundamen-
tﬁl‘lly three approachesee Fig. 1 (1) CAD model optimization

&gcording to certain objectives, including part orientation, support

of LM processes are being extended from conceptual prototy| gucture generation a}nd S.'I'C'.'ﬁgﬂ' Par_t orientation can be Se-
modeling to advanced functional part building. In the fused dep >Cted based on certain criteria, e.g. minimum build height, mini-
sition (FD) based LM processes, FD modelilDM) is extended mum support volume, etﬁl_l]. An acceptable s_urface smoothness
to FD of ceramic§FDC) [1], FD of multiple material{FDMM) (ste_urcase ‘?“em” be achieved for an analytical surface through
[2] and FD of metal¢FDMe) [3]. FDC and FDMM are employed variable thickness slicing, while both layer amount and building

to make functional ceramic components such as turbine comgine are reducedl0]. (2) Layer interior planning. This includes

nents, high authority actuators and novel structured piezoelectifQ! Path generation/optimization, deposition planning, and selec-

transducers/sensof,4,5. FDMet is applied to build metallic 10N Of process parameters. To obtain required part stiffness, a
components, e.g. hard tooling with stainless sf6&lThere is an specific deposition strategy can be chosen in terms of fill patterns
ever-increasing demand for building parts with improved qualitycontours, vectors, and spiralsind vector angles {180 deg
tolerance and surface finish. ~180 deg)[15]. The proper selection of tool path pattern may

The main quality requirements for parts usually refer to surfagsure both surface finish and part strer{gi8]. It is suggested
roughness, dimensional accuracy, and part streffgthn general, that contour filling be used for the part boundaries for achieving
a functional part needs more strict requirements than prototyp80d surface smoothness and vector filling be used for the interior
Layer quality, quantified by the amount of overfills, underfills, anéegions of the part for achieving required part strength. Shape
contour dimensions, which is not so important in prototype mo@ptimization may remove or minimize gaps or path discontinuities
eling, is critical for building functional ceramic componefig§.  using adaptive offset fill pattefri9]. Void quantification based on
Layer defects are difficult, if not impossible, to be compensatétesigned filling pat{20] is helpful in optimizing tool path(3)
for in post-deposition processes. Hence, layer quality deser/@B-line monitoring and control of FD process. This includes three
more attention during green part construction. For structural a2y aspects, i.e. precise positioning of the X-Y-Z table, flow con-
plications, a functional part requires significant strength and stiffrol, and defect detection during part building. A trajectory plan-
ness when undertaking a real task, e.g. too]@jy ning scheme was proposed|[it4] to reduce path tracking errors

A number of factors contribute to part qualitynentioned under the constraint that the liquifier head must move with con-
above in the FD processes. For surface roughness these factstant speed as much as possible. Jafari et al. have developed a
are layer thicknesgl0], part orientatior{11], material properties novel system for Fused Deposition of Multiple Materials
[12], temperature[13], and some process parameters such &8DMM) to fulfill all three aspects in monitoring and controlling
nozzle size, etc. For dimensional accuracy the controlling parawof-the FDC, FDMM, and FDMet processgz)].
eters are CAD model representatigessellated vs. parametric  This article addresses issues encountered in deposition planning
surface [10], path tracking accuracjl4], interpolation method of the FD processes. Although the geometric complexity of a part
(linear vs. miscellaneols and deposition flow rate. For parthas been reduced dramatically via slicing, its planar geometric and
strength the factors are fill pattern and vector ahg§, tempera- topological complexity still significantly affects the building pro-
ture profile[16], and material characteristics. Layer quality is reeess. Usually, in order to obtain a desirable layer quality, an op-
flected by the difference between the designed part and the beifator of an FD machine for ceramics and metals has to keep
part, i.e. the amount of excessverfilled or insufficient(under-  observing the build process and modify the process parameters,
filled) material deposited, assuming that the part is well designeslg. speed of the roller that drives the filament, in order to com-
We refer to the condition of overfill€umps or excess matenal pensate manually for the overfills and underfills within each layer.
and underfills(gaps or voidsin a layer adayer evennessvhich  Assuming a negative offset design, if overfilinderfill is ob-
is determined by tool path, positioning precision, deposition accgeryed, the roller speed must be redu¢edreaseg in order to

Layered manufacturingLM) enables a dramatic reduction in
the lead time and the cost of part design and manufacturing
contrast to traditional manufacturing techniques. The applicati

racy, and materials as well as some process parameters. decreasdincreasg flow rate. The more complex the part geom-
S ) etry, the more frequently the operator must make such adjust-
All correspondence should be made to this author. ments. In the FD processes, layer evenness of the current layer is
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Fig. 1 Approaches for improving part quality in the FD pro-
cesses . . . .
Fig. 2 Terminology in vector fill pattern

overfilled (underfilled, and this will continue if the process pa- iver-liquefier is to pump théceramic, metallic, fugitiv fila-
rameters are kept constant. If the part geometry varies from Ia)?n(:'”ent in?(;Jthe heatedplliJ uiF;ier through a,1 air of nlwoltjgr driven roll
to layer, it will be more difficult for an operator to properly q ghap )

change the process parameters and it will be very hard to mak%f and extrude the semi-solid material through the nozzle onto

functional part of acceptable quality in a few runs and in a sho € bl.“ld platform following the deslgned tool path. There is a
shearing effect that forces material to spread forwards and

time. idewards when the nozzle moves. Once a layer is built, the plat-
To further upgrade FD automation and build advanced fun orm goes down a distance of the layer thicknéaeng the Z

tional ceramic and metallic parts of high quality in a more effi-: " : X - .
cient way, we studied the causes of overfills/underfills as well 4éction and the following layer is deposited on top of the pre-
the relationship between the planar geometric complexity of A0US one. .In the fqllowmg sectlons, we will COUdUCt an overfil
layer and the overfill/underfill phenomena. As a result, we propo&8d underfill analysis. Unless mentioned otherwise, all the effects
a grouping and mapping algorithm based on tool path, in whidk ated to overfills and underfills are in-plane ones.

adjacent vector segments with similar lengths are grouped to-2.2  Overfill and Underfill Analysis. According to the mass

gether. A deposition flow rate is then assigned to each grougalance principle, assuming the process is in steady state, we have
according to the mean value of the vector segment lengths in that

group using linearized mapping functions. Min= Moyt (1)
The remainder of this article is organized as follows. An analysigherem,, (kg/s) is the mass of the filament driven to the liquefier
of the overfill and underfill phenomena in the FD processes ji§ a unit time, My, (kg/9 is the mass of the semi-solid material

conducted in section 2. Section 3 presents the proposed groupﬂ@g\,ing out of nozzle in a unit time. Further, we have
and mapping algorithm. The implementation issues and manufac-

turing examples are given in section 4 to demonstrate the feasi- _K. VrollerStilament
bility of the proposed approach. We conclude this article and ad- Stoad™
dress future research in section 5.

2
Vhead
whereK = p;,/poy IS @ constantp;, and p, are the densities of
. . . solid filament and semi-solid material respectivély,e(m/s) is
2 Analysis of Overfill and Underfill in the FD Pro-  ihe roller speedy,,..{m/s) is the head motion speeBen(M?)
cesses andS,,{m?) are the cross sectional areas of the filament and the

2.1 FD Technique Description. The FD technique sharesdepos"te‘j road respectivelgee Fig. 4.

th d ther LM techni | To avoid overfills and underfills due to impropér lack of
€ common procedures as other echniques. In SeqUentsyi ol of the FD process in a layer, we must fix the cross section
they are CAD model design, tessellated format generation, slic

| . . . .
and tool path generation. The original CAD model can also tgegometry of deposited roads complying with the designed values,

sliced directly without surface tessellatip21]. In the FD tech-

nique, the usually applied layer filling strategies at®! The

boundaries use contour filling and the interiors use vector filling; filament ————»
(2) The contour is laid down first, after which the interior is filled;
(3) The offset(distance between roadbetween a vector and a
contour is negative(4) The vector angle is alternated by 90 de-
grees between consecutive layers. Vector is the most frequently liquefier ——»
used fill pattern, which consists of a series of vector segments

(along the vector angleconnected by small turn segmeritee

Fig. 2). The unique aspects of the FDC, FDMM and FDMet tech- heater
niques lie in the materials, the fabrication process, and the post
processingbinder removal, sinterind2,6,12. In this article, we

will focus on the fabrication process of the green parts, which is

illustrated in Fig. 3. A FD machine consists essentially of a mate-

rial deposition subsystem, which consists of diee multiple) platform
driver-liquefiefs) (we call it head thereaftey attached to a car- nozzle
riage and their controllers, and a positioning subsystem, which
consists of the X-Y-Z table and its controller that enables the (—
carriage to move in the horizontal X-Y plane and a fabrication

platform to move in the Z directiofi2,13]. The function of the Fig. 3 Schematic of fused deposition process

roller——»

L
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Fig. 6 Actual tool path vs. head speed (sample period

i.e. Sagneeds to be kept constant. SirBynen s constantwith  —10MS)

a small variancein Eq. (2), it is necessary and sufficient to keep

Sioad CONStant by keeping constant the ratio betw&gg., and

Vheag: However, due to process characteristics, this ratio is alwagohery 3 For a stop-at-turn scheme, let point A be the point

changing if no control or deposition planning is involved. Theyhere the motion along the first vector segment starts to deceler-

next section will explore this issue in detail. ate to a stop (using T time) at the turn point, and point B be the
2.2.1 Overfills Due to Decrease of Head Speed at TurnRoint where the motion along the second vector segment com-

The most frequently used fill pattern in the FD processes is vectg tes acceleration from a stop at the turn point to the predefined

which is used to fill internal areas of closed boundaries. Avectg 3§dat(upsc|)?r% -IE,: tllg]lﬁ)g %fﬁrr?éended move starts at point A, then it

is discontinuous at turn points. This means that the depositigipe proofs of Property 2 and 3 are given in the appendix. To
head always undergoes acceleration and deceleration at thesej@rctly follow the tool path without stopping at a turn requires an
cations. In practice, usually two schemes can be applied figffinite torque, which cannot be provided by the X-Y table. There-
changing the speed at turf22]. One is to decelerate the X-Y fore, the X-Y table has to stop at each turn in order to achieve
table to zero speed at the turn point and accelerate to the pe¥act positioning as Property 1 indicates. However, a stop-at-turn

defined speed from the turn point, so-callgdp-at-turnscheme. Scheme may dramatically reduce the average table speed, espe-
lly for short segment length vectors. On the other hand, a

The other is to blend smoothly from the speed for the first move’,@anded-move scheme has less effect on the average table speed
the speed for the second move according to the predefi ﬁhough it may introduce positioning errors at tureg. y in

acceleration/deceleration -~ parameters, so-calldénded-move rig "5 according to Property 3, as long as the acceleration or
scheme. Since X-Y table moves in a coordinated fashion, taceleration period is small and table speed is not highhich is

axes will accelerate and decelerate synchronously, i.e. their acefke for FD techniquésthe positioning errors at turns will remain
eration or deceleration time3) are equal to each other. Further-in an acceptable range. Here, we select the blended-move scheme.
more, reference acceleration or deceleration of each axis remainé tool path (vectop and the corresponding table speed are
constant during speed change within tilebut they may change sampled from the FDMM systefisee Fig. &. In Fig. 6, the actual

from time to time depending on the initial speed and ending spetbl path is shown in the X-Y plane while the head speed is shown
in a speed change. A blended move is illustrated in Fig. 5, wherethe Z axis. This verifies Property 2 above. Property 1 and 2
point A and point B are the locations that a blended move staitglicate that regardless of the scheme, the X-Y table speed will
and ends respectively. Corresponding to these two speed chadgs down at turns. According to EQ), if the roller speed re-
schemes at turns, we have the following three properties: mains constanfa usual case in current technolggyhe cross
Property * When the X-Y table moves along a vector with aectional area of a road will be increased. In addition, according to
constant velocity, it cannot exactly follow the tool path at a turfProperty 2, if a blended-move scheme is used, the more acute the
unless it decelerates to zero at the turn point turn angle, the more the cross sectional area of a road is increased.
Property 2 In a vector movement, if the X-Y table moves at con- ) )
stant velocity V along a continuous line and makes a blendeq 2-2-2 Overfills and Underfills Due to Vector Geometry at
move at a turn, its velocity during the turn period T is always |e%urns. At a certain area near turn points, the material is depos-

than ;. The more acute the turn angle is, the more speed redu ed twice. This is |IIustrated |n.F|g. 7, V\.’hew is the road width
tion occurs during the turn and 6 is the turn angle. Since is small in a blended movésee

Fig. 5, we ignore it in our analysis. Note that the double deposi-
tion at turn points is different than what occurs in adjacent roads
(of the negative offsg¢tbecause the latter is made intentionally,
Y4 while the former is unavoidable. Overfills always occur at turns.
Property 4 Double deposition area (DDA) of a vector at a turn
point increases when the turn angle decreases. DDA reaches a
minimum when the turn anglé= =, and a maximum whem@

=0. DDA is proportional to W for a specificé.

The proof of Property 4 is shown in the appendix. The overfills
from the vector geometry are significant when the vector consists
of many short segments. In addition, overfills increedecrease
when the road width is increasédecreased Due to vector ge-

»X ometry, underfills might also occur at turisee Fig. 7 [15].
These underfill areas are usually compensated for via the negative
Fig. 5 Speed change at a turn point offset between contour filling and vector filling. The shearing ef-
464 | Vol. 124, MAY 2002 Transactions of the ASME
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Fig. 7 Overfills and underfills due to vector geometry

fect of the nozzle will bring(exces$ material from neighboring we have two rules for adjusting road width or offset as follows:
areas to fill those underfill areas. Hence, the underfills at turns odn When a gap between two adjacent roads occurs, it is sufficient
be removed via a careful tool path design, while overfills at turig either increase the road width fromy=1,—f,;—t to wi =1,

are inevitable. —f*—t or decrease the distance between two roagds,to |%

2.2.3 Overfills and Underfills Due to Inappropriate Road=Ww;~+t+f* to attain the desired layer evenness as shown in Fig.
Width or Offset. When layer deposition is completed, two typi-10. (2) When a bump between two adjacent roads occurs, it is
cal defects may be observed, i.e. gaps or vdigsderfilly and sufficient to either decrease the road width frag=1,—f,—t to
bumps(overfills) between two adjacent roads. To study road gevs =I,—f*—t or increase the distance between two roaglsto
ometry, we carried out experiments to create roads with differefit—y, + t+ f* to attain the desired layer evenness as shown in
offsets. According to the cross section images of roads showngh, 10
Fig. 8, with a certain tolerance, we model road geometry along &) creasingdecreasingthe road width implies enlargemefre-
straight path segment as in Fig. 9. The cross section geomeliy.inn of the cross sectional area of a road. According to Eq.
al_ong the moving dlrectlon_ls a rectangle plus two _sem_l-cwae(%)' we must either increas@ecreaseroller speed or decrease
with the layer thickness as its diameter. The road width in th's(increasea head speed. Decreasihg (increasingl ) implies that

geometry model isv. i
To obtain an even layer surface, two adjacent roads must ovtehr? tool path must be re-planned.

lap (see Fig. 8 and Fig. 30The currently depositing road will  2.2.4 Overfills and Underfills Due to Other Reason@ver-
interact with the(already depositgdadjacent road to fill up the fills and underfills can be caused by alternation of the vector
empty spaces. Figure 10 illustrates that the excess material in #gyle. Due to Property 2 and 4, the following observation is easy
common deposition area {Swill compensate for the empty to make: the longetshortey the vector segment length, the less
spaces above and below the semi-cir¢isand ), i.e. we must  (more the overfill effect due to the reduceihcreasetifrequency
have S,=S,+S;, assuming the semi-solid material is incomyf tyms. Because of the non-uniform feature of part geometry
pressible. ) along different vector angles, the vector segments that cover a
Property 5 In Fig. 1Q, _to compensate for the empt_y spaces abo¥@tain area may be shalibng) in one layer but longshort in

and below the semicircles, the necessary negative offsdtef the next layer. If a certain value of flow rate is appropriate for one
tween two adjacent roads (sr-4)t/4. area covered by shofiong) vector segments, it may cause under-
The proof of Property 5 is shown in the appendix. From Properiifls (overfills) in the same area for the next layer. This phenom-
5 we know that the desired negative offset)(fs only a function enon is illustrated via Fig. 13. Both rectangular parts have the
of layer thicknesst). In FDC, FDMM, and FDMet processes, forsizes of 19.05 mm by 10.16 mm. In the previous layer, both parts
a 250 um slice thickness, the designed negative offset is usualiave an even layer surface and a vector angle of 90 degrees. In the
chosen as 5@m or 75m. According to Property 5* should be current layer, the vector angle becomes 0 degrees. The previous
54 um. This result conforms to the offset often chosen by expéayer has shorter vector segment lengths than the current layer.
rienced operators. Both gaps and bumps between two neighborfitgjt 13a uses a larger flow rate than that used in the previous
roads are supposed to be eliminated according to Property 5laier, while part 13b uses the same flow rate. The result is that
gap between two adjacent roads is depicted in Fig. 11, in whiglart 13a still has an even layer surfafeecause the effect of

w; is the current road widtH,, is the gap between roads, ands  increased vector segment lengths in the current layer is compen-
the interval between two designed tool paths. An overfill betweeated by the increased flow rtevhile part 13b is significantly
two adjacent roads is depicted in Fig. 12, in whigh is the underfilled.

current road widthf, is the negative offset, and is the interval The overfill and underfill condition in one layer is correlated
between two designed tool paths. To obtain an even layer surfasgth that in its two adjacent layers. If overfillsnderfillg occur in

éOOum

- =

(a) Underfills with zero offset (b) Underfills with insufficient (c) Fully dense fills with
negative offset (-25um) sufficient offset (-75um)

Fig. 8 Cross section images of road geometry under different offsets
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Fig. 13 Underfills due to change of vector angle
of part 13a (b) underfilled layer of part 13b

(a) even layer

(a) (b)

Fig. 14 Underfill correlation between two adjacent layers (a)

current layer of part 14a  (b) next layer of part 14b

an area of the current layer, and the same area in the next layer is

This phenomenon is demonstrated in Fig. 14 and Fig. 15 through
four test parts. Each test part has a square layer with dimensions
of 19.05 mm by 19.05 mm, i.e. each layer has an uniform vector
segment length. Each part has an even layer surface in the previ-
ous layer. Part 14lgpart 15 has the same layer surface in the
current layer as part 14part 15a. On the one hand, the flow rate

is decreased in the current layer for part 14a and keeps the de-
creased value in the next layer for part 14b. On the other hand, the
flow rate is increased in the current layer for part 15a and keeps
the increased value in the next layer for part 15b. These tests show
that underfills or overfills generated in the current layer may lead
to (more underfills or overfills in the next layer, if the flow rate is
kept constant. This will continue such that the part becomes more
and more underfilled or overfilled in the subsequent layers.

3 Deposition Planning

3.1 Preliminary Remarks. Layer interior planning should
consist of both tool path planning and deposition planning. Cur-
rent FD technology only considers the former. Since the FD pro-
cesses depend on both the positioning of the head and the depo-
sition of material, planning without regard to deposition process is
not complete and will not ensure a good quality of the functional
part.

Since most of the areas within a layer are filled by the vector
pattern according to the common deposition strategy in FDC,
FDMM, and FDMet, our planning task will target this specific fill
pattern. Complex geometry and topology within a layer usually
lead to frequent changes of vector segment lengths, as shown in
Fig. 17. One common case is that the vector undergoes a number
of turns within a narrow area, which entails a series of very short
vector segments. Since the current technology keeps the deposi-
tion flow rate constant, according to Property 2 and 4, the con-
secutive turns in a narrow area will generate many overfills due to
frequent head speed reductions and vector geometry. Even though
an overfill is preferable to underfill in building a functional part,
the overfilled material will accumulate in the vicinity of the turn
areas and create high bumps and a very rough surface, which may
lead to more overfills in the next layer. Usually, an FD machine
operator has to reduce the roller speed manually to compensate for
this effect and increase the roller speed later. This manual adjust-
ment is neither accurate nor efficient. Our proposed deposition
planning approach will overcome this problem and help the op-
erator to efficiently make a functional part of high quality.

The following rule is usually followed by an experienced FD
machine operator: longdshortej vector segment lengths in an
area require largetsmalle)y flow rates in order to obtain an even
layer surface for that area. The shearing effect of the nozzle will
bring extra material to the neighboring areas of the turn points of
long vector segments, while for short vector segments sufficient
space between roads is not available to accommodate the surplus
material around turn points. Therefore, our proposed approach is:
(1) to assign the adjacent vector segments into groups according
to the group mear(2) to assign a flow rate or roller speed to each

| e o -

covered by vector segments that are the same length as or shorter (a) (b)

(longen than those in the current layer, the overfilinderfill)

condition in that area of the next layer will either not change or ftig. 15 Overfill correlation between two adjacent layers (a)

will become worse due to material accumulati@nsufficiency.

466 / Vol. 124, MAY 2002
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1) :=1,, Where 1, is the upper bound of range.

S := set of vector segments selected from all segments in a vector according to the vector angle.
T := S, where T is the set of vector segments unselected to a group.

G =0, where G is the group being formed.

s := the 1* element of T in index order.

T:=T-{s}.

G:=Gu {s}.

i T ol >

Is Max(ly) - Min(ly) < r ? where l;€ G; k is the index for the different ranges.
If yes,
Is there more elements in T?
If yes, go to step 5.
If no, /*grouping done for r*/

g N -
i W, ! PP AEINE

- n-g) ==

ii. 14y = 1y - €, Where € is the step decrement;

iii. Is 1,y = 1; where 1y is the lower bound of range.
If yes, go to step 2. /*grouping based on a new range*/
If no, /*grouping done for all r*/

i. select the r that leads to the minimum W,
where re U {rk} We U{Wk} ’
k k

ii. select the corresponding grouping results;
iii. go to step 9.

If no, /*A new group was generated.*/

i. T:=Tw {s}.
3
i L=
n.

i

iii. go to step 4.

9. f,=m(l) i€}, g], where gis the number of group.

Fig. 16 Grouping and mapping algorithm

group based on the group mean, using linearized mapping func-
tions. Since roller speed is under direct control, we will assign
roller speed instead of flow rate to each group.

3.2 Grouping and Mapping Algorithm. We will consider sor
only the vector segments for the purpose of grouping, while ig-
noring the turn segments because their length variations are usu-
ally small compared to that of the vector segments. The straight-
forward way is to form a single-member group, i.e. each group
contains only one vector segment. Since a roller speed is assigned 2o
to each grougeach vector segment for this casthe roller ref-
erence speed has to change once the vector segment switches from
one to another. This is not feasible becau4gFlow rate will not
immediately follow the change of roller speed due to the extrusion
delay [23]. To compensate for this delay, we have to assign a of
forward-shifted roller speed to each vector segment. This will be
difficult (if not impossible to implement.(2) The small vector
segments undergo acceleration and deceleration for most of time.
They need a lower roller speed whose variation is unnecessary for
a group of neighboring vector segments with similar lengths. 0
Since we want to achieve average layer evenness, we choose a

25}

Y Axis (mm)

X Axis {mm)
more practical approach, i.e. dividing the vector segments with
similar lengths into groups and assigning the proper roller speeds Fig. 17 Tool path of a layer
Journal of Manufacturing Science and Engineering MAY 2002, Vol. 124 | 467
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Fig. 18 A vector from Fig. 17

to them based on their mean lengths.
To group vector segments, a rangéor a vector is defined by

r=max (Ij)— min (I;) ie[1g] ?3)

1=sj=n; 1<j=n;
wherel;; is the jth vector segment in théth group,n; is the
vector segment number of thth group, andj is the group num-
ber of a vectorr is a measure of the similarity between vecto
segments within a group defined in terms of their lengths.i¢f
small, then fewer vector segments are in each group, i.e. m

=57. The grouped result is shown in Fig. 19 with the group means
shown in Fig. 20. In Fig. 19, nine groups are generatge 9)

with r=2.413 mm for the vector in Fig. 18. We can see that the
adjacent vector segments of similar lengths are grouped together,
while a significant difference exists between two adjacent groups.

4 Implementation of Proposed Approach

The proposed grouping and mapping algorithm is implemented
in the FDMM (Fused Deposition of Multiple Materiglsnachine
[2]. Specifically, it works as an independent module and is em-
bedded into the CAD/CAM working procedufsee Fig. 21 Af-
ter slicing and tool path generation, roller speeds are assigned to
the different groups of vector segments and they are combined
with the originally assigned process parameters before the proce-
dure enters the step of FD process control and monitoring. For the
details of FDMM machine, refer t2].

The coefficientgay andBy) in mapping functior(6) have to be
obtained through experiments. We assume 208 (20 mil)
nozzle size, 55um (22 mil) road width, 254um (10 mil) layer
thickness, 76um (3 mil) offset and 12.7 mm/s head speed to be
constant design and process parameters. The square or rectangular
parts are designed in order to keep the uniform vector segment
length in each part. We obtained the relationship between vector
segment length and roller spe¢see Table 1 and Fig. 22y
building parts using a filament with 52.5 vol. % lead zirconate
titanate(PZT) powder in 47.5 vol. % ECG 9 polymer. Choosing
roller speeds according to the relationship shown in Table 1 en-
sures desirable layer evenness for the specific vector segment

roups of those assumed parameters. We may use the vector seg-

ent lengths given in Table 1 as the break points of length inter-
vals. Using those values of vector segment length and roller
ed,ay and By in mapping function(6) are derived for each

groups will be formed, and the flow rate has to be modified mojg,o

frequently. On the other hand,rifis large, then fewer groups will e )=l and Be= (s 1l —

be formed, and the flow rate is changed less frequently, but too
much variation will exist in a given group. To assign an appropri-
ate flow rate to a group, every member in a group should be
somewhat similar to each other in length. 8aannot be arbi-
trarily large. The selection af for a vector can be formulated as
an optimization probleni24], which is shown by

1

g n
- )2

S.t. rsrs=r,

minW=

(4)

where W is within group sum-of-squareti=2?‘:llij/ni, the
mean of vector segments within a groupis the total number of
vector segments;; andr, are the lower bound and the upper
bound of the range respectively. The goal of this minimization is
to determiner, which is the criteria to form the group.

The group mean can be mapped to the roller speed using

fi=m(l;) ie[lg] ®)

wherem(.) is a mapping function. The mapping function can be

obtained by finding the one to one relationship between group
mean and flow rate through experiments. Since this function will
be nonlinear, it can be represented by different linear functions for

arized interval (see Table 2 according to a,=(ry
k1) (Ikr 1= 1), where

Vector Segment Length (mm)

Vector Segment Index

Fig. 19 Grouping result for the vector in Fig. 18

different intervals, so-called interval linearization, im(l;) con-
sists of a set of linear functions,

m(l)={a i+ B, Li_1=li<Ly} (6)

wherek is the index of intervalsg, and B are coefficientst., is
the break point for intervals.

The grouping and mapping algorithm is presented via Fig. 16,
which step 1 to 8 is for grouping while step 9 is for mapping. Ti
illustrate this algorithm, we take a vect@ee Fig. 18 from Fig.
17 as a sampl¢25], in which total point number 142 andn

468 / Vol. 124, MAY 2002

Downloaded From: https://manufacturingscience.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use:

Group Mean (mm)

20

_
wn

10

Group Index

Fig. 20 Group means in Fig. 19

Transactions of the ASME

http://www.asme.org/about-asme/terms-of-use



CAD stl file Slicing & tool path Process
model > tool path »  parameter 1ol
design i assignment
g generation g path
original
process
parameters Y
control &
Process .
FD - monitor control & augmented Deposition
process »  monitorin process speed planning
feedback 2 parameters

Fig. 21 CAD/CAM procedure with deposition planning in FD process

Table 1 Relationship between vector segment length and roller speed

Index 1 2 3 4 5 6 7 8
Part Size (mm) 25.40x 19.05% 12.70x 6.35% 5.08x 3.81x 2.54x 1.905x
25.40 19.05 12.70 19.05 19.05 19.05 19.05 19.05
Vector Segment Length (mm) 24.232 17.882 11.494 5.105 3.835 2522 1.285 0.660
Roller Speed (counts/ms) 0.515 0515 0.49 0470 0.440 0.420 0.370 0.320

Roller Speed (counts/ms)

Vector Segment Length (mm)

Fig. 22 Nonlinear relationship between vector segment
length and roller speed

Table 2 Values of «, and B, for different intervals
k 1 2 3 2 5 6 7

Interval (mm) | [17.882, ) | (11.494, 17.882) | [5.105, 11.494) | [3.835,5.105) | (2.522,3.835) | (1.285,2.522) | [0.660, 1.285)~

o 0.0 0.0994 0.0795 0.6000 0.3868 1.0267 2.0325

Bx 0.5150 0.4450 0.4540 0.3494 0.3816 0.3180 0.2672

0 15 20 2 %0 3
X (mm)

(a) A part geometry model (b) A layer of tool path

Fig. 23 A piezoelectric actuator part designed for testing proposed approach
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Fig. 24 Built green parts with removable base using different
(0.38 counts /ms) (b) constant

roller speed (0.48 counts /ms) (c¢) deposition planning  (using

methods constant roller speed

varying roller speeds )

Table 3 Comparison of geometric parameters for designed and built parts

Geometric parameters R1 T1 R2 T2

Designed part (mm) 12.192 2.032 7.620 6.096
Built part Constant roller Speed = 0.38 counts/ms -0.42 -3.38 -1.33 -0.26
variance Constant roller Speed = 0.48 counts/ms 1.85 11.25 287 1.90
(%) Deposition planning -0.04 1.25 0.33 0.20

Table 4 Comparison of the deviations from the plane for the built parts

Maximum heights Overfill (mm) Underfill (mm)
Constant rolier speed = 0.38 counts/ms 0.069 >0.5
Constant roller speed = 0.48 counts/ms 0.173 0.0
Deposition planning 0.037 0.0

Y Axis {(mm)

5 10 15 20 25 30
X Axie (mm)

Fig. 25 A layer of tool path for second part

Fig. 26 A structural component using two different methods (a) with
constant roller speed (0.41 counts /ms) (b) using deposition planning
approach
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ke[1,7]; r, andl, are roller speed and vector segment lengthiezoelectric parts were designed and built to demonstrate the

respectively. We assume all the vector segment lengths are long#ectiveness and feasibility of the proposed approach in achiev-

than 660um, which is physically applicable. ing good quality of functional parts. The proposed approach is
To demonstrate the feasibility of the proposed deposition plaapplicable to FDC, FDMM, and FDMet processes.

ning method, a piezoelectric actuator part and a structural piezo-One of the functions realized by the proposed grouping and

electric component are designed using QuickSlice© and built withapping algorithms is to adjust the roller speed to compensate for

PZT in FDMM machine. For the first part, the designed geomettlie speed reductions at head turn points according to Property 1

model and one sample layer are shown in Fig. 23. This part caind 2. According to Eq(2), one direct approach is to measure the

sists of two coaxial hollow cylinders, in which R112.192 mm, head speed in real time and multiply it by a transfer function

R2=7.620mm, T¥2.032mm, T2=6.096mm and H (digital controlle) as a reference to the roller speed. Theoretically,

=10.160 mm. The exterior wall thickne$$1) is much thinner the road geometry should be kept constant by this way. We are

than that of the interior on€T2). Within one layer, most of the studying this real time control approach and will compare it to the

vectors in the exterior ring are much shorter than those in tigf-line planning approach proposed in this paper.

interior one. To compare the proposed approach to the constant

flow rate approackused in current FD technologywe built three

green parts based on the same mditelFig. 23 with varying Acknowledgments

roller speeds and two different constant roller speeds, 0.38 andrhis research was sponsored by the ONR in MURI project,

0.48 counts/ms respective(gee Fig. 24, counts/ms is the unit of#N00014-96-1-1175. The authors would like to thank Farhad Mo-

roller speegl The parameters for tool path and build process ateammadi and Ryan McCuiston for their significant assistance in

chosen the same as those used in experiments for deriving Tabls research.

1, because we may use the linearized mapping functiong ehd

By listed in Table 2. The key geometric parameters for the dgppendix

signed and built parts are listed in Table 3 for comparison. The

maximum overfill and underfill heights of the built parts are giveg

in Table 4. These results indicate th&t) Inappropriate roller

speed leads t@n-plane and out-of-planelimensional inaccuracy

Proof of Property 2:
ssumeV,; andV, are speed vectors before and after turn points
respectively(see Fig. 5, for a blended-move at a turn, velocity

and a large variance. Since the exterior ring is narrower than tﬁléang? In X axis aTd Y axis tadkes tlhe s_ami amount Ok{ tlme(;r(jelnd
interior one, lower roller speed is preferable for the exterior rin?ﬂe (re eren\?\?a acceleration or dece er:atlft_)n eeps :ﬂnﬁ anged dur-
to the interior one(2) Constant flow rate will not satisfy the layer M9 @ Efm' edprofva in éwg casescti e first part of tde_ stlatemerz]nt,
evenness requirement for the various geometries in a layer. Af- table speed of blended-move during turn period is less than
though a(nearly suitable constant roller speed for building an"?- . .

accurate geometry can be found, e.g. 0.38 counts/ms for this paeSe 1 after one turn point, the object can accelerate jdefore

it does not meet the layer evenness requirement within a depcf§é‘.‘t:.h'nglthe nxext tolljr\? point. Asshummg andVy are object ve-
tion area for more complex geometries. In Fig(@3we can see 'OC!IES &long X and ¥ axes, we have

that many voids occur in the interior ring. A larger flow réeeg. V,=V; cog a;)(1—\)+V, coq ay)\ (7)
0.48 count/msmay remove the voids in the interior ring, while it ] _
is likely to cause many overfills in the outer rin@) Varying flow Vy=Vysin(a;)(1-N)+V;sin(az)A (8)

rates (or roller speefl due to deposition planning successfully haren =t/T. 0<t<T. The square of turn speed is
overcomes the geometric complexity of a layer and creates the ’

satisfactory layer evenness. In Tables 3 and 4, we note that amowg=V+VZ=V3i(1—\?)+Vi\2+ 2V, VoA (1-N)cog a; — ay)
the three methods, the highest accuracy is achieved via the depo- 9
sition planning approach. ea _ v —

For the second test part, one sample layer of the designed to01 - 1=cosfy—ay)<1,V1=V,=Vo>0, 0=A=1, we have
path is shown in Fig. 25. This part consists of two connected V2<V3(1—N)2+ Vo242V VoA (1—\)=V3 (10)
concentric cylinders. Since most of the area in the outer ring |
filled by short vector segment lengths, to ensure dimensional
curacy, the lower roller speg@.41 counts/msis selected for the
part in Fig. 26a). However, most of the area in the inner cylinde h hi :
is underfilled. In contrast to the part in Fig. (25 a fully dense when reaching _next turn point. .
part was made using deposition planning approébe Fig. Assume the_ object accelerates\M§ (<V,) when reaching next
26(b)). This result further demonstrates the effectiveness of tii@™ point, similar to Eq(9), the turn speed becomes
proposed planning approach. V2=V§(1—)\)2+V§2)\2+2V1V§)\(1—)\)cos{a1— @)

(11)
5 Conclusion and Future Research since —1=<cos@—a)<1, V;=V,=V,>V}>0, 0<\A<1, we

Current FD technology applies constant deposition flow ratBave
which cannot meet the requirement for building functional parts
due to the varying geometric complexity within a layer. To
achieve a desirable layer evenness of a functional part, we pee: V<V, for the turn period.
formed an overfill and underfill analysis for the FD processes amtbw, we prove the second part of the statement. It is easy to see
identified five important properties of the FD processes that cotivat o, — a, e[ — 7, 7]. The more acute the turn angle is, the
tribute to part quality. According to the underfill and overfillnearera,—a, is to —m or 7. Since cosg;—ay) iS monotone
analysis, a deposition planning approach based on a grouping aedreasing either from 0 te or from 0 to —a, andV,>0, V,
mapping algorithm was proposed. The main idea is to group the0, O<\ <1, according to Eq(9), we know that the more acute
adjacent vector segments according to their similarities and asstge turn angle is, the more reduction of velodi%§) occurs during
an appropriate flow ratéor roller speefl to each group using the turn period.
linearized mapping functions. The mapping functions for a clas3.E.D.
of parts of same design parameters have to be obtained expBrieof of Property 3:
mentally through building the specially designed parts of tho$er a stop-at-turn scheme, A9/, T/2, OB=V,T/2, whereO is
parameters, e.g. nozzle size, offset value, road width. Finally, twlee turn point. According to Cosine theorem, we have

'hen ;= a,, the equal relationship holds in E@LO), i.e. V
V, for turn period, in whicha, # a;.
ICase 2 after one turn point, the object cannot accelerat®/§o

VZ<V2(1-N)2+HVE2N2+2V VAN (1-N)<V3  (12)
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AR v T 2+ V,T 272 V T\ [V,T cogm

—(T) (T) (T)(T) (moatar)
T2

= Z(v§+ V242V, V, cog a3 — ay)) (13)

wherea;>0 anda,>0.

For a blended move, the displacement along X axis at e

(Vi Vo T (Vycogay) +V; cogap)T

The displacement along Y axis at tineis
(Viy+Va)T  (Vysin(ay)+V,sin(ay))T
D,= > = > (15)
The square of the combined displacement at tifrie

2
D2—D2+D2—T—(V2+V2+2VV coq oy — 16
=D+ Dy=7(Vi+V; 1Vocogai—ay))  (16)

Hence, AB=D?. It is easy to see that the poiBtis the location
where the blended move ends.

Q.E.D.

Proof of Property 4:

The shaded area in Fig. 7 is

W2 6\ 0
SoverfiII:T co 5 +E_§

Sincecot(6/2) is monotone decreasing whes@=< 7, Syei IS
increasing while@ is decreasingMaxSyermin=2 when 6=,
MinSyem=0 When #=0. Sy ey IS proportional to & for a
specific 6.

Q.E.D.

Proof of Property 5:

17

In Fig. 10, sinceS;=S,+S;, the area of the rectangle ABCD is
equal to the area of two semi-circles or a complete circle. Hence,

we have

2

1
t(t+Fr) = ——

. (18)

wheref* is the desirednegative offset in the statement. Solve

Eq. (18), we get
B (m—4)t

*
f 4

(19)
Q.ED.
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