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Tool Path-Based Deposition
Planning in Fused Deposition
Processes
The fabrication of a functional part requires very high layer quality in the Fused De
sition (FD) processes. The constant deposition flow rate currently used in FD techno
cannot meet this requirement, due to the varying geometries of the layers. To ach
high quality functional part, an overfill and underfill analysis is conducted. A deposi
planning approach is proposed, which is based on a grouping and mapping algor
Two piezoelectric test parts have been built to demonstrate the effectiveness and fe
ity of the proposed approach.@DOI: 10.1115/1.1455026#
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1 Introduction
Layered manufacturing~LM ! enables a dramatic reduction i

the lead time and the cost of part design and manufacturin
contrast to traditional manufacturing techniques. The applica
of LM processes are being extended from conceptual proto
modeling to advanced functional part building. In the fused de
sition ~FD! based LM processes, FD modeling~FDM! is extended
to FD of ceramics~FDC! @1#, FD of multiple materials~FDMM!
@2# and FD of metals~FDMet! @3#. FDC and FDMM are employed
to make functional ceramic components such as turbine com
nents, high authority actuators and novel structured piezoele
transducers/sensors@2,4,5#. FDMet is applied to build metallic
components, e.g. hard tooling with stainless steel@6#. There is an
ever-increasing demand for building parts with improved qual
tolerance and surface finish.

The main quality requirements for parts usually refer to surf
roughness, dimensional accuracy, and part strength@7#. In general,
a functional part needs more strict requirements than prototy
Layer quality, quantified by the amount of overfills, underfills, a
contour dimensions, which is not so important in prototype m
eling, is critical for building functional ceramic components@8#.
Layer defects are difficult, if not impossible, to be compensa
for in post-deposition processes. Hence, layer quality dese
more attention during green part construction. For structural
plications, a functional part requires significant strength and s
ness when undertaking a real task, e.g. tooling@9#.

A number of factors contribute to part quality~mentioned
above! in the FD processes. For surface roughness these fa
are layer thickness@10#, part orientation@11#, material properties
@12#, temperature@13#, and some process parameters such
nozzle size, etc. For dimensional accuracy the controlling par
eters are CAD model representation~tessellated vs. parametri
surface! @10#, path tracking accuracy@14#, interpolation method
~linear vs. miscellaneous!, and deposition flow rate. For pa
strength the factors are fill pattern and vector angle@15#, tempera-
ture profile@16#, and material characteristics. Layer quality is r
flected by the difference between the designed part and the
part, i.e. the amount of excess~overfilled! or insufficient~under-
filled! material deposited, assuming that the part is well design
We refer to the condition of overfills~bumps or excess materia!
and underfills~gaps or voids! in a layer aslayer evenness, which
is determined by tool path, positioning precision, deposition ac
racy, and materials as well as some process parameters.

*All correspondence should be made to this author.
Contributed by the Manufacturing Engineering Division for publication in t
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Although the studies of these contributory factors have led t
variety of methods to improve part quality, there are fundam
tally three approaches~see Fig. 1!: ~1! CAD model optimization
according to certain objectives, including part orientation, supp
structure generation and slicing@17#. Part orientation can be se
lected based on certain criteria, e.g. minimum build height, m
mum support volume, etc.@11#. An acceptable surface smoothne
~staircase effect! can be achieved for an analytical surface throu
variable thickness slicing, while both layer amount and buildi
time are reduced@10#. ~2! Layer interior planning. This includes
tool path generation/optimization, deposition planning, and se
tion of process parameters. To obtain required part stiffnes
specific deposition strategy can be chosen in terms of fill patte
~contours, vectors, and spirals! and vector angles (2180 deg
;180 deg) @15#. The proper selection of tool path pattern ma
ensure both surface finish and part strength@18#. It is suggested
that contour filling be used for the part boundaries for achiev
good surface smoothness and vector filling be used for the inte
regions of the part for achieving required part strength. Sh
optimization may remove or minimize gaps or path discontinuit
using adaptive offset fill pattern@19#. Void quantification based on
designed filling path@20# is helpful in optimizing tool path.~3!
On-line monitoring and control of FD process. This includes th
key aspects, i.e. precise positioning of the X-Y-Z table, flow co
trol, and defect detection during part building. A trajectory pla
ning scheme was proposed in@14# to reduce path tracking error
under the constraint that the liquifier head must move with c
stant speed as much as possible. Jafari et al. have develop
novel system for Fused Deposition of Multiple Materia
~FDMM! to fulfill all three aspects in monitoring and controllin
of the FDC, FDMM, and FDMet processes@2#.

This article addresses issues encountered in deposition plan
of the FD processes. Although the geometric complexity of a p
has been reduced dramatically via slicing, its planar geometric
topological complexity still significantly affects the building pro
cess. Usually, in order to obtain a desirable layer quality, an
erator of an FD machine for ceramics and metals has to k
observing the build process and modify the process parame
e.g. speed of the roller that drives the filament, in order to co
pensate manually for the overfills and underfills within each lay
Assuming a negative offset design, if overfill~underfill! is ob-
served, the roller speed must be reduced~increased! in order to
decrease~increase! flow rate. The more complex the part geom
etry, the more frequently the operator must make such adj
ments. In the FD processes, layer evenness of the current lay
strongly correlated to its two adjacent layers. If the previous la
is overfilled ~underfilled!, the current layer is very likely to be

e
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overfilled ~underfilled!, and this will continue if the process pa
rameters are kept constant. If the part geometry varies from la
to layer, it will be more difficult for an operator to properl
change the process parameters and it will be very hard to ma
functional part of acceptable quality in a few runs and in a sh
time.

To further upgrade FD automation and build advanced fu
tional ceramic and metallic parts of high quality in a more ef
cient way, we studied the causes of overfills/underfills as well
the relationship between the planar geometric complexity o
layer and the overfill/underfill phenomena. As a result, we prop
a grouping and mapping algorithm based on tool path, in wh
adjacent vector segments with similar lengths are grouped
gether. A deposition flow rate is then assigned to each gro
according to the mean value of the vector segment lengths in
group using linearized mapping functions.
The remainder of this article is organized as follows. An analy
of the overfill and underfill phenomena in the FD processes
conducted in section 2. Section 3 presents the proposed grou
and mapping algorithm. The implementation issues and manu
turing examples are given in section 4 to demonstrate the fe
bility of the proposed approach. We conclude this article and
dress future research in section 5.

2 Analysis of Overfill and Underfill in the FD Pro-
cesses

2.1 FD Technique Description. The FD technique share
the common procedures as other LM techniques. In seque
they are CAD model design, tessellated format generation, slic
and tool path generation. The original CAD model can also
sliced directly without surface tessellation@21#. In the FD tech-
nique, the usually applied layer filling strategies are:~1! The
boundaries use contour filling and the interiors use vector fillin
~2! The contour is laid down first, after which the interior is filled
~3! The offset~distance between roads! between a vector and a
contour is negative;~4! The vector angle is alternated by 90 d
grees between consecutive layers. Vector is the most freque
used fill pattern, which consists of a series of vector segme
~along the vector angle! connected by small turn segments~see
Fig. 2!. The unique aspects of the FDC, FDMM and FDMet tec
niques lie in the materials, the fabrication process, and the p
processing~binder removal, sintering! @2,6,12#. In this article, we
will focus on the fabrication process of the green parts, which
illustrated in Fig. 3. A FD machine consists essentially of a ma
rial deposition subsystem, which consists of one~or multiple!
driver-liquefier~s! ~we call it head thereafter! attached to a car-
riage and their controllers, and a positioning subsystem, wh
consists of the X-Y-Z table and its controller that enables
carriage to move in the horizontal X-Y plane and a fabricati
platform to move in the Z direction@2,13#. The function of the

Fig. 1 Approaches for improving part quality in the FD pro-
cesses
Journal of Manufacturing Science and Engineering
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driver-liquefier is to pump the~ceramic, metallic, fugitive! fila-
ment into the heated liquifier through a pair of motor driven ro
ers and extrude the semi-solid material through the nozzle o
the build platform following the designed tool path. There is
shearing effect that forces material to spread forwards
sidewards when the nozzle moves. Once a layer is built, the p
form goes down a distance of the layer thickness~along the Z
direction! and the following layer is deposited on top of the pr
vious one. In the following sections, we will conduct an overfi
and underfill analysis. Unless mentioned otherwise, all the effe
related to overfills and underfills are in-plane ones.

2.2 Overfill and Underfill Analysis. According to the mass
balance principle, assuming the process is in steady state, we

min5mout (1)

wheremin ~kg/s! is the mass of the filament driven to the liquefi
in a unit time,mout ~kg/s! is the mass of the semi-solid materi
flowing out of nozzle in a unit time. Further, we have

Sroad5K•

VrollerSfilament

Vhead
(2)

whereK5r in /rout is a constant,r in androut are the densities of
solid filament and semi-solid material respectively,Vroller(m/s) is
the roller speed,Vhead(m/s) is the head motion speed,Sfilament(m

2)
andSroad(m

2) are the cross sectional areas of the filament and
deposited road respectively~see Fig. 4!.

To avoid overfills and underfills due to improper~or lack of!
control of the FD process in a layer, we must fix the cross sec
geometry of deposited roads complying with the designed valu

Fig. 2 Terminology in vector fill pattern

Fig. 3 Schematic of fused deposition process
MAY 2002, Vol. 124 Õ 463
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i.e. Sroad needs to be kept constant. SinceSfilament is constant~with
a small variance! in Eq. ~2!, it is necessary and sufficient to kee
Sroad constant by keeping constant the ratio betweenVroller and
Vhead. However, due to process characteristics, this ratio is alw
changing if no control or deposition planning is involved. T
next section will explore this issue in detail.

2.2.1 Overfills Due to Decrease of Head Speed at Tur
The most frequently used fill pattern in the FD processes is vec
which is used to fill internal areas of closed boundaries. A vec
is discontinuous at turn points. This means that the deposi
head always undergoes acceleration and deceleration at the
cations. In practice, usually two schemes can be applied
changing the speed at turns@22#. One is to decelerate the X-Y
table to zero speed at the turn point and accelerate to the
defined speed from the turn point, so-calledstop-at-turnscheme.
The other is to blend smoothly from the speed for the first move
the speed for the second move according to the predefi
acceleration/deceleration parameters, so-calledblended-move
scheme. Since X-Y table moves in a coordinated fashion,
axes will accelerate and decelerate synchronously, i.e. their a
eration or deceleration times~T! are equal to each other. Furthe
more, reference acceleration or deceleration of each axis rem
constant during speed change within timeT, but they may change
from time to time depending on the initial speed and ending sp
in a speed change. A blended move is illustrated in Fig. 5, wh
point A and point B are the locations that a blended move st
and ends respectively. Corresponding to these two speed ch
schemes at turns, we have the following three properties:
Property 1: When the X-Y table moves along a vector with
constant velocity, it cannot exactly follow the tool path at a tu
unless it decelerates to zero at the turn point.
Property 2: In a vector movement, if the X-Y table moves at c
stant velocity V0 along a continuous line and makes a blend
move at a turn, its velocity during the turn period T is always le
than V0 . The more acute the turn angle is, the more speed red
tion occurs during the turn.

Fig. 4 Schematic of steady deposition state

Fig. 5 Speed change at a turn point
464 Õ Vol. 124, MAY 2002
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Property 3: For a stop-at-turn scheme, let point A be the poi
where the motion along the first vector segment starts to dece
ate to a stop (using T time) at the turn point, and point B be
point where the motion along the second vector segment c
pletes acceleration from a stop at the turn point to the predefin
speed (using T time). If a blended move starts at point A, the
ends at point B using T time.
The proofs of Property 2 and 3 are given in the appendix.
exactly follow the tool path without stopping at a turn requires
infinite torque, which cannot be provided by the X-Y table. The
fore, the X-Y table has to stop at each turn in order to achie
exact positioning as Property 1 indicates. However, a stop-at-
scheme may dramatically reduce the average table speed,
cially for short segment length vectors. On the other hand
blended-move scheme has less effect on the average table s
Although it may introduce positioning errors at turns~e.g. g in
Fig. 5!, according to Property 3, as long as the acceleration
deceleration periodT is small and table speed is not high~which is
true for FD techniques!, the positioning errors at turns will remai
in an acceptable range. Here, we select the blended-move sch

A tool path ~vector! and the corresponding table speed a
sampled from the FDMM system~see Fig. 6!. In Fig. 6, the actual
tool path is shown in the X-Y plane while the head speed is sho
in the Z axis. This verifies Property 2 above. Property 1 and
indicate that regardless of the scheme, the X-Y table speed
drop down at turns. According to Eq.~2!, if the roller speed re-
mains constant~a usual case in current technology!, the cross
sectional area of a road will be increased. In addition, accordin
Property 2, if a blended-move scheme is used, the more acute
turn angle, the more the cross sectional area of a road is increa

2.2.2 Overfills and Underfills Due to Vector Geometry
Turns. At a certain area near turn points, the material is dep
ited twice. This is illustrated in Fig. 7, whereW is the road width
andu is the turn angle. Sinceg is small in a blended move~see
Fig. 5!, we ignore it in our analysis. Note that the double depo
tion at turn points is different than what occurs in adjacent ro
~of the negative offset! because the latter is made intentional
while the former is unavoidable. Overfills always occur at turn
Property 4: Double deposition area (DDA) of a vector at a tur
point increases when the turn angle decreases. DDA reache
minimum when the turn angleu5p, and a maximum whenu
50. DDA is proportional to W2 for a specificu.
The proof of Property 4 is shown in the appendix. The overfi
from the vector geometry are significant when the vector cons
of many short segments. In addition, overfills increase~decrease!
when the road width is increased~decreased!. Due to vector ge-
ometry, underfills might also occur at turns~see Fig. 7! @15#.
These underfill areas are usually compensated for via the neg
offset between contour filling and vector filling. The shearing

Fig. 6 Actual tool path vs. head speed „sample period
Ä10 ms …
Transactions of the ASME
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Fig. 7 Overfills and underfills due to vector geometry
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fect of the nozzle will bring~excess! material from neighboring
areas to fill those underfill areas. Hence, the underfills at turns
be removed via a careful tool path design, while overfills at tu
are inevitable.

2.2.3 Overfills and Underfills Due to Inappropriate Roa
Width or Offset. When layer deposition is completed, two typ
cal defects may be observed, i.e. gaps or voids~underfills! and
bumps~overfills! between two adjacent roads. To study road g
ometry, we carried out experiments to create roads with differ
offsets. According to the cross section images of roads show
Fig. 8, with a certain tolerance, we model road geometry alon
straight path segment as in Fig. 9. The cross section geom
along the moving direction is a rectangle plus two semi-circ
with the layer thicknesst as its diameter. The road width in thi
geometry model isw.

To obtain an even layer surface, two adjacent roads must o
lap ~see Fig. 8 and Fig. 10!. The currently depositing road wil
interact with the~already deposited! adjacent road to fill up the
empty spaces. Figure 10 illustrates that the excess material in
common deposition area (S1) will compensate for the empty
spaces above and below the semi-circles~S2 and S3!, i.e. we must
have S15S21S3 , assuming the semi-solid material is incom
pressible.
Property 5: In Fig. 10, to compensate for the empty spaces ab
and below the semicircles, the necessary negative offset f* be-
tween two adjacent roads is(p-4)t/4.

The proof of Property 5 is shown in the appendix. From Prope
5 we know that the desired negative offset (f* ) is only a function
of layer thickness~t!. In FDC, FDMM, and FDMet processes, fo
a 250mm slice thickness, the designed negative offset is usu
chosen as 50mm or 75mm. According to Property 5,f * should be
54 mm. This result conforms to the offset often chosen by ex
rienced operators. Both gaps and bumps between two neighbo
roads are supposed to be eliminated according to Property
gap between two adjacent roads is depicted in Fig. 11, in wh
w1 is the current road width,f 1 is the gap between roads, andl 1 is
the interval between two designed tool paths. An overfill betwe
two adjacent roads is depicted in Fig. 12, in whichw2 is the
current road width,f 2 is the negative offset, andl 2 is the interval
between two designed tool paths. To obtain an even layer sur
g Science and Engineering
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we have two rules for adjusting road width or offset as follow
~1! When a gap between two adjacent roads occurs, it is suffic
to either increase the road width fromw15 l 12 f 12t to w1* 5 l 1

2 f * 2t or decrease the distance between two roads,l 1 , to l 1*
5w11t1 f * to attain the desired layer evenness as shown in F
10. ~2! When a bump between two adjacent roads occurs, i
sufficient to either decrease the road width fromw25 l 22 f 22t to
w2* 5 l 22 f * 2t or increase the distance between two roads,l 2 , to
l 2* 5w21t1 f * to attain the desired layer evenness as shown
Fig. 10.

Increasing~decreasing! the road width implies enlargement~re-
duction! of the cross sectional area of a road. According to E
~2!, we must either increase~decrease! roller speed or decreas
~increase! head speed. Decreasingl 1 ~increasingl 2! implies that
the tool path must be re-planned.

2.2.4 Overfills and Underfills Due to Other Reasons.Over-
fills and underfills can be caused by alternation of the vec
angle. Due to Property 2 and 4, the following observation is e
to make: the longer~shorter! the vector segment length, the les
~more! the overfill effect due to the reduced~increased! frequency
of turns. Because of the non-uniform feature of part geome
along different vector angles, the vector segments that cov
certain area may be short~long! in one layer but long~short! in
the next layer. If a certain value of flow rate is appropriate for o
area covered by short~long! vector segments, it may cause unde
fills ~overfills! in the same area for the next layer. This pheno
enon is illustrated via Fig. 13. Both rectangular parts have
sizes of 19.05 mm by 10.16 mm. In the previous layer, both p
have an even layer surface and a vector angle of 90 degrees. I
current layer, the vector angle becomes 0 degrees. The prev
layer has shorter vector segment lengths than the current la
Part 13a uses a larger flow rate than that used in the prev
layer, while part 13b uses the same flow rate. The result is
part 13a still has an even layer surface~because the effect o
increased vector segment lengths in the current layer is com
sated by the increased flow rate!, while part 13b is significantly
underfilled.

The overfill and underfill condition in one layer is correlate
with that in its two adjacent layers. If overfills~underfills! occur in
Fig. 8 Cross section images of road geometry under different offsets
MAY 2002, Vol. 124 Õ 465
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an area of the current layer, and the same area in the next lay
covered by vector segments that are the same length as or sh
~longer! than those in the current layer, the overfill~underfill!
condition in that area of the next layer will either not change o
will become worse due to material accumulation~insufficiency!.

Fig. 9 Modeled deposition road geometry

Fig. 10 Desired deposition with offset f *

Fig. 11 Gap between two adjacent roads

Fig. 12 Bump between two adjacent roads

Fig. 13 Underfills due to change of vector angle „a… even layer
of part 13a „b… underfilled layer of part 13b

Fig. 14 Underfill correlation between two adjacent layers „a…
current layer of part 14a „b… next layer of part 14b
466 Õ Vol. 124, MAY 2002
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This phenomenon is demonstrated in Fig. 14 and Fig. 15 thro
four test parts. Each test part has a square layer with dimens
of 19.05 mm by 19.05 mm, i.e. each layer has an uniform vec
segment length. Each part has an even layer surface in the p
ous layer. Part 14b~part 15b! has the same layer surface in th
current layer as part 14a~part 15a!. On the one hand, the flow rat
is decreased in the current layer for part 14a and keeps the
creased value in the next layer for part 14b. On the other hand
flow rate is increased in the current layer for part 15a and ke
the increased value in the next layer for part 15b. These tests s
that underfills or overfills generated in the current layer may le
to ~more! underfills or overfills in the next layer, if the flow rate i
kept constant. This will continue such that the part becomes m
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. C
rent FD technology only considers the former. Since the FD p
cesses depend on both the positioning of the head and the d
sition of material, planning without regard to deposition proces
not complete and will not ensure a good quality of the functio
part.

Since most of the areas within a layer are filled by the vec
pattern according to the common deposition strategy in FD
FDMM, and FDMet, our planning task will target this specific fi
pattern. Complex geometry and topology within a layer usua
lead to frequent changes of vector segment lengths, as show
Fig. 17. One common case is that the vector undergoes a num
of turns within a narrow area, which entails a series of very sh
vector segments. Since the current technology keeps the de
tion flow rate constant, according to Property 2 and 4, the c
secutive turns in a narrow area will generate many overfills du
frequent head speed reductions and vector geometry. Even th
an overfill is preferable to underfill in building a functional par
the overfilled material will accumulate in the vicinity of the tur
areas and create high bumps and a very rough surface, which
lead to more overfills in the next layer. Usually, an FD mach
operator has to reduce the roller speed manually to compensat
this effect and increase the roller speed later. This manual ad
ment is neither accurate nor efficient. Our proposed deposi
planning approach will overcome this problem and help the
erator to efficiently make a functional part of high quality.

The following rule is usually followed by an experienced F
machine operator: longer~shorter! vector segment lengths in a
area require larger~smaller! flow rates in order to obtain an eve
layer surface for that area. The shearing effect of the nozzle
bring extra material to the neighboring areas of the turn points
long vector segments, while for short vector segments suffic
space between roads is not available to accommodate the su
material around turn points. Therefore, our proposed approac
~1! to assign the adjacent vector segments into groups accor
to the group mean;~2! to assign a flow rate or roller speed to ea

Fig. 15 Overfill correlation between two adjacent layers „a…
current layer of part 15a „b… next layer of part 15b
Transactions of the ASME
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u
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h

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

3.2 Grouping and Mapping Algorithm. We will consider
only the vector segments for the purpose of grouping, while
noring the turn segments because their length variations are
ally small compared to that of the vector segments. The strai
forward way is to form a single-member group, i.e. each gro
contains only one vector segment. Since a roller speed is assi
to each group~each vector segment for this case!, the roller ref-
erence speed has to change once the vector segment switches
one to another. This is not feasible because:~1! Flow rate will not
immediately follow the change of roller speed due to the extrus
delay @23#. To compensate for this delay, we have to assign
forward-shifted roller speed to each vector segment. This will
difficult ~if not impossible! to implement.~2! The small vector
segments undergo acceleration and deceleration for most of t
They need a lower roller speed whose variation is unnecessar
a group of neighboring vector segments with similar lengt
Since we want to achieve average layer evenness, we choo
more practical approach, i.e. dividing the vector segments w
similar lengths into groups and assigning the proper roller spe
ufacturing Science and Engineering
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to them based on their mean lengths.
To group vector segments, a ranger for a vector is defined by

r 5 max
1< j <ni

~ l i j !2 min
1< j <ni

~ l i j ! i P@1,g# (3)

where l i j is the j th vector segment in thei th group, ni is the
vector segment number of thei th group, andg is the group num-
ber of a vector.r is a measure of the similarity between vect
segments within a group defined in terms of their lengths. Ifr is
small, then fewer vector segments are in each group, i.e. m
groups will be formed, and the flow rate has to be modified m
frequently. On the other hand, ifr is large, then fewer groups wil
be formed, and the flow rate is changed less frequently, but
much variation will exist in a given group. To assign an approp
ate flow rate to a group, every member in a group should
somewhat similar to each other in length. So,r cannot be arbi-
trarily large. The selection ofr for a vector can be formulated a
an optimization problem@24#, which is shown by

min W5
1

~n2g! (i 51

g

(
j 51

ni

~ l i j 2 l̄ i !
2 (4)

s.t. r l<r<r u

where W is within group sum-of-square;l̄ i5( j 51
ni l i j /ni , the

mean of vector segments within a group;n is the total number of
vector segments;r l and r u are the lower bound and the upp
bound of the range respectively. The goal of this minimization
to determiner, which is the criteria to form the group.
The group mean can be mapped to the roller speed using

f i5m~ l̄ i ! i P@1,g# (5)

wherem(.) is a mapping function. The mapping function can
obtained by finding the one to one relationship between gr
mean and flow rate through experiments. Since this function
be nonlinear, it can be represented by different linear functions
different intervals, so-called interval linearization, i.e.m( l̄ i) con-
sists of a set of linear functions,

m~ l̄ i !5$ak l̄ i1bk , Lk21< l̄ i,Lk% (6)

wherek is the index of intervals;ak andbk are coefficients;Lk 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.
illustrate this algorithm, we take a vector~see Fig. 18! from Fig.
17 as a sample@25#, in which total point number5142 andn

Fig. 18 A vector from Fig. 17
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557. The grouped result is shown in Fig. 19 with the group mea
shown in Fig. 20. In Fig. 19, nine groups are generated (g59)
with r 52.413 mm for the vector in Fig. 18. We can see that t
adjacent vector segments of similar lengths are grouped toget
while a significant difference exists between two adjacent grou

4 Implementation of Proposed Approach
The proposed grouping and mapping algorithm is implemen

in the FDMM ~Fused Deposition of Multiple Materials! machine
@2#. Specifically, it works as an independent module and is e
bedded into the CAD/CAM working procedure~see Fig. 21!. Af-
ter slicing and tool path generation, roller speeds are assigne
the different groups of vector segments and they are combi
with the originally assigned process parameters before the pro
dure enters the step of FD process control and monitoring. For
details of FDMM machine, refer to@2#.

The coefficients~ak andbk! in mapping function~6! have to be
obtained through experiments. We assume 508mm ~20 mil!
nozzle size, 559mm ~22 mil! road width, 254mm ~10 mil! layer
thickness, 76mm ~3 mil! offset and 12.7 mm/s head speed to b
constant design and process parameters. The square or rectan
parts are designed in order to keep the uniform vector segm
length in each part. We obtained the relationship between vec
segment length and roller speed~see Table 1 and Fig. 22! by
building parts using a filament with 52.5 vol. % lead zircona
titanate~PZT! powder in 47.5 vol. % ECG 9 polymer. Choosin
roller speeds according to the relationship shown in Table 1
sures desirable layer evenness for the specific vector segm
groups of those assumed parameters. We may use the vector
ment lengths given in Table 1 as the break points of length int
vals. Using those values of vector segment length and ro
speed,ak and bk in mapping function~6! are derived for each
linearized interval ~see Table 2! according to ak5(r k
2rk11 )/(lk112lk! and bk5( l k11r k2 l kr k11 )/( l k112 l k ), where

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

Fig. 20 Group means in Fig. 19
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Fig. 21 CAD ÕCAM procedure with deposition planning in FD process

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

Fig. 23 A piezoelectric actuator part designed for testing proposed approach

Table 1 Relationship between vector segment length and roller speed

Table 2 Values of ak and bk for different intervals
ufacturing Science and Engineering MAY 2002, Vol. 124 Õ 469
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Fig. 24 Built green parts with removable base using different
methods constant roller speed „0.38 counts Õms … „b… constant
roller speed „0.48 counts Õms … „c… deposition planning „using
varying roller speeds …

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 Õms … „b… using deposition planning
approach

Table 3 Comparison of geometric parameters for designed and built parts

Table 4 Comparison of the deviations from the plane for the built parts
AY 2002 Transactions of the ASME
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kP@1,7#; r k and l k are roller speed and vector segment leng
respectively. We assume all the vector segment lengths are lo
than 660mm, which is physically applicable.

To demonstrate the feasibility of the proposed deposition p
ning method, a piezoelectric actuator part and a structural pi
electric component are designed using QuickSlice© and built w
PZT in FDMM machine. For the first part, the designed geome
model and one sample layer are shown in Fig. 23. This part c
sists of two coaxial hollow cylinders, in which R1512.192 mm,
R257.620 mm, T152.032 mm, T256.096 mm and H
510.160 mm. The exterior wall thickness~T1! is much thinner
than that of the interior one~T2!. Within one layer, most of the
vectors in the exterior ring are much shorter than those in
interior one. To compare the proposed approach to the cons
flow rate approach~used in current FD technology!, we built three
green parts based on the same model~in Fig. 23! with varying
roller speeds and two different constant roller speeds, 0.38
0.48 counts/ms respectively~see Fig. 24, counts/ms is the unit o
roller speed!. The parameters for tool path and build process
chosen the same as those used in experiments for deriving T
1, because we may use the linearized mapping functions ofak and
bk listed in Table 2. The key geometric parameters for the
signed and built parts are listed in Table 3 for comparison. T
maximum overfill and underfill heights of the built parts are giv
in Table 4. These results indicate that:~1! Inappropriate roller
speed leads to~in-plane and out-of-plane! dimensional inaccuracy
and a large variance. Since the exterior ring is narrower than
interior one, lower roller speed is preferable for the exterior r
to the interior one.~2! Constant flow rate will not satisfy the laye
evenness requirement for the various geometries in a layer.
though a~nearly! suitable constant roller speed for building a
accurate geometry can be found, e.g. 0.38 counts/ms for this
it does not meet the layer evenness requirement within a dep
tion area for more complex geometries. In Fig. 23~a!, we can see
that many voids occur in the interior ring. A larger flow rate~e.g.
0.48 count/ms! may remove the voids in the interior ring, while
is likely to cause many overfills in the outer ring.~3! Varying flow
rates ~or roller speed! due to deposition planning successful
overcomes the geometric complexity of a layer and creates
satisfactory layer evenness. In Tables 3 and 4, we note that am
the three methods, the highest accuracy is achieved via the d
sition planning approach.

For the second test part, one sample layer of the designed
path is shown in Fig. 25. This part consists of two connec
concentric cylinders. Since most of the area in the outer ring
filled by short vector segment lengths, to ensure dimensional
curacy, the lower roller speed~0.41 counts/ms! is selected for the
part in Fig. 26~a!. However, most of the area in the inner cylind
is underfilled. In contrast to the part in Fig. 26~a!, a fully dense
part was made using deposition planning approach~see Fig.
26~b!!. This result further demonstrates the effectiveness of
proposed planning approach.

5 Conclusion and Future Research
Current FD technology applies constant deposition flow ra

which cannot meet the requirement for building functional pa
due to the varying geometric complexity within a layer. T
achieve a desirable layer evenness of a functional part, we
formed an overfill and underfill analysis for the FD processes
identified five important properties of the FD processes that c
tribute to part quality. According to the underfill and overfi
analysis, a deposition planning approach based on a grouping
mapping algorithm was proposed. The main idea is to group
adjacent vector segments according to their similarities and as
an appropriate flow rate~or roller speed! to each group using
linearized mapping functions. The mapping functions for a cl
of parts of same design parameters have to be obtained ex
mentally through building the specially designed parts of th
parameters, e.g. nozzle size, offset value, road width. Finally,
Journal of Manufacturing Science and Engineering
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piezoelectric parts were designed and built to demonstrate
effectiveness and feasibility of the proposed approach in ach
ing good quality of functional parts. The proposed approach
applicable to FDC, FDMM, and FDMet processes.

One of the functions realized by the proposed grouping a
mapping algorithms is to adjust the roller speed to compensate
the speed reductions at head turn points according to Prope
and 2. According to Eq.~2!, one direct approach is to measure t
head speed in real time and multiply it by a transfer functi
~digital controller! as a reference to the roller speed. Theoretica
the road geometry should be kept constant by this way. We
studying this real time control approach and will compare it to
off-line planning approach proposed in this paper.
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Appendix
Proof of Property 2:

AssumeV1 andV2 are speed vectors before and after turn poi
respectively~see Fig. 5!, for a blended-move at a turn, velocit
change in X axis and Y axis takes the same amount of time T
the ~reference! acceleration or deceleration keeps unchanged d
ing a turn. We prove in two cases the first part of the statem
i.e. table speed of blended-move during turn period is less t
V0 .
Case 1: after one turn point, the object can accelerate toV0 before
reaching the next turn point. AssumingVx andVy are object ve-
locities along X and Y axes, we have

Vx5V1 cos~a1!~12l!1V2 cos~a2!l (7)

Vy5V1 sin~a1!~12l!1V2 sin~a2!l (8)

wherel5t/T, 0<t<T. The square of turn speed is

V25Vx
21Vy

25V1
2~12l2!1V2

2l212V1V2l~12l!cos~a12a2!
(9)

since21<cos(a12a2)<1, V15V25V0.0, 0<l<1, we have

V2<V1
2~12l!21V2

2l212V1V2l~12l!5V0
2 (10)

When a15a2 , the equal relationship holds in Eq.~10!, i.e. V
,V0 for turn period, in whicha1Þa2 .
Case 2: after one turn point, the object cannot accelerate toV0
when reaching next turn point.
Assume the object accelerates toV28 (,V2) when reaching next
turn point, similar to Eq.~9!, the turn speed becomes

V25V1
2~12l!21V28

2l212V1V28l~12l!cos~a12a2!
(11)

since 21<cos(a12a2)<1, V15V25V0.V28.0, 0<l<1, we
have

V2<V1
2~12l!21V28

2l212V1V28l~12l!,V0
2 (12)

i.e. V,V0 for the turn period.
Now, we prove the second part of the statement. It is easy to
that a12a2P@2p,p#. The more acute the turn angle is, th
nearera12a2 is to 2p or p. Since cos(a12a2) is monotone
decreasing either from 0 top or from 0 to 2p, and V1.0, V2
.0, 0<l<1, according to Eq.~9!, we know that the more acute
the turn angle is, the more reduction of velocity~V! occurs during
the turn period.
Q.E.D.
Proof of Property 3:
For a stop-at-turn scheme, AO5V1T/2, OB5V2T/2, whereO is
the turn point. According to Cosine theorem, we have
MAY 2002, Vol. 124 Õ 471
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AB25S V1T

2 D 2

1S V2T

2 D 2

22S V1T

2 D S V2T

2 D cos~p2a11a2!

5
T2

4
~V1

21V1
212V1V2 cos~a12a2!! (13)

wherea1.0 anda2.0.
For a blended move, the displacement along X axis at timeT is

Dx5
~V1x1V2x!T

2
5

~V1 cos~a1!1V2 cos~a2!!T

2
(14)

The displacement along Y axis at timeT is

Dy5
~V1y1V2y!T

2
5

~V1 sin~a1!1V2 sin~a2!!T

2
(15)

The square of the combined displacement at timeT is

D25Dx
21Dy

25
T2

4
~V1

21V2
212V1V2 cos~a12a2!! (16)

Hence, AB25D2. It is easy to see that the pointB is the location
where the blended move ends.
Q.E.D.
Proof of Property 4:
The shaded area in Fig. 7 is

Soverfill5
W2

4 S cotS u

2D1
u

2
2

p

2 D (17)

Sincecot(u/2) is monotone decreasing when 0<u<p, Soverfill is
increasing whileu is decreasing.MaxSoverfill5` when u5p,
MinSoverfill50 when u50. Sover f i l l is proportional to w2 for a
specificu.
Q.E.D.
Proof of Property 5:
In Fig. 10, sinceS15S21S3 , the area of the rectangle ABCD i
equal to the area of two semi-circles or a complete circle. Hen
we have

t~ t1 f * !5
pt2

4
(18)

where f * is the desired~negative! offset in the statement. Solv
Eq. ~18!, we get

f * 5
~p24!t

4
(19)

Q.E.D.
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