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feed rate of each tow is individually controlled, allowing a curved
le urse with tows at the outside of the curve to be fed faster than

variety of primary and secondary structures in industries rangi os€ on_the |ns_|de of the cunfsee .F'g' 2 The ability to feed
from sporting goods to civil structures to high performance aifows at ‘?'ﬁere”t"’i" rates aIIows_ the fl_bers of the .tOW material to be
craft. In addition to potentially significant weight savings, comSteered in a relatively tight radius without buckling the tow mate-
posites offer the benefits of increased fatigue life, corrosion resfid!- Steered fibers can thus be aligned with the calculated loads of
tance, and life cycle cost savings. One such composi‘ﬂ%e entire structure, allowing continuous orl_entatlon _of fibers
manufacturing technique is fiber placement. The basic compon&fNd the load paths of the structure. Steered fiber architecture has
of a fiber placed part is the tow. The tow consists of a long ar{fi€ potential to offer significant weight savings by improving tai-
narrow,~0.3175 cm, strip of resin impregnated fiberD.025 cm loring of local fiber orientation to the specific internal load path of
in thickness. The minimum length of the tow is limited by thdhe structurg1].
fiber placement machine-usualy10 cm. The maximum length  In a similar manner to Computer Numerical Cont{@NC)
of a tow is limited only by the amount wound on the supplynachining, a fiber placement machine includes a programming
spool-typically in excess of 1500 meters. The tow itself consists 8ystem to plan the motions of the machine. Given a surface on
thousands of hair-like fibers aligned along the length of the towhich to place tows, a curve representing ideal fiber orientation,
and impregnated with resin. When cured with heat and pressuaed specification of orientation control method; the offline pro-
the resin impregnated tow imparts strength and stiffness along giemming system computes the path that the machine will take as
length. A fiber placement machine delivers from one up to ajt-lays down each course. Paths of individual tows are not calcu-
proximately 30 adjacent tows in a single pass of the machiteged. In addition, current offline programming systems convert
head. The tackiness of the tows allows them to be compacted ofrte form surfaces to a discretized mesh on which the course paths
a surface, which can contain concave or convex features, although calculated. Meshing accura@e distance between a mesh
concavity is limited by the head geometry. The adjacent towdement surface and the free form surfdeas been found to be as
placed by the fiber placement machine in a single pass are knolwose as 13 mnfi2], which translates to similar errors when cal-
as a course. Figure 1 shows a schematic of the fiber placemenfating course paths. These errors result in unanticipated gaps or
machine head placing a single course. Multiple courses placegerlaps in tow material that must be detecter the part is
alongside each other form a single layer, known as a ply, of thganufactured.
composite tow material. Multiple plies are placed atop each otherThe goal of the work presented in this paper is to develop
to impart thickness to the shell-like structure. algorithmic methods that simulate the position of individual tows
Each tow in a course can be independently @ropped or in the fiber placed part. To eliminate errors associated with the
restarted(added, allowing precise control over the amount ofpffiine programming systems’ discretized representation of the de-
material placed on the structure, and hence differing thickneggn surface, our methods utilize NURBS representations of the
regions on the part. In addition to drop and add capabilities, thgsign surface. The methods build upon an existing solid model-
ing kernel which implement NURBS surfaces and curves, as well

Contributed by the Computer-Aided Product Developm@=PD) Committee 59 geometric calculations based on them. Our methods were de-
for publication in the ®URNAL OF COMPUTING AND INFORMATION SCIENCE IN

ENGINEERING. Manuscript received March 2004; revised June 2004. Associate eq€loped using the.Adaptive MOde“ng Langu‘?(wl-? imegr_atGd
tor: D. Rosen. development environmeii8], enabling an object oriented imple-

Introduction
Developmental efforts in composites technology include a wi
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Fig. 1 Fiber placement head delivers multiple tows in a course Fiber Axis /

Fig. 3 The fiber axis is swept along  V to create the initial ref-

mentation of the Parasol[d] solid modeling kernel, although any erence curve

geometry engine supporting the required operations can be used

(or developedl The methods described in this paper have been

implemented in the Steered Composite Analysis and Design Sgesign a through-the-thickness sequence of 0° and laminate fam-

tem (SCADS [5,6], representing an integrated design foily plies that meets the strength requirements of the part. In a fiber

manufacturing/fiber steering system for the fiber placement prptaced part, where tows of the 0° ply are placed along a curved

cess. Improved design tools such as SCADS are critical, becapsinary load path, a challenge is to model an appropriate defini-

current capabilities of existing fiber placement hardware far ekon of a laminate family ply.

ceed the capabilities of design engineering tools, particularly with The tows in a 0° ply are modeled entirely with offset curves on

respect to the ability to fabricate structures with controlled curvihe design surface. The second method presented in this paper is

linear fiber paths. The lack of robust analytical tools and desigised to approximate a laminate family curve. The method uses

environments capable of modeling the complexity of steered fiach tow representation in the 0° ply to calculate a piecewise

bers in the preliminary design phase are prohibiting optimal dérear curve that preserves a fixed angle of intersection between

sign solutions. the laminate family curve and each tow in the 0° ply. By preserv-
The first method presented in this paper uses the free foing the angle of intersection between the laminate family curve

design surface, and a curve representing an initial fiber path,aod tows in the 0° ply, the fiber orientation of the laminate family

calculate piecewise linear approximations of a series of offsply can be kept constant.

curves on the surface. The method is used to represent the position

of individual tows in a single course of the fiber placed part. B . .

approximating curves on the actual design surface, our meﬂ%@proxmatlon of an offset curve on a surface

avoids unanticipated gaps and overlaps associated with a disin this section, we describe our method of generating piecewise

cretized surface. It should be noted that the method is specificdilyear approximations to offset curves on an arbitrarily curved

motivated by, and limited to, a domain where the offset distanegirface. The purpose of the method is to place points on a surface

between curvege.g. the width of the fiber placed tguis no more (the placement surfagghat, when interpolated with a curve on

than half the local radius of curvature of features on the surfateée surface, will form a curve that is a constant offset from a

(e.g. the fiber placement surface reference curve on the surface. An offset curve on the surface is
A second method addresses orientation of fibers to createlefined:

quasi isotropic material layup. As mentioned previously, a fre- Given: a surface,s(u,v); two curves on the surface,

quent design goal is to orient tows in a continuous manner alon@u(t),v(t)) andr4(ugy(t),v4(t)); and a pointP onr. Let D(P)

the primary axial load path of the structure. In addition, there wibe the shortest distance, measured along the surface, Rrom

generally be in-plane loads in directions other than those of thg. If, VP er, D(P)=d, thenr is an offset curve at distance,

primary load path. These local loads can always be resolvedftom r on the surfaces.

principal components of axial, transverse and shear loads. If theThe method presented in this section produces an approxima-

local axial load direction is specified as 0°, fibers can oriented #én of r 4 givenr ands. The method generates a piecewise linear

90° to handle transverse loads, afdi5® for shear loads. The approximation of 4 by using points om to generate points ary,.

fiber placement process allows the local definition of 0° to chang#ere are similarities between the offset curve as defined for fiber

continuously along a curvilinear load path. For purposes of thigacement, and tool path curves for 5-axis CNC machining

paper, a ply with fibers aligned along the primary load path {¥-16/. None of the methods developed for CNC machining at-

known as a 0° ply. A ply containing tows aligned at a fixed anglgempt to preserve the property of constant offset distance as mea-

to the primary load pattiusually 90° or+45°) is known as a sured on the surface.

laminate family ply. The goal of the composite designer is to The inputs to the method are a placement surface, fiber axis,

projection vector, curve generation tolerance and offset distance.

All defining points of the offset curves are generated on the place-

ment surface. The placement surface must be a surface whose

160% Feed Rate partial derivatives ar&s® continuous. Furthermore, it must not
intersect itself.

100% Feed Rate The method begins by creating an initial reference curve. The
fiber axis is projected along the projection vector to the placement

50% Feed Rate surface to create the initial reference curve. The fiber axis is a

NURBS space curve that may or may not lie on the placement

surface. Given the input, the method creates a swept surface with
cross section defined by the fiber axis definition curve, and axis

defined by the projection vectdFig. 3. The curve generation

Fig. 2 Steered course illustrates difference in feed rate across tolerance is used to generate points on the reference curve. The
tows in the course points on the curve form a piecewise linear approximation, such
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Fig. 4 Points are created along the reference curve, with nor-
mal and tangent vectors calculated at each point

that the maximum distance between the curve and any line

segment defined by two adjacent points will be bounded by the

tolerance.

~ An offset curve is approximated from a reference curve byig 6 Error associated with placing a point on a surface with

interpolating points that are offset from points on the referenggcular arc cross section

curve. The curve generation method creates a new curve by off-

setting each defining point of the parent curve by a constant dis-

tance along the placement surface. This is approximated by cal-

culating, at each defining point in the reference curve, the tangeset distance over 50 offsef8]. Further supporting this, material

vector to the curvgT in Fig. 4 and the normal vector to the width variations of+/—3% may be expectef®], which cannot

surface at that pointN in Fig. 4). Using these vectors, an offsetbe factored into optimal tow path as these variances occur over

vector is calculated by taking the cross product of the norm#ie continuous path.

vector and the tangent vector. The resulting vedirjs tangent ~ To determine the error at each offset step, it is necessary to

to the surface, and perpendicular to the curve. A new point é@mpare the offset distance to the length of a plane curve that

calculated by projecting the original poin®, along the offset results from slicing the placement surface perpendicular to the

vector by the offset distancel. Finally, this point is projected offset curve. Assuming that the offset distance is very small com-

along a surface normal to the nearest point on the surface usingagied to the local surface curvature and extent, a circular approxi-

Global Closest technique, resulting®i. Figure 5 shows how’ mation of the plane curve is appropriate. In the domain of fiber

is determined using® and O. The curve shows the placementplacement, surfaces are typically smodthg., airplane wings

surface cross section, while the vector shows the projectidd ofand contain five or less features that exhibit significant changes in

by distanced along the vecto©. After all points on a reference curvature. The cross section of the tow is approximated by a rect-

curve have been offset, the offset points are interpolated withaagle whose width is equal to the offset distance, and a height of

curve which becomes the new reference curve for the next off¢ess than 1/10 the offset distance. The material properties of the

curve. tow do not allow the cross section to bend significantly, or it will
split. This limitation allows a maximum curvature corresponding

Resulting Error of Method to Generate Offset Curves to a local surfat_:e cross section radius of (_).635[2ﬂn or abo_ut_

on a Surface twice the tow width. Surface features of this radius occur in five

or less offsets over a part containing®1® 10* offsets, with a

In Fig. 5, it can be seen that the offset distance is used fqore typical radius of 50 or more times the offset distance.

calculate a point that typically does not lie on the surface. Thatwe define our offset error measure as the difference between

point is then projected back to the surface. Using the method #e desired offsetd, and the actual distance, between a point

Fig. 4 and Fig. 5, each point on the initial reference curve is offsghd its offset as measured on the surface:

n times, wheren is the number of offset curves. Given that the

distance between the points along the surface is not equal to the Error=(d—s) 1)

offset distance on non-planar surfaces, error can accumulateaggiosed form equation for the error of E¢l) can be derived
multiple offset curves are generated. Two methods of approximgéhen the cross section of the placement surface, between the two
ing error are presented. The first method presented can be usegdmts shown in Fig. 6, is a circular arc. It should be noted that the

quickly approximate the error each time a point is offset duringyrface cross section shown in Fig. 6 is repeated so that normal
the curve generation process. The method can be used to app{egtors to the surface can be clearly seen.
correction as each offset point is generated, although we will show

that this is unnecessary within the application domain of fiber I=ry
placement where permissible placement error is 100% of the off- d
= tanw
Ni-Nisq
W =cos ! (;)
INi[IN;4
Errorzd( 1- anv 2)

Thus, a closed form solution for the error is possible for a
design surface whose cross section as described by corresponding
Fig. 5 Cross section of placement surface showing calcula- points of a series of offset curves is a circular arc. This is rarely
tion of offset point the case in our application, hence E@) is simply an approxi-
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mated error measure. It is useful to consider two cases where
curvature of the surface does change over the offset distance, and /
to determine whether these cases invalidate the use of the circular &
approximation in determining the error of the offset process. The
first case involves the first half of the offset distance being flat,
while the second half exhibits maximum curvature of twice the
offset distance. In such a case, the actual error occurs over half the
offset distance. The angle measured between normal vectors will
be tan }(1/4). Given the offset distancd, the calculated error is
0.0, while the actual error is 0.@1 A second case involves an
inflection in the plane curve with equal portions of the curve
ahead of and behind the inflection. The bending properties of the
tow allow an inflection, but the radius of curvature on either side
of the inflection point must be at least twice the minimum cross

section radius mentioned above. The normal vectors in this case ye P P,

will be equal, leading to zero approximated error. The actual error . 1,/ "\\ _\
is 0.00%l. In a domain where 100% error is permissible over 50 /\_ \ S Y Y
offsets, these approximation errors are not significant. Addition- Py e R

ally, it can be seen that the maximum true error for a single offset

is 0.0731 when the placement surface exhibits maximum curva- Fig. 7 Offset curves on surface with inflections

ture of radius 2, corresponding t@y=26.5°. Where 100% error

over 50 offsets is permissible, approximately 14 offsets of maxi-

mum curvature must occur out of 50. Thus, in the domain of fib@s they are generated. Using K2), the total error is estimated to
placement, where features of high or rapidly changing curvatupe 0.0508 length units, or 33.9% of the offset distance, a single
occur with very small frequency, correction to the original offseiow width. As a comparison, an interpolating spline is constructed
method is not required. that passes through poinis throughP,,. The length of the in-

An alternative method of approximating error uses length caerpolating spline is approximated using a query to the geometry
culations on a curve constructed on the surface, but we will shamgine. The length calculation is accurate to 4 6or a length less
that this method does not offer an advantage over the meththgin 1000[3]. The length of the interpolating spline is approxi-
described above. As offset curves are successively placed on mated to be 18.400. The difference between the approximated
surface, corresponding points on each curve will lie at approXength of the interpolating splin€.8.400 and the nominal length
mately the offset distance from each other. These correspondid@.450 is the approximated error: 0.050, or 33.3% of the offset
points can be used to construct a parametric curve in the pladéstance. We can see that the two approximation methods produce
ment surface. The parametric curve will intersect the offset curvas error estimate that is of the same magnitude.
at approximately 90°. The arc length along this parametric curve Another example of a placement surface with a non-circular
(with parameterization variable) lbetween points® and P’ is  cross section is the outer surface of an airplane witig. 8). For
then defined by17]: this example, a wing surface, based on the Raytheon Premier |

small business jdt19], is constructed. One half of the wiritp the
P/ dix(u)\2 {d(y(u)\2 [d(z(u)))? left of the fuselageis constructed with a root chord lengt@, ,
|:f ( ) +( ) +< ) du (3) 225.81cm, tip chord lengti€;, 113.03 cm and a root to tip span
P du du du of 731.01 cm. Because the airfoil shapes of the Raytheon Premier
| remain proprietary, representative airfoil shapes are chosen from

Typical implementations compute approximations to E2). publicly available literature. The assumed root airfoil shape is of
(e.g.[18]) because a closed form solution is not generally availhe NACA 23014 profile, while the tip airfoil is of the NACA
able. The high cost of this method motivates an approximatg012 profile[20]. The surface is created as a ruled surface be-
method that uses the calculations initially used to generate thgeen the root and the tip airfoil. Figure 8 shows a wireframe
corresponding points on the offset curves. The results of quanigpresentation of the placement surface. Figure 8 also shows the
tative studies provide evidence that the method using approximgdgion of the surface on which offset curves are generated. This
ing circular cross sections is sufficient in the domain of fibefegion is represented as the shaded portion of Fig. 8. Using an
placement. initial curve that coincides with the leading edge of the wing, 790

Both approximation methodd&q. (2) and Eq.(3)) are used to offset curves are placed within the shaded region, corresponding
estimate the cumulative error of placing offset curves on an arbi-

trarily curved surface, and the results compared. Figure 7 and Fig.
8 show two placement surfaces with offset curves placed by the
SCADS application using the method of this paper. A cross sec-
tion of each surface is shown below the isometric view of the

surface.

Figure 7 shows an arbitrary surface with multiple inflection
points, created to gauge the effect of those inflection points on the
error approximation. The surface represents more severe curvature
than is actually observed in fiber placed parts. The methods of Eq.
(2) and Eq.(3) are used to estimate the placement error in locating
the 124 points shown in Fig. 7. The nominal length measured

along the surface betweeR; and P, is calculated fromd(n P,

—1) using non-specific length units. With an offset distantegf e _x
0.150, the nominal length is 18.450. Two approximations of error f/’“‘ o
are calculated-one using approximating circles, and one using a (\N Py
spline interpolating the point3; throughP,, . As offset curves are et .

generated, the surface normal vector is queried at each of the
points shown in Fig. 7. No attempt is made to correct offset points  Fig. 8 Offset curves on representative wing surface
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Fig. 9 A laminate family curve at angle 0 to offset curves
to a single ply of a theoretical wing skin panel fabricated using
fiber placement techniques. Figure 8 also shows a cross sectic
(taken by aligning the normal of a cutting plane with the leading
edge of offset curve defining points corresponding to the point of
each offset curve that is closest to the root of the wing surface.
The method of the previous example is used to estimate th
placement error in locating the 790 points shown in the cross /

section of Fig. 8. The error is first approximated by constructing

an interpolating spline that passes through poihtshroughP,,  rig. 10 Tows are dropped to control overlaps and gaps
approximating its lengtilimplemented by the geometry engine (shaded black ) between neighboring courses
and comparing that length to the nominal lengttd¢i—1). The

length of the curve constructed through poifts throughP,, is
approximated as 300.591 cm. For the offset distad¢caf 0.381
cm, the nominal length is 300.609 cm. Therefore, the error ap-As with a 0° ply, the tows in a laminate family ply are deliv-
proximated by constructing an interpolating spline is 0.018 cm, éfed as a series of courses, with tows in a single course preserving
4.7% of the offset distance. As offset curves are generated, #@nstant offset to each other. Therefore, the laminate family curve
surface normal vector is queried at each of the points fRynto ~ described here is used as a reference from which offset curves for
P,. Using Eq.(2), the total error is estimated to be 0.024 cm, othe course are constructed. It is obvious that, as tows are offset
6.2% of the offset distance. The difference between the two erfs@m the original laminate family curve, the prescribed angle of
approximations is 0.006 cm. Again, the two approximation methiatersection cannot be preserved within a single course. For each
ods predict error of the same order. It should be noted that tRgbsequent course, a new laminate family curve can be generated
approximated placement error, after placing 790 points is julst approximate the desired angle of intersection. As a conse-
4.7% of the offset distance, a single tow width. So, the error of oguence, tows of neighboring courses may begin to overlap each
approximation method is significantly better than the previousBther, necessitating the discontinuatitiropping of a tow to
stated permissible error of 100% of the offset distance over B®0id undesired buildup of material. Figure 10 shows a close-up
offsets. of three courses each generated with a laminate family curve. It
can be seen that dropping of tows introduces gaps and overlaps of
material, which in turn affects the strength of the part. The ratio of

Approximation of a Laminate Family Curve overlap to gap areas can be controlled by specifying the amount of

rlap th rs befor is dropped. Thus, a choice resul
The purpose of the method presented in this section is to c@éethaep(;e;tg?;? s before a tow is dropped. Thus, a choice results

struct a laminate family curve based on a field of offset curves in
an arbitrary surface. The method is a companion to the methodl. Fill a ply with minimal material gaps and overlaps by pre-
used to place offset curves on a surface. A discussion of the ap- serving constant offsets with the potential result of large
plication of the laminate family curve in the domain of fiber differences from nominal orientation angle as offsets are
placement, and consequent choices for the designer, is followed placed
by the method of approximation. A laminate family curve is 2. Fill a ply with minimal error in orientation angle with
defined: the potential result of large numbers of material gaps and
Given: n offset curves{C,, ... ,C;,...,Cy}; a curve,l, in overlaps.
the surface of the offset curves that does not intersect itself
intersects eacl; exactly once at poin® ; and a laminate family
angle,d. If, V S, the angle between the tangent tat S, and the !
tangent toC; at S, equalsé, thenl is a laminate family curve. 1Y PY- _ _ o .
The method presented here computes a piecewise linear a The laminate family curve is constrtjcted from a specified point
proximation of a laminate family curve. Figure 9 shows a piecé” ©N€ ,Of the offset curves in the 0° ply. To calculate the next
wise linear approximation to a laminate family curve, calculateBint, P’, two vectors are computed at poidf the tangent vector
using a set of offset curves. The curves are offset by a constihthe curveT, and the normal vector to the placement surfate,
distance, the tow width. In keeping with the terminology of thé\n orientation vectorQ, is determined by rotating aboutN by
introduction, the set of offset curves is called the 0° ply. ThEe laminate family angle¢. The vectorsO and N are used to
detail of Fig. 9 shows that the intersection of each linear segméHtent a plane containing those vectdps.is then found by inter-
of the piecewise linear laminate family curve with one of thé€cting the plane with the next offset curve. Figure 11 shows the
offset curves occurs at the laminate family angle, vectors used to orient the plane, which in turn, is used to deter-
Where the motivation of the offset curves of the 0° ply is ténine P’".
follow the primary load path in a structure, the laminate family It is obvious that the laminate family angle is only preserved
curve is aligned to coincide with offset load directions defined &etween Curveand segmenPP’, while error can occur in the
a constant angle to the primary load path. The curve is usedimdersection of segmem P’ with Curve ;. As noted previously,
orient tows at a nominal angle of intersection to the 0° ply.  the minimum radius of curvature of the placement surface is twice

aﬁ]ﬁe former lends itself to a band offset ply of stated orientation, as
previously described, and the latter lends itself to a laminate fam-
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Curve;q strength-to-weight ratios that can be realized with tailored fiber
orientations. To date, reduced production costs have been realized
with fiber placement, but a lack of robust design and analysis tools

i prevents designers from fully exploring weight saving design so-
lutions in the preliminary design phase. A design and analysis tool
for fiber placed composites must be capable of modeling the part
down to the level of the tow, in turn requiring a method to repre-
sent the position of individual tows on the design surface. In this

P paper, we have formally defined two types of curves required to
represent individual tows in a fiber placed part; the offset curve on

Fig. 11 P’ is found by orienting a plane at P and intersecting a surface, and the laminate family curve; and present approximate

with the next curve methods to compute both types. Accuracy of these methods is

shown to be acceptable for production use.

Curve

the qﬁset distance betwgen Cuir\{mjd Curveﬂ. To prevent Acknowledgments
buckling of the tow material, the minimum radius of curvature of ~ o )
any offset curve is 63.5 cm, or about 180 times the offset distanceThis material is based upon work supported by the Office of
[2]. As such, we can assume that the offset curves in the neigltaval Research Center of Excellence for Composite Manufactur-
borhood of segmerP P’ are well approximated by circular arcsing Technology under Grant No. N00014-00-1-0415 and from
and a closed form solution exists for the angle of intersectianatching support from the State of Kansas.
between segme®P’ and Curve, ;. In the case of an interpo-
lating spline, this error represents an upper bound on the error tRasferences
1 ’

occurs at_ poinP”. . . . i [1] Hale, R. D., 1999, “Excerpts From the Technical Proposal for Integrated De-

Assuming that segmer® P’ is coplanar with approximating sign and Analysis Tools for Reduced Weight, Affordable Fiber Steered Com-
arcs of Curveand Curve, 1, all can be expressed in planar polar posites,” Proposal KU-FRL-22480-1, University of Kansas Flight Research
coordinates with the origin located at the center of curvature of  Laboratory, Lawrence, KS.

. . . . [2] The Boeing Company, 1999, “Fiber Placement Benchmark and Technology

the approximating arcs. If the angle .of intersection between goadmap,” Report 99P0028, St. Louis, MO.
Curve and segmenPP’ is 6, the error is equal to the angular [3] TechnoSoft, Inc., 1999, “Adaptive Modeling Language Reference Manual:

istan B andP’. Thi rror can XPr : AML Version 3.1.3,” Cincinnati, OH.
distance betweeR and s error can be e P essed [4] Unigraphics Solutions, Inc., 1999, “Parasolid Online Documentation Web,
R cosé Parasolid V11.1.167,” Maryland Heights, MO.
Error=0—cos | ——— 4) [5] Schueler, K., and Hale, R. D., 2002, “Object-Oriented Implementation of an
R+d Integrated Design and Analysis Tool for Fiber Placed Structures,”

. . . . . Proceedings-43rd AIAA/JASME/ASCE/AHS/ASC Structures, Structural Dy-
WhereR is the radius of the approximating arc to Cyraedd is namics and Materials Conference, Denver, CO.
the offset distance to Curvg, . Recall thatd is equal to a single  [6] Hale, R. D., and Schueler, K., 2002, “Knowledge-Based Software Systems for
tow width in the domain of fiber placement. The closed form Composite Design, Analysis and Manufacturing,” Proceedings-SAE General

. . ) . Aviation Technology Conference and Exposition, Wichita, KS.

solution for error shown in Eq(4) cz_an b_e used tO_ qetermme [7] Broomhead, P., and Edkins, M., 1986, “Generating NC Data at the Machine
whether the accuracy of the approximation is sufficient for the ~ Tool for the Manufacture of Free-form surfaces,” Int. J. Prod. Re4(1.1-14.
application domain of fiber placement. The allowable error is de-[8] Loney, G. C., and Ozsoy, T. M., , 1987, “NC Machining of Free Form Sur-
scribed first. faces,” Comput.-Aided Des19(2), pp. 85-90.

. P . . . 9] Xia, J., and Ge, Q. J., 2001, “An Exact Representation of Effective Cuttin
The Umted,State,S Federal Aviation Admm'Strat'dFAA) al- . " Shapes of 5—axisQCNC Machining Using Raptional Bezier and B-spline Toc?l
lows for an orientation error of 2.08 cm in one meter when fabri-  motions,” Proceedings-IEEE International Conference on Robotics and Auto-
cating parts to be used for mechanical tesfidgy. This is equiva- mation, Seoul, South Kored, pp. 342-347.
lent to a 1.2° variation if linear, and a higher variation if the fiber[10l S.e' ‘ﬁ J., 19936"5‘”|ema§1°56'd”"e”t.Ge"”:jegic l""t"de'(;”g: : F""‘B“e".vo”‘,, fF?'

. . . Imultaneous ool-pai eneration an culpture urface besign, ro-
curve_s over a“q then _baCk across the nommal orientation. The ceedings of the 1996 E3th IEEE International Cponference on Roboglics and
error is allowed in specimens that are fabricated for the purpose of  Automation, Minneapolis, MN2, pp. 1819—1824.
establishing material properties. This allowable represents a lowl] Huang, Y., and Oliver, J. H., 1992, “Non-constant Parameter NC Tool Path
bound for the error that can be accepted in a manufactured part. Generation on Sculptured Surfaces,” Proceedings of the 1992 ASME Interna-
Common practice allows for 2.0° variation in manufactured parts E':oAna' CZTE“T{; in Engineering Conference and Exposition, San Francisco,
It should be noted that the allowable error described by the FAf2) 3ure2ﬁ, K., and Yang, D. C. H., 1994, “Constant Scallop-height Machining of
represents error in the pafter manufacture and is presented here  Free-form Surfaces,” ASME J. Eng. Indl16(2), pp. 253-259.
as a comparison for the approximation error. [13] Sarma, R., and Dutta, D., 1997, “Geometry and Generation of NC Tool

In fib | d ts. | inate famil | itud | Paths,” ASME J. Mech. Des1192), pp. 253—-258.
n nber placed parts, laminate ramily angle magnitudes esﬁél] Lee, Y. S., and Ji, H., 1997, “Surface Interrogation and Machining Strip Evalu-

than 30° are generally not found, with angles commonly ex- " ation for 5-axis CNC Die and Mold Machining,” Int. J. Prod. Re35(1), pp.
pressed between 90° and 90°. As mentioned previously, tows in  225-252.

a0° p|y can exhibit a minimum radius of curvature of 63.5 cm.[15] Lee, Y. S., 1998, “Adaptive Tool Path Planning by Machining Strip Evaluation
. for 5-axis Complex Surface Machining,” Transactions of NAMRI/SME,
Tow width (offset values can vary from 0.250 to 0.0.635 cm. It pp. 141-146.

can be seen that the combination of large tow width&nd small  [16] Chiou, C. J., and Lee, Y. S., 2002, “A Machining Potential Field Approach to
radius of curvature R) in the 0° ply, and small magnitude of Tool Path Generation for Multi-Axis Sculptured Surface Machining,”
laminate family angle6) result in the greatest error. A maximum _ _ gomplg--qggg %65-34(5>’g% 3rf57‘37f1' Combuter Alded Geometric DesianA
error case in fiber placement thus occurs with-0.635, R [/ Farn. o 2957, Cunves an Press, San Diego, CAL o oome Desig:
=63.5, andf=30°. The resulting error is about 1.0°, or abOUt[lS] Walter, M., and Fournier, A., 1996, “Approximate Arc Length Parameteriza-
half that allowed in current common practice. Thus, the method tion,” Anios do IX SIBGRAPI, Caxambu, MG, Brazil, pp. 143-150.

of approximating a laminate family curve provides sufficient[lg] Jackson, P., 2001, Jane’s All the World’s Aircraft 2001-2002, Jane’s Informa-
tion Group, Ltd, Surrey, England.

accuracy. [20] Abbott, I. H., and Von Doenhoff, A. E., 1959, Theory of Wing Sections, Dover
i Publications, Inc., New York, NY.
Conclusions [21] Tomblin, J., Ng, Y., Bowman, K., Hooper, E., Smyth, T., and Showers, D.,

. . . 2001, “Material Qualification Methodology for Epoxy-Based Prepreg Com-
Fiber placement of composite structures promises reduced COSt posite Material Systems,” United States Department of Transportation, Federal

in the form of production waste savings, and increased structural Aviation Administration Report DOT/FAA/AR-00/47, Washington, DC.

256 / Vol. 4, SEPTEMBER 2004 Transactions of the ASME



