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(54) MEASUREMENT OF PLY BOUNDARIES

(57) A system comprises a laser projector, an auto-
mated material placement head, and a laser inspection
system. The laser projector is configured to project
boundary projection line onto a part. The automated ma-
terial placement head is configured to lay down a course

of composite material. The laser inspection system is
connected to the automated material placement head
and configured to project a laser beam into a laser line
parallel to the motion of the automated material place-
ment head in laying the composite material.
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Description

BACKGROUND INFORMATION

1. Field:

[0001] The present disclosure relates generally to in-
spection, and more specifically, to inspection of compos-
ite materials. Still more particularly, the present disclo-
sure relates to ply boundary measurements on compos-
ite plies.

2. Background:

[0002] Composite materials are laid down by an auto-
matic material placement process into layers, called
plies. After laying down a ply, the edge of the ply is in-
spected. Measurement of ply edges is a manual inspec-
tion that is completed after laying down the ply and prior
to laying down the next ply.
[0003] To inspect a ply edge, a laser line is projected
around the ply by a laser projection system, for example
with commercially available systems such as Virtek® La-
serEdge® offered by Gerber Technology (Tolland, CT)
or the FARO® TracerM system offered by FARO Tech-
nologies (Lake Mary, FL). The laser line is representative
of the desirable locations for the edges of the ply. The
operator visually observes whether the edge of the ply
contacts the laser line. The operator also measures a
difference between the edge of the ply and the projected
laser line. The laser projection system may also be known
as an optical layup template (OLT) system. The operator
continues this measurement around the edges of the ply.
[0004] The manual inspection may take an undesirable
amount of time to complete. Additional plies are not laid
down until inspection is completed. Manual inspection of
ply edges adds an undesirable amount of time to the
overall manufacturing time. Such an approach may also
introduce human error in the inspection measurements.
[0005] The projected laser line often appears faint
against the black composite background. The projected
laser line may be difficult for the inspector to see. This
adds more time to the inspection process.
[0006] In addition to the actual inspection, considera-
ble time is spent in providing acceptable physical access
to the surface of the part. For large parts, such as fuselage
barrel sections, lifting platforms may be used to provide
inspection adequate access to the part surface. Moving
the lifting platforms relative to large parts may add an
undesirable amount of time to the inspection process and
add to production equipment costs. Therefore, it would
be desirable to have a method and apparatus that takes
into account at least some of the issues discussed above,
as well as other possible issues.

SUMMARY

[0007] An illustrative example of the present disclosure

provides a system. The system comprises a laser pro-
jector, an automated material placement head, and a la-
ser inspection system. The laser projector is configured
to project a boundary projection line onto a part. The au-
tomated material placement head is configured to lay
down a course of composite material. The laser inspec-
tion system is connected to the automated material
placement head and configured to project a laser beam
into a laser line parallel to the motion of the automated
material placement head in laying the composite mate-
rial.
[0008] Another illustrative example of the present dis-
closure provides a method. A course of composite ma-
terial is laid onto a part using an automated material
placement head. A boundary projection line is projected
onto the part. A laser inspection system connected to the
automated material placement head projects a laser
beam into a laser line, wherein the laser line is parallel
to the motion of the automated material placement head
to lay the course of composite material. A set of images
of the laser line overlapping an edge of the course and
the boundary projection line is taken. Whether a value
representative of a distance between the boundary pro-
jection line and the edge of the course is below a thresh-
old is determined using the set of images.
[0009] A further illustrative example of the present dis-
closure provides another method. A plurality of courses
of composite material is laid down onto a part using an
automated material placement head. A number of bound-
ary projection lines is sequentially projected onto the part.
A set of images for each course in the plurality of courses
is taken, wherein each set of images is a set of images
of an edge of a respective course, and wherein each set
of images includes a respective boundary projection line
of the number of boundary projection lines and a laser
line projected perpendicular to and overlapping the edge
of the respective course. A distance between the edge
of the respective course and the respective boundary
projection line for each course of the plurality of courses
is determined using the set of images.
[0010] The features and functions can be achieved in-
dependently in various embodiments of the present dis-
closure or may be combined in yet other embodiments
in which further details can be seen with reference to the
following description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The novel features believed characteristic of the
illustrative embodiments are set forth in the appended
claims. The illustrative embodiments, however, as well
as a preferred mode of use, further objectives and fea-
tures thereof, will best be understood by reference to the
following detailed description of an illustrative embodi-
ment of the present disclosure when read in conjunction
with the accompanying drawings, wherein:

Figure 1 is an illustration of a block diagram of a
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manufacturing environment in accordance with an
illustrative embodiment;
Figure 2 is an illustration of an isometric view of a
manufacturing environment in accordance with an
illustrative embodiment;
Figure 3 is an illustration of a laser line and a bound-
ary projection line positioned relative to a ply in ac-
cordance with an illustrative embodiment;
Figure 4 is an illustration of a laser line and a bound-
ary projection line positioned relative to a ply in ac-
cordance with an illustrative embodiment;
Figure 5 is an illustration of a laser line and a bound-
ary projection line positioned relative to a ply in ac-
cordance with an illustrative embodiment;
Figure 6 is an illustration of a laser line and a bound-
ary projection line positioned relative to a ply in ac-
cordance with an illustrative embodiment;
Figure 7 is an illustration of an image of a ply edge,
a laser line, and a boundary projection line in accord-
ance with an illustrative embodiment;
Figure 8 is an illustration of an image of a ply edge,
a laser line, and a boundary projection line in accord-
ance with an illustrative embodiment;
Figure 9 is an illustration of an automated material
placement head with a laser inspection system lay-
ing a course in accordance with an illustrative em-
bodiment;
Figure 10 is an illustration of an automated material
placement head with a laser inspection system lay-
ing a second course in accordance with an illustrative
embodiment;
Figure 11 is an illustration of an automated material
placement head with a laser inspection system lay-
ing a second course in accordance with an illustrative
embodiment;
Figure 12 is an illustration of a flowchart of a method
for measuring a boundary of a course in a ply in ac-
cordance with an illustrative embodiment;
Figure 13 is an illustration of a flowchart of a method
for measuring a ply boundary in accordance with an
illustrative embodiment; and
Figure 14 is an illustration of a data processing sys-
tem in the form of a block diagram in accordance
with an illustrative embodiment.

DETAILED DESCRIPTION

[0012] The illustrative embodiments recognize and
take into account one or more different considerations.
For example, the illustrative embodiments recognize and
take into account that in automated material placement
processes, the perimeter of a fiber-placed or tape-placed
ply desirably falls within a defined distance from the nom-
inal end of the ply as defined in the CAD model. The
illustrative embodiments recognize and take into account
that this measurement is called "ply boundary", or "end
placement", measurement. The illustrative embodiments
recognize and take into account that all plies have desir-

able ply boundaries, not only plies that cover an entire
tool, but also smaller, detail plies that are located within
the larger plies. An example of the use of such smaller
plies is the build-up or reinforcement for what will be an
aircraft fuselage window frame or door frame.
[0013] The illustrative embodiments recognize and
take into account that in a conventional process, when
the ply is completed, the placement process is halted and
a laser projector is used to project an outline of the ply
edge as a boundary projection line. The illustrative em-
bodiments recognize and take into account that this con-
ventional boundary projection line extends around the
entire edge of the ply. The illustrative embodiments rec-
ognize and take into account that this boundary projec-
tion line is the nominal boundary based on the CAD mod-
el, and ideally the ply edge and projected boundary pro-
jection line coincide exactly.
[0014] The illustrative embodiments recognize and
take into account that because there may be inconsist-
encies in placement or in the cutting of tows to length, a
dimensional tolerance is allowed above and below the
established nominal. The illustrative embodiments rec-
ognize and take into account that in conventional inspec-
tion, an inspector looks at the edge of the ply compared
to the boundary projection line and takes measurements
of any distance between the ply edge and the boundary
projection line before the next ply is placed. The illustra-
tive embodiments recognize and take into account that
this conventional manual inspection process takes a con-
siderable and undesirable amount of time. The illustrative
embodiments recognize and take into account that con-
ventional manual inspection processes for ply bounda-
ries increases the overall manufacturing time by delaying
laying down the future plies until inspection of the current
ply is completed.
[0015] The illustrative embodiments recognize and
take into account that composite materials are tough,
light-weight materials created by combining two or more
functional components. For example, a composite ma-
terial may include reinforcing fibers bound in a polymer
resin matrix. The fibers may be unidirectional or may take
the form of a woven cloth or fabric. The fibers and resins
are arranged and cured to form a composite material.
[0016] The illustrative embodiments recognize and
take into account that using composite materials to create
aerospace composite structures potentially allows for
portions of an aircraft to be manufactured in larger pieces
or sections. For example, a fuselage in an aircraft may
be created in cylindrical sections and then assembled to
form the fuselage of the aircraft. Other examples include,
without limitation, wing sections joined to form a wing or
stabilizer sections joined to form a stabilizer.
[0017] The illustrative embodiments recognize and
take into account that in manufacturing composite struc-
tures, layers of composite material are typically laid up
on a tool. The layers may be comprised of fibers in sheets.
These sheets may take the form of fabrics, tape, tows,
or other suitable forms. In some cases, resin may be
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infused or pre-impregnated into the sheets. These types
of sheets are commonly referred to as "prepreg".
[0018] The different layers of prepreg may be laid up
in different orientations and different numbers of layers
may be used depending on the thickness of the compos-
ite structure being manufactured. These layers may be
laid up by hand or using automated lamination equip-
ment, such as a tape laminating machine or a fiber place-
ment system.
[0019] After laying down the composite material, ply
edges are inspected. If an inconsistency is identified, the
composite structure may be reworked.
[0020] Referring now to the figures and, in particular,
with reference to Figure 1, an illustration of a block dia-
gram of a manufacturing environment is depicted in ac-
cordance with an illustrative embodiment. Manufacturing
and inspection steps are performed on structures in man-
ufacturing environment 100. Part 102 having plurality of
plies 104 is present within manufacturing environment
100.
[0021] Ply 106 of plurality of plies 104 is laid down and
inspected within manufacturing environment 100. Ply
106 is formed by laying down plurality of courses 108
using automated material placement head 110. Automat-
ed material placement head 110 lays down composite
material 111 to form plurality of courses 108. It is desir-
able to inspect the boundary, or edge, of each course of
plurality of courses 108.
[0022] Manufacturing environment 100 includes sys-
tem 112. System 112 comprises laser projector 114, au-
tomated material placement head 110, and laser inspec-
tion system 116. Laser projector 114 is configured to
project boundary projection line 118 onto part 102. Au-
tomated material placement head 110 is configured to
lay down course 120 of composite material 122. Laser
inspection system 116 is connected to automated mate-
rial placement head 110. Laser inspection system 116 is
configured to project laser beam 124 into laser line 126
parallel to the motion of automated material placement
head 110 in laying composite material 122.
[0023] As depicted, laser projector 114 forms laser
beam 128 to project boundary projection line 118. Bound-
ary projection line 118 is perceived as a line. However,
boundary projection line 118 is created by a laser dot
formed by laser beam 128 on part 102 moving quickly
on part 102.
[0024] Boundary projection line 118 is representative
of a desired location of at least a portion of an edge of at
least one course of composite material of part 102. In
one illustrative example, boundary projection line 118 is
representative of a desired location of at least a portion
of edge 130 of course 120 of composite material 122 of
part 102. In another illustrative example, boundary pro-
jection line 118 is representative of a desired location of
at least a portion of edge 132 of next course 134 of com-
posite material 136 of part 102. In some illustrative ex-
amples, next course 134 may be referred to as second
course 137.

[0025] Edge 130 may be considered a start edge of
course 120 or an end edge of course 120. A start edge
is laid down first by automated material placement head
110. The start edge is created by cutting the end edge
of a previous course. Afterwards, automated material
placement head 110 moves laterally and begins laying
course 120 by first laying the start edge. An end edge
may be laid down as a last portion of a course. When
edge 130 is the end edge of course 120, edge 130 is cut
by automated material placement head 110 to finish lay-
ing course 120.
[0026] Likewise, edge 132 may be considered the start
edge of next course 134 or the end edge of next course
134. When edge 132 is the end edge of next course 134,
edge 132 is cut by automated material placement head
110 to finish laying next course 134.
[0027] When boundary projection line 118 is repre-
sentative of a desired location of at least a portion of edge
130 of course 120, boundary projection line 118 is posi-
tioned relative to edge 130 of course 120. Course 120
has width 138. Width 138 is any desirable width for com-
posite material 122. For example, width 138 may be se-
lected from two inches, four inches, six inches, eight inch-
es, twelve inches, or any other desirable width for com-
posite materials.
[0028] Length 140 of boundary projection line 118 is
one of less than, equal to, or greater than width 138 of
course 120. Length 140 of boundary projection line 118
is configured such that set of images 142 of boundary
projection line 118 captured by camera system 144 of
laser inspection system 116 is sufficiently bright to per-
form a measurement of a distance from edge 130 of
course 120 to boundary projection line 118. Set of images
142 includes one or more images. Camera system 144
includes one or more cameras. Length 140 of boundary
projection line 118 is less than a boundary of ply 106.
[0029] Boundary projection line 118 is part of number
of boundary projection lines 146. As used herein, a
"number of" items is one or more items. Thus, number
of boundary projection lines 146 is one or more boundary
projection lines.
[0030] Number of boundary projection lines 146 in-
cludes any desirable quantity of boundary projection lines
for measurement of the edges of each of plurality of
courses 108 of ply 106. In some illustrative examples,
number of boundary projection lines 146 has the same
lengths. In other illustrative examples, at least one
boundary projection line of number of boundary projec-
tion lines 146 has a different length than the remaining
boundary projection lines of number of boundary projec-
tion lines 146.
[0031] When length 140 of boundary projection line
118 is the same as width 138 of course 120, a subsequent
boundary projection line of number of boundary projec-
tion lines 146 is projected relative to next course 134. In
these illustrative examples, the subsequent boundary
projection line may have a length substantially the same
as width 148 of next course 134. When each of number
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of boundary projection lines 146 has the same length as
the widths of plurality of courses 108, the quantity of
boundary projection lines for inspecting the edges of plu-
rality of courses 108 is the same as the quantity of cours-
es in plurality of courses 108.
[0032] Laser projector 114 creates laser beam 128
having color 150. Laser inspection system 116 creates
laser beam 124 having color 152. In some illustrative
examples, laser projector 114 and laser inspection sys-
tem 116 create laser beams of different colors. In one
illustrative example, color 150 is green while color 152
is red. When color 150 and color 152 are different, color
150 and color 152 may be contrasted enough to deter-
mine line intersections. When color 150 and color 152
are different, set of images 142 may be filtered to identify
laser beam 128 and laser beam 124.
[0033] In some illustrative examples, laser inspection
system 116 has camera system 144, filter 154, and laser
156. Laser 156 forms laser beam 124. Camera system
144 is configured to take set of images 142 of laser line
126 overlapping edge 130 of course 120 and boundary
projection line 118.
[0034] Filter 154 may be either hardware or software.
In some illustrative examples, filter 154 is a physical filter
attached to camera system 144. In other illustrative ex-
amples, filter 154 is a software filter applied to set of im-
ages 142. When filter 154 is a software filter, filter 154
may be part of computer system 158, rather than laser
inspection system 116. In some illustrative examples, fil-
ter 154 is the same color as one of boundary projection
line 118 projected by laser projector 114 or laser beam
124 projected by the laser inspection system 116.
[0035] In some illustrative examples, system 112 also
includes computer system 158. Computer system 158 is
configured to determine value 159 representative of a
distance between edge 130 of course 120 and boundary
projection line 118 using set of images 142.
[0036] Composite material 122 may take any desirable
form. Depending on the form of composite material 122,
edge 130 is formed by one or more cuts of composite
material 122. For example, when composite material 122
is prepreg tape, edge 130 is formed by one or more blunt
cuts. For example, edge 130 may be a complex shape
formed by multiple cuts. In another example, edge 130
may be substantially straight but angled relative to
boundary projection line 118. When composite material
122 is a plurality of tows, each fiber is cut separately.
[0037] Value 159 determined by computer system 158
is a representative value. The distance between edge
130 of course 120 and boundary projection line 118 may
not be constant across all of boundary projection line
118. For example, when edge 130 has a complex shape,
the distance between edge 130 and boundary projection
line 118 may change along boundary projection line 118
due to the complexity of the shape. As another example,
when edge 130 is angled relative to boundary projection
line 118, the distance between edge 130 and boundary
projection line 118 may change along boundary projec-

tion line 118 due to the angle.
[0038] In some illustrative examples, value 159 deter-
mined by computer system 158 is determined based only
on one measurement. For example, value 159 deter-
mined by computer system 158, may be determined us-
ing a distance between an intersection of laser line 126
with edge 130 and an intersection of laser line 126 with
boundary projection line 118. In other illustrative exam-
ples, value 159 determined by computer system 158, is
determined based on more than one measurement. For
example, value 159 determined by computer system 158,
may be determined using intersections for laser line 126
and other laser lines not depicted in Figure 1.
[0039] Value 159 is used to determine if location of
edge 130 is an acceptable location. Value 159 is used
to determine if a variation in the location of edge 130 of
course 120 compared to an expected location of edge
130 is acceptable.
[0040] In some illustrative examples, value 159 is an
absolute value. In these examples, value 159 is a positive
number regardless of if course 120 is longer or shorter
than desired.
[0041] In other illustrative examples, value 159 is pos-
itive or negative depending on if course 120 is longer or
shorter than desired. For example, if laser line 126 en-
counters edge 130 before encountering boundary pro-
jection line 118, course 120 is shorter than desired. When
course 120 is shorter than desired, value 159 may be
negative. As another example, if laser line 126 encoun-
ters boundary projection line 118 before encountering
edge 130, course 120 is longer than desired. When
course 120 is shorter than desired, value 159 may be
positive.
[0042] In some illustrative examples, tolerances for the
location of edge 130 may be the same whether course
120 is longer than desired or shorter than desired. In
other illustrative examples, a tolerance in one direction,
shorter or longer, is larger than a tolerance in the other
direction for course 120. For example, a tolerance for a
longer course may be greater than a tolerance for a short-
er course. In other illustrative examples, a tolerance for
a shorter course may be greater than a tolerance for a
longer course.
[0043] Computer system 158 may be used to deter-
mine if value 159 is acceptable. Computer system 158
may be used to compare value 159 to a threshold.
[0044] The threshold is set based on at least one tol-
erance. When the tolerance for too long a course is dif-
ferent than the tolerance for too short a course, the
threshold is based on either the tolerance for too long a
course or too short a course. When the tolerances are
the same, the threshold may be an absolute value rep-
resenting both tolerances. In some illustrative examples,
the tolerances may be the same, but the threshold is one
of positive or negative depending on which tolerance the
threshold represents.
[0045] The tolerance may be for course 120 specifical-
ly, for ply 106 as a whole, for composite material 111, or
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for any other desirable portion of part 102. The tolerance
may take into account manufacturing variations, perform-
ance characteristics for part 102, desired dimensions for
part 102, or any other factors related to part 102 or the
manufacturing processes for part 102. In some illustrative
examples, computer system 158 selects an appropriate
threshold for edge 130 from a plurality of thresholds.
[0046] In some illustrative examples, computer system
158 may also send instructions to at least one of auto-
mated material placement head 110, laser inspection
system 116, or laser projector 114. As used herein, the
phrase "at least one of," when used with a list of items,
means different combinations of one or more of the listed
items may be used, and only one of each item in the list
may be needed. In other words, "at least one of" means
any combination of items and number of items may be
used from the list, but not all of the items in the list are
required. The item may be a particular object, a thing, or
a category.
[0047] For example, "at least one of item A, item B, or
item C" may include, without limitation, item A, item A
and item B, or item B. This example also may include
item A, item B, and item C, or item B and item C. Of
course, any combination of these items may be present.
In other examples, "at least one of" may be, for example,
without limitation, two of item A, one of item B, and ten
of item C; four of item B and seven of item C; or other
suitable combinations.
[0048] In some illustrative examples, system 112 also
includes movable target 160 connected to automated
material placement head 110. In some illustrative exam-
ples, laser projector 114 changes its projection based on
a location of movable target 160. For example, laser pro-
jector 114 may change from projecting boundary projec-
tion line 118 to another boundary projection line of
number of boundary projection lines 146.
[0049] In some illustrative examples, movable target
160 is a reflective laser target (small silver disc) that is
mounted on a holder. Laser projector 114 confirms the
location of automated material placement head 110 by
detecting movable target 160 through reflection of laser
beam 128 back to the window of laser projector 114.
[0050] Movable target 160 may be rotatable relative to
automated material placement head 110 such that mov-
able target 160 does not interact with laser beam 128.
For example, movable target 160 may be rotatable up to
ninety degrees such that movable target 160 only inter-
sects boundary projection line 118 once.
[0051] The illustration of manufacturing environment
100 in Figure 1 is not meant to imply physical or archi-
tectural limitations to the manner in which an illustrative
embodiment may be implemented. Other components,
in addition to or in place of the ones illustrated, may be
used. Some components may be optional. Also, the
blocks are presented to illustrate some functional com-
ponents. One or more of these blocks may be combined,
divided, or combined and divided into different blocks
when implemented in an illustrative embodiment.

[0052] For example, movable target 160 may not be
present in system 112. Instead, laser projector 114 may
be controlled or triggered through alternate means. For
example, laser projector 114 may change from boundary
projection line 118 to another of number of boundary pro-
jection lines 146 based on operator input.
[0053] In another example, filter 154 is not present
within laser inspection system 116. Instead, filter 154
may be a software implementation in computer system
158. When filter 154 is implemented in software on com-
puter system 158, filter 154 may be an example of post
image processing.
[0054] In a further example, although not depicted in
Figure 1, laser line 126 may be one of a plurality of laser
lines. One non-limiting example of a physical implemen-
tation of a plurality of laser lines is shown below in Figure
7.
[0055] Further, although not depicted in Figure 1, a
perimeter of ply 106 may be inspected by inspecting re-
spective edges of plurality of courses 108. For example,
both start edges and end edges of each of plurality of
courses 108 may be inspected using laser inspection
system 116. An inspection may be performed at least
one of while laying down plurality of courses 108 or after
having laid down plurality of courses 108.
[0056] Turning now to Figure 2, an illustration of an
isometric view of a manufacturing environment is depict-
ed in accordance with an illustrative embodiment. Man-
ufacturing environment 200 is a physical embodiment of
manufacturing environment 100 of Figure 1. Part 202 is
a physical implementation of part 102 of Figure 1. Auto-
mated material placement head 204 is a physical imple-
mentation of automated material placement head 110 of
Figure 1.
[0057] In manufacturing environment 200, automated
material placement head 204 lays plurality of courses
206 of composite material 208 to form ply 210. Automated
material placement head 204 moves in direction 212 to
lay composite material 208. Laser inspection system 214
is connected to automated material placement head 204.
Laser inspection system 214 forms a laser beam. The
laser beam is projected into laser line 215 parallel to the
motion of automated material placement head 204 in lay-
ing the composite material
[0058] Laser projector 216 is positioned in manufac-
turing environment 200 such that laser projector 216 may
project a laser beam onto part 202. As depicted, laser
projector 216 projects boundary projection line 218 onto
part 202. Boundary projection line 218 is representative
of a desired location of at least a portion of an edge of at
least one course of composite material 208 of part 202.
[0059] Turning now to Figure 3, an illustration of a laser
line and a boundary projection line positioned relative to
a ply is depicted in accordance with an illustrative em-
bodiment. In view 300, ply 302 is a physical implemen-
tation of ply 106 of Figure 1. Laser line 304 and boundary
projection line 306 positioned relative to ply 302 are phys-
ical implementations of laser line 126 and boundary pro-
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jection line 118 of Figure 1.
[0060] Course 308 of ply 302 has been laid down by
an automated material placement head (not depicted).
In view 300, boundary projection line 306 is representa-
tive of a desired location of at least a portion of edge 310
of course 308 of part 312.
[0061] In this illustrated example, length 314 of bound-
ary projection line 306 is the same as width 316 of course
308 of ply 302. In other non-depicted examples, length
314 may instead be greater or less than width 316 of
course 308 of ply 302. Length 314 of boundary projection
line 306 is selected such that images of boundary pro-
jection line 306 captured by a camera system of a laser
inspection system is sufficiently bright to perform a meas-
urement of distance 318 from edge 310 of course 308 to
boundary projection line 306.
[0062] As depicted, laser line 304 is one of plurality of
laser lines 320. The position, sizing, and spacing be-
tween plurality of laser lines 320 may be variable. In other
illustrative examples, the plurality of laser lines may be
different than plurality of laser lines 320 depicted.
[0063] A value representative of distance 318 between
edge 310 of course 308 and boundary projection line 306
is determined using a set of images of boundary projec-
tion line 306. As depicted, course 308 is shorter than
boundary projection line 306.
[0064] In some illustrative examples, the value repre-
sentative of distance 318 is negative because course 308
is shorter than boundary projection line 306. In other il-
lustrative examples, the value representative of distance
318 is positive. In these illustrative examples, the value
representative of distance 318 is an absolute value.
[0065] A value representative of distance 318 will be
compared to a threshold. In some illustrative examples,
the threshold is a positive value. In other illustrative ex-
amples, the threshold is negative value. If the threshold
is a negative value, the threshold may be an outermost
acceptable value for a distance between the location of
edge 310 that is shorter than desired. If the value is below
the threshold with a negative value, edge 310 is consid-
ered unacceptably short. If the value representative of
distance 318 is below the threshold, distance 318 is con-
sidered an unacceptable variation in the location of edge
310 of course 308. When the value representative of dis-
tance 318 is below the threshold, course 308 may be
reworked.
[0066] When the threshold is a negative number, the
threshold may be a portion of a tolerance band. The tol-
erance band may be a region between the threshold and
a second threshold. The second threshold is a positive
number and represents an outermost acceptable value
for a difference between a course that is longer than de-
sired and the desired location.
[0067] Values between the threshold and the second
threshold may be said to be within the tolerance band.
The values within the tolerance band are representative
of acceptable locations for edge 310. When the tolerance
band is presented, the value representative of distance

318 may be compared to both the threshold and the sec-
ond threshold.
[0068] In some illustrative examples, the value repre-
sentative of distance 318 is an absolute value. When the
value is an absolute value, the threshold is a positive
number. In these illustrative examples, if the value rep-
resentative of distance 318 is below the threshold, dis-
tance 318 is an acceptable variation in the location of
edge 310 of course 308. If the value representative of
distance 318 is above the threshold, distance 318 is con-
sidered an unacceptable variation in the location of edge
310 of course 308. When the value representative of dis-
tance 318 is above the threshold, course 308 may be
reworked.
[0069] Generally, as described, if a value is below a
negative threshold, the value is considered unaccepta-
ble. Generally, as described, if a value is a positive value
and below a positive threshold, the value is considered
acceptable.
[0070] Although course 308 is depicted as being a first
course in ply 302, course 308 may have any desirable
position within ply 302. Further, set of images of boundary
projection line 306 may be taken at any desirable time
relative to laying down course 308. For example, the set
of images may be taken immediately after laying down
course 308.
[0071] In another example, the set of images may be
taken after laying down multiple courses including course
308. For example, taking the set of images of course 308
may be taken as part of an inspection step for a plurality
of courses. The plurality of courses may be any desirable
quantity of courses. In some examples, the plurality of
courses includes all courses in ply 302.
[0072] For ease of explanation, in Figure 3, edge 310
is substantially straight. Further, edge 310 is substantially
parallel to boundary projection line 306. Thus, distance
318 is substantially constant across boundary projection
line 306. A value representative of distance 318 at any
point along boundary projection line 306 may be sub-
stantially the same as any other value representative of
distance 318 along boundary projection line 306. Further,
an average of measurements along boundary projection
line 306 to form a value representative of distance 318
would be substantially the same as any of the measure-
ments.
[0073] However, edge 310 may take any type of shape
depending on composite type, type of automated mate-
rial placement head, and desired shape. In other non-
depicted illustrative examples, edge 310 may have any
desirable shape. In other illustrative examples, distance
318 between edge 310 and boundary projection line 306
may not be substantially constant across boundary pro-
jection line 306. For example, edge 310 may be slanted,
curved, crenulated, stair-stepped, angled, or have any
other shape.
[0074] In some illustrative examples, multiple meas-
urements of distance 318 may be taken. The multiple
measurements of distance 318 may each be a value rep-
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resentative of distance 318 compared to a threshold. The
threshold may be selected based on known variations in
manufacturing. The threshold may vary depending on
the location of a measurement along boundary projection
line 306 to take into account a shape of edge 310.
[0075] In other illustrative examples, the multiple
measurements of distance 318 may be averaged to form
a value representative of distance 318. This value rep-
resentative of distance 318 is compared to a threshold.
The threshold may take into account expected variation
along edge 310 due to the shape of edge 310.
[0076] Turning now to Figure 4, an illustration of a laser
line and a boundary projection line positioned relative to
a ply is depicted in accordance with an illustrative em-
bodiment. In view 400, ply 402 is a physical implemen-
tation of ply 106 of Figure 1. Laser line 404 and boundary
projection line 406 positioned relative to ply 402 are phys-
ical implementations of laser line 126 and boundary pro-
jection line 118 of Figure 1.
[0077] Course 408 of ply 402 has been laid down by
an automated material placement head (not depicted).
In view 400, boundary projection line 406 is representa-
tive of a desired location of at least a portion of edge 410
of course 408 of part 412.
[0078] In this illustrated example, length 414 of bound-
ary projection line 406 is the same as width 416 of course
408 of ply 402. In other non-depicted examples, length
414 may instead be greater or less than width 416 of
course 408 of ply 402. Length 414 of boundary projection
line 406 is selected such that images of boundary pro-
jection line 406 captured by a camera system of a laser
inspection system is sufficiently bright to perform a meas-
urement of distance 418 from edge 410 of course 408 to
boundary projection line 406.
[0079] As depicted, laser line 404 is one of plurality of
laser lines 420. The position, sizing, and spacing be-
tween plurality of laser lines 420 may be variable. In other
illustrative examples, the plurality of laser lines may be
different than plurality of laser lines 420 depicted.
[0080] A value representative of distance 418 between
edge 410 of course 408 and boundary projection line 406
is determined using a set of images of boundary projec-
tion line 406. As depicted, course 408 is longer than
boundary projection line 406.
[0081] The value representative of distance 418 is pos-
itive. In some illustrative examples, the value represent-
ative of distance 418 is an absolute value.
[0082] A value representative of distance 418 will be
compared to a threshold. The threshold is a positive val-
ue.
[0083] In some illustrative examples, the threshold
may be an outermost acceptable value for a distance
between the location of edge 410 that is longer than de-
sired. In these illustrative examples, the threshold may
be a threshold of a tolerance band. The tolerance band
may be a region between the threshold and a second
threshold. The second threshold is a negative number
and represents an outermost acceptable value for a dif-

ference between a course that is shorter than desired
and the desired location. When the value is an absolute
value, the threshold is applied to courses that are longer
or shorter than the desired location.
[0084] If a value representative of distance 418 is be-
low the threshold, distance 418 is an acceptable variation
in the location of edge 410 of course 408. If a value rep-
resentative of distance 418 is above the threshold, dis-
tance 418 is considered an unacceptable variation in the
location of edge 410 of course 408. When a value rep-
resentative of distance 418 is above the threshold,
course 408 may be reworked.
[0085] Although course 408 is depicted as being a first
course in ply 402, course 408 may have any desirable
position within ply 402. Further, set of images of boundary
projection line 406 may be taken at any desirable time
relative to laying down course 408. For example, the set
of images may be taken immediately after laying down
course 408.
[0086] In another example, the set of images may be
taken after laying down multiple courses including course
408. For example, taking the set of images of course 408
may be taken as part of an inspection step for a plurality
of courses. The plurality of courses may be any desirable
quantity of courses. In some examples, the plurality of
courses includes all courses in ply 402.
[0087] Turning now to Figure 5, an illustration of a laser
line and a boundary projection line positioned relative to
a ply is depicted in accordance with an illustrative em-
bodiment. In view 500, ply 502 is a physical implemen-
tation of ply 106 of Figure 1. Laser line 504 and boundary
projection line 506 positioned relative to ply 502 are phys-
ical implementations of laser line 126 and boundary pro-
jection line 118 of Figure 1.
[0088] Course 508 of ply 502 has been laid down by
an automated material placement head (not depicted).
In view 500, boundary projection line 506 is representa-
tive of a desired location of at least a portion of edge 510
of course 508 of part 512.
[0089] In this illustrated example, length 514 of bound-
ary projection line 506 is less than width 516 of course
508 of ply 502. Length 514 is sufficient for a determination
of distance 518 from edge 510 of course 508 to boundary
projection line 506. For example, a value representative
of distance 518 from edge 510 of course 508 to boundary
projection line 506 may be determined at substantially
the center of width 516 of course 508. Length 514 of
boundary projection line 506 is selected such that images
of boundary projection line 506 captured by a camera
system of a laser inspection system is sufficiently bright
to perform a measurement of distance 518 from edge
510 of course 508 to boundary projection line 506.
[0090] As depicted, laser line 504 is one of plurality of
laser lines 520. The position, sizing, and spacing be-
tween plurality of laser lines 520 may be variable. In other
illustrative examples, the plurality of laser lines may be
different than plurality of laser lines 520 as depicted.
[0091] A value representative of distance 518 between
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edge 510 of course 508 and boundary projection line 506
is determined using a set of images of boundary projec-
tion line 506. As depicted, course 508 is shorter than
boundary projection line 506.
[0092] In some illustrative examples, the value repre-
sentative of distance 518 is negative because course 508
is shorter than boundary projection line 506. In other il-
lustrative examples, the value representative of distance
518 is positive. In these illustrative examples, the value
representative of distance 518 is an absolute value.
[0093] A value representative of distance 518 will be
compared to a threshold. In some illustrative examples,
the threshold is a positive value. In other illustrative ex-
amples, the threshold is a negative value. If the threshold
is a negative value, the threshold may be an outermost
acceptable value for a distance between the location of
edge 510 that is shorter than desired. If the value is below
the threshold with a negative value, edge 510 is consid-
ered unacceptably short. If the value representative of
distance 518 is below the threshold, distance 518 is con-
sidered an unacceptable variation in the location of edge
510 of course 508. When the value representative of dis-
tance 518 is below the threshold, course 508 may be
reworked.
[0094] When the threshold is a negative number, the
threshold may be a portion of a tolerance band. The tol-
erance band may be a region between the threshold and
a second threshold. The second threshold is a positive
number and represents an outermost acceptable value
for a difference between a course that is longer than de-
sired and the desired location.
[0095] Values between the threshold and the second
threshold may be said to be within the tolerance band.
The values within the tolerance band are representative
of acceptable locations for edge 510. When a tolerance
band is presented, the value representative of distance
518 may be compared to both the threshold and the sec-
ond threshold.
[0096] In some illustrative examples, the value repre-
sentative of distance 518 is an absolute value. When the
value is an absolute value, the threshold is a positive
number. In these illustrative examples, if the value rep-
resentative of distance 518 is below the threshold, dis-
tance 518 is an acceptable variation in the location of
edge 510 of course 508. If the value representative of
distance 518 is above the threshold, distance 518 is con-
sidered an unacceptable variation in the location of edge
510 of course 508. When the value representative of dis-
tance 518 is above the threshold, course 508 may be
reworked.
[0097] Although course 508 is depicted as being a first
course in ply 502, course 508 may have any desirable
position within ply 502. Further, set of images of boundary
projection line 506 may be taken at any desirable time
relative to laying down course 508. For example, the set
of images may be taken immediately after laying down
course 508.
[0098] In another example, the set of images may be

taken after laying down multiple courses including course
508. For example, the set of images of course 508 may
be taken as part of an inspection step for a plurality of
courses. The plurality of courses may be any desirable
quantity of courses. In some examples, the plurality of
courses includes all courses in ply 502.
[0099] Turning now to Figure 6, an illustration of a laser
line and a boundary projection line positioned relative to
a ply is depicted in accordance with an illustrative em-
bodiment. In view 600, ply 602 is a physical implemen-
tation of ply 106 of Figure 1. Laser line 604 and boundary
projection line 606 positioned relative to ply 602 are phys-
ical implementations of laser line 126 and boundary pro-
jection line 118 of Figure 1.
[0100] Course 608 and second course 609 of ply 602
have been laid down by an automated material place-
ment head (not depicted). In view 600, boundary projec-
tion line 606 is representative of a desired location of at
least a portion of edge 610 of course 608 and edge 611
of second course 609 of part 612.
[0101] In this illustrated example, length 614 of bound-
ary projection line 606 is the same as the sum of width
616 of course 608 and width 617 of second course 609
of ply 602. Length 614 of boundary projection line 606 is
selected such that images of boundary projection line
606 captured by a camera system of a laser inspection
system is sufficiently bright to perform a measurement
of distance 618 from edge 611 of second course 609 to
boundary projection line 606.
[0102] As depicted, laser line 604 is one of plurality of
laser lines 620. The position, sizing, and spacing be-
tween plurality of laser lines 620 may be variable. In other
illustrative examples, the plurality of laser lines may be
different than plurality of laser lines 620 as depicted.
[0103] A value representative of distance 618 between
edge 611 of second course 609 and boundary projection
line 606 is determined using a set of images of boundary
projection line 606. As depicted, course 608 is a desired
length, and second course 609 is shorter than boundary
projection line 606. The value representative of distance
618 will be compared to a threshold.
[0104] As described above with regard to Figures 3-5,
the threshold may be a positive number or a negative
number. Further, as second course 609 is shorter than
boundary projection line 606, the value representative of
distance 618 may be represented as an absolute value
or a negative value.
[0105] Generally, as described, if a value is below a
negative threshold, the value is considered unaccepta-
ble. Generally, as described, if a value is a positive value
and below a positive threshold, the value is considered
acceptable.
[0106] Although second course 609 is depicted as be-
ing a second course in ply 602, second course 609 may
have any desirable position within ply 602. Further, set
of images of boundary projection line 606 may be taken
at any desirable time relative to laying down course 608
and second course 609. For example, a set of images
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for course 608 may be taken immediately after laying
down course 608 and a set of images for second course
609 may be taken immediately after laying down second
course 609.
[0107] In another example, the set of images for course
608 and second course 609 may be taken after laying
down course 608 and second course 609. For example,
a set of images for course 608 is taken and then the
automated material placement head is moved in direction
622 and a set of images for second course 609 is taken.
[0108] Direction 622 is perpendicular to movement of
the automated material placement head in laying the
composite material. For clarity of description, direction
622 may be referred to as a lateral direction. Direction
622 is lateral relative to the lengths of course 608 and
second course 609.
[0109] In yet another example, the set of images for a
plurality of courses may be taken as part of an inspection
step for a plurality of courses. The plurality of courses
may be any desirable quantity of courses. In some ex-
amples, the plurality of courses includes all courses in
ply 602.
[0110] The illustrations in Figures 3-6 are not meant
to imply physical or architectural limitations to the manner
in which an illustrative embodiment may be implemented.
For ease of explanation, in Figures 3-6, edge 310, edge
410, edge 510, edge 610, and edge 611 are substantially
straight. However, each of edge 310, edge 410, edge
510, edge 610, and edge 611 may take any type of shape
depending on composite type, type of automated mate-
rial placement head, and desired shape. A respective
threshold for any of edge 310, edge 410, edge 510, edge
610, or edge 611 may take into account a shape of the
respective edge as described above with reference to
Figure 3.
[0111] Further, although each of edge 310, edge 410,
edge 510, edge 610, and edge 611 are depicted as "end
edges," the start edges of Figures 3-6 may also be in-
spected according to the illustrative examples. In some
illustrative examples, the start edges of courses in Fig-
ures 3-6 may be inspected while laying down the cours-
es. In other illustrative examples, the start edges of the
courses in Figures 3-6 may be inspected after having
laid down all desired courses in a respective ply.
[0112] Turning now to Figure 7, an illustration of an
image of a ply edge, a laser line, and a boundary projec-
tion line is depicted in accordance with an illustrative em-
bodiment. Image 700 may be a physical implementation
of set of images 142 of Figure 1. Image 700 may be a
set of images taken of view 400 in Figure 4.
[0113] Image 700 may be generated using filters such
as filter 154 of Figure 1. Filters may be applied to view
laser line 404 and boundary projection line 406 of Figure
4 better within image 700. In some examples, filters may
be applied to withdraw portions of part 412 of Figure 4
from image 700.
[0114] Image 700 includes laser line 702 of plurality of
laser lines 704. Laser line 702 is a filtered image repre-

sentation of laser line 404. Boundary projection line 706
is a filtered image representation of boundary projection
line 406. As depicted, boundary projection line 706 is an
outline. In other illustrative examples, boundary projec-
tion line 706 may take any desirable form. For example,
boundary projection line 706 may be a solid line rather
than an outline. In some illustrative examples, shading
may be present within the outline formed by boundary
projection line 706.
[0115] The appearance of boundary projection line 706
is affected by at least one of characteristics of boundary
projection line 406 or image processing applied to image
700. For example, the appearance of boundary projec-
tion line 706 may be affected by the thickness of boundary
projection line 406, the filters applied to create image
700, and the speed of travel of the laser dot creating
boundary projection line 406.
[0116] As depicted, edge 708 of ply 710 breaks plural-
ity of laser lines 704. Plurality of laser lines 704 are jogged
due to a break over edge 708 of ply 710.
[0117] A value representative of the distance between
edge 708 and boundary projection line 706 may be de-
termined in any desirable fashion and from any desirable
quantity of measurements at any desirable locations
along boundary projection line 706. In some illustrative
examples, a measurement of the distance between edge
708 and boundary projection line 706 may be performed
at a selected location on boundary projection line 706.
For example, the measurement of the distance between
edge 708 and boundary projection line 706 may be made
at the beginning of boundary projection line 706, the end
of boundary projection line 706, a center point of bound-
ary projection line 706, or at any other desirable location
of boundary projection line 706.
[0118] In another illustrative example, the measure-
ment of the distance between edge 708 and boundary
projection line 706 may be performed at a selected loca-
tion relative to at least one of plurality of laser lines 704.
For example, the measurement of the distance between
edge 708 and boundary projection line 706 may be per-
formed at the beginning of a respective jog of one of
plurality of laser lines 704. As another example, the
measurement of the distance between edge 708 and
boundary projection line 706 may be performed at a mid-
point between two laser lines of plurality of laser lines 704.
[0119] In yet a further illustrative example, the meas-
urement of the distance between edge 708 and boundary
projection line 706 may be performed at a location relative
to a course of ply 710 being measured. For example, the
measurement of the distance between edge 708 and
boundary projection line 706 may be performed at a first
side of the course, a second side of the course, a midpoint
of the course, or any other desirable point along edge
708 of the course.
[0120] Turning now to Figure 8, an illustration of an
image of a ply edge, a laser line, and a boundary projec-
tion line is depicted in accordance with an illustrative em-
bodiment. View 800 is a view of a portion of image 700
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within box 8 of Figure 7.
[0121] A computer system, such as computer system
158 of Figure 1, performs image analysis of image 700.
Image analysis of image 700 is used to determine a value
representative of a distance from edge 708 to boundary
projection line 706. The following description is only one
non-limiting example of the type of image analysis that
may be performed on sets of images, such as image 700.
[0122] In the depicted illustrative example, the meas-
urement of the distance from edge 708 is taken at center-
point 801 of boundary projection line 706. Centerpoint
801 of boundary projection line 706, shown below edge
708 of ply 710, is determined. Centerpoint 801 may be
determined by finding inside and outside edges of bound-
ary projection line 706 using an edge detection algorithm,
and then locating a midpoint. The skewed and irregular
appearance of boundary projection line 706 is due to
broadening of the shortened laser projector line. In some
illustrative examples, boundary projection line 706 may
instead have a more regular appearance.
[0123] Vertical lines 802 are a subset of plurality of
laser lines 704. Vertical lines 802 are the projected lines
of a laser beam. In some illustrative examples, vertical
lines 802 are projected lines of a red detection laser. Jog
803 in vertical lines 802 occurs as each of vertical lines
802 breaks over edge 708 of ply 710. Jog 803 causes
each vertical line of vertical lines 802 to appear as two
portions; one portion below edge 708 and a second por-
tion laterally offset and above edge 708.
[0124] As depicted, above edge 708 of ply 710, each
of vertical lines 802 is boxed and color-coded. Vision sys-
tem software on the computer system identifies each la-
ser line of vertical lines 802 and its precise point of inter-
section with edge 708 of ply 710. For example, portion
804 of laser line 702 intersects edge 708 at intersection
point 805. As another example, laser line 806 intersects
edge 708 at intersection point 808. Straight line 810 is
then regressively fitted to these break or intersection
points. Next, straight line 812 perpendicular to this re-
gressive line, straight line 810, is extended until it inter-
sects centerpoint 801 of boundary projection line 706,
and length 814 of straight line 812 is then calculated. This
process may be performed at several points along the
regressive line, straight line 810. When the process is
performed at several points along straight line 810, the
boundary error, or the value representative of a distance
between edge 708 and boundary projection line 706, may
be defined as an average of these extension lengths. For
example, the value representative of the distance be-
tween edge 708 and boundary projection line 706 may
be an average of length 814 of straight line 812 and length
816 of straight line 818. In some illustrative examples,
the value representative of the distance between edge
708 and boundary projection line 706 may be an average
of lengths for each laser line of plurality of laser lines 704.
[0125] Turning now to Figure 9, an illustration of an
automated material placement head with a laser inspec-
tion system laying a course is depicted in accordance

with an illustrative embodiment. Automated material
placement head 900 is a simplified illustration of auto-
mated material placement head 110 of Figure 1. Bound-
ary projection line 902 is a physical implementation of
boundary projection line 118 of Figure 1.
[0126] In view 906, laser inspection system 908 and
movable target 910 are connected to automated material
placement head 900. As depicted, automated material
placement head 900 is laying course 912 of composite
material. To lay course 912 of composite material, auto-
mated material placement head 900 moves in direction
914.
[0127] Laser inspection system 908 is configured to
project a laser beam into a laser line parallel to motion
of automated material placement head 900 in laying the
composite material. The laser line is parallel to direction
914. For clarity in description, direction 914 may be de-
scribed as a longitudinal direction. This longitudinal di-
rection is relative to the length of course 912. Thus, laser
inspection system 908 is configured to project the laser
beam into the laser line parallel to the longitudinal direc-
tion relative to the length of course 912 of the composite
material.
[0128] As depicted, movable target 910 has passed
boundary projection line 902. Boundary projection line
902 is used to determine if an edge of course 912 is within
a tolerance of a desirable location for course 912.
[0129] Movable target 910 may be used to trigger a
function of at least one of movable target 910, boundary
projection line 902, or laser inspection system 908. For
example, after movable target 910 crosses boundary pro-
jection line 902, boundary projection line 902 may cease
to be projected. In some illustrative examples, when
boundary projection line 902 ceases to be projected, an-
other boundary projection line of number of boundary
projection lines 146 of Figure 1 may be projected. In
another example, after movable target 910 crosses
boundary projection line 902, laser inspection system
908 may be triggered to take a set of images. In another
illustrative example, after movable target 910 crosses
boundary projection line 902, movable target 910 may
be rotated such that movable target 910 does not cross
boundary projection line 902 when automated material
placement head 900 moves to lay down a second course.
[0130] As depicted, length 916 of boundary projection
line 902 is greater than width 918 of course 912. Bound-
ary projection line 902 may be a representation of an
edge of course 912 and a second course to be laid down.
[0131] Turning now to Figure 10, an illustration of an
automated material placement head with a laser inspec-
tion system laying a second course is depicted in accord-
ance with an illustrative embodiment. View 1000 is a view
of automated material placement head 900 of Figure 9
after laying course 912. Automated material placement
head 900 has been moved to lay down a second course
of composite material. Boundary projection line 902 is
still projected.
[0132] Turning now to Figure 11, an illustration of an
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automated material placement head with a laser inspec-
tion system laying a second course is depicted in accord-
ance with an illustrative embodiment. In view 1100, sec-
ond course 1102 of is being laid down by automated ma-
terial placement head 900. In view 1100, movable target
910 has crossed boundary projection line 902 a second
time. Boundary projection line 902 is used to determine
if an edge of second course 1102 is within a tolerance of
a desirable location for second course 1102.
[0133] Boundary projection line 902 does not extend
past second course 1102. Thus, boundary projection line
902 cannot be used to verify an edge of a course other
than course 912 or second course 1102. A second
boundary projection line must be projected to measure
an edge of a future course.
[0134] After view 1100, boundary projection line 902
is no longer projected. After view 1100, a second bound-
ary projection line is projected. Ceasing to project bound-
ary projection line 902 and beginning to project a second
boundary projection line may be triggered by any desir-
able action. In one illustrative example, a location of mov-
able target 910 may be the trigger. As another illustrative
example, a portion of the commands for automated ma-
terial placement head 900 may be the trigger. For exam-
ple, a controller that sends instructions to automated ma-
terial placement head 900 may also send commands to
a laser projector, such as laser projector 114 of Figure
1. In yet another example, an operator may trigger pro-
jecting a second boundary projection line. Any other de-
sirable type of trigger may be used to cease projecting
boundary projection line 902 and begin projecting a sec-
ond boundary projection line.
[0135] The different components shown in Figures
2-11 may be combined with components in Figure 1,
used with components in Figure 1, or a combination of
the two. Additionally, some of the components in Figures
2-11 may be illustrative examples of how components
shown in block form in Figure 1 may be implemented as
physical structures.
[0136] Turning now to Figure 12, an illustration of a
flowchart of a method for measuring a boundary of a
course in a ply is depicted in accordance with an illustra-
tive embodiment. Process 1200 may be used to lay down
and inspect course 120 of Figure 1. Process 1200 may
use system 112 including automated material placement
head 110 and laser inspection system 116 of Figure 1.
Process 1200 may take place in manufacturing environ-
ment 200 of Figure 2. Process 1200 may be performed
on at least one of course 308 of Figure 2, course 408 of
Figure 4, course 508 of Figure 5, or second course 609
of Figure 6. Process 1200 may create and analyze image
700 of Figure 7. Process 1200 may be implemented by
automated material placement head 900 and laser in-
spection system 908 of Figures 9-11.
[0137] Process 1200 lays a course of composite ma-
terial onto a part using an automated material placement
head (operation 1202). Process 1200 projects a bound-
ary projection line onto the part (operation 1204). In some

illustrative examples, the boundary projection line is rep-
resentative of a desired location of at least a portion of
an edge of at least one course of the composite material
of the part. In some illustrative examples, the boundary
projection line is shorter than a width of the course. In
other illustrative examples, the boundary projection line
is longer than a width of the course and shorter than a
width of a ply including the course.
[0138] Process 1200 projects, by a laser inspection
system connected to the automated material placement
head, a laser beam into a line, wherein the laser line is
parallel to the motion of the automated material place-
ment head in laying the course of composite material
(operation 1206). Process 1200 takes a set of images of
the laser line overlapping an edge of the course and the
boundary projection line (operation 1208). In some illus-
trative examples, taking the set of images occurs prior
to laying down a next course of composite material. In
some illustrative examples, taking the set of images oc-
curs in an inspection step in which all courses in a ply
are inspected, including the course.
[0139] Process 1200 determines if a value represent-
ative of a distance between the boundary projection line
and the edge of the course is below a threshold using
the set of images (operation 1210). Afterwards the proc-
ess terminates.
[0140] By determining if the value representative of the
distance is below the threshold, it may be determined if
the edge of the course is within a tolerance of the desired
location. If the value is below a negative threshold, the
value is considered unacceptable. If the value is a posi-
tive value and below a positive threshold, the value is
considered acceptable.
[0141] If the value is a negative value and below a pos-
itive threshold, the positive threshold may be part of a
tolerance band. In some illustrative examples, when the
value is a negative value and is compared to a positive
threshold, the value is also compared to a negative
threshold of the tolerance band.
[0142] Turning now to Figure 13, an illustration of a
flowchart of a method for measuring a ply boundary is
depicted in accordance with an illustrative embodiment.
Process 1300 may be used to lay down and inspect
course 120 of Figure 1. Process 1300 may use system
112 including automated material placement head 110
and laser inspection system 116 of Figure 1. Process
1300 may take place in manufacturing environment 200
of Figure 2. Process 1300 may be performed on at least
one of course 308 of Figure 2, course 408 of Figure 4,
course 508 of Figure 5, or second course 609 of Figure
6. Process 1300 may create and analyze image 700 of
Figure 7. Process 1300 may be implemented by auto-
mated material placement head 900 and laser inspection
system 908 of Figures 9-11.
[0143] Process 1300 lays down a plurality of courses
of composite material onto a part using an automated
material placement head (operation 1302). Process 1300
sequentially projects a number of boundary projection
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lines onto the part (operation 1304). Process 1300 takes
a set of images for each course in the plurality of courses,
wherein each set of images is a set of images of an edge
of a respective course, and wherein each set of images
includes a respective boundary projection line of the
number of boundary projection lines and a laser line pro-
jected perpendicular to and overlapping the edge of the
respective course (operation 1306).
[0144] In some illustrative examples, operations of
process 1300 may be performed concurrently. In some
illustrative examples, each set of images is taken after
laying down a respective course and prior to laying down
a next course. In these illustrative examples, process
1300 may project a respective boundary projection line
as the respective course is laid down.
[0145] In other illustrative examples, each of the sets
of images is taken after all of the plurality of courses have
been laid down. In these illustrative examples, process
1300 sequentially projects the number of boundary pro-
jection lines onto the part while taking the set of images
for each course in the plurality of courses.
[0146] Process 1300 determines a value representa-
tive of a distance between the edge of the respective
course and the respective boundary projection line for
each course of the plurality of courses using the set of
images (operation 1308). Afterwards the process termi-
nates. In some illustrative examples, each boundary pro-
jection line of the number of boundary projection lines is
representative of a desired location of at least a portion
of an edge of a single course of composite material, and
wherein each boundary projection line is shorter than an
edge of a ply including the plurality of courses.
[0147] The flowcharts and block diagrams in the differ-
ent depicted embodiments illustrate the architecture,
functionality, and operation of some possible implemen-
tations of apparatus and methods in an illustrative em-
bodiment. In this regard, each block in the flowcharts or
block diagrams may represent a module, a segment, a
function, and/or a portion of an operation or step.
[0148] In some alternative implementations of an illus-
trative embodiment, the function or functions noted in the
blocks may occur out of the order noted in the figures.
For example, in some cases, two blocks shown in suc-
cession may be executed substantially concurrently, or
the blocks may sometimes be performed in the reverse
order, depending upon the functionality involved. Also,
other blocks may be added, in addition to the illustrated
blocks, in a flowchart or block diagram.
[0149] In some illustrative examples, process 1200 fur-
ther comprises laying down a second course of compos-
ite material onto the part using the automated material
placement head, wherein taking the set of images occurs
after laying down the second course. In some illustrative
examples, process 1200 further comprises ceasing to
project the boundary projection line after taking the set
of images, projecting a second boundary projection line
onto the part, and taking a second set of images of the
laser line overlapping an edge of a second course and

the second boundary projection line.
[0150] Turning now to Figure 14, an illustration of a
data processing system in the form of a block diagram
is depicted in accordance with an illustrative embodi-
ment. Data processing system 1400 may be used to im-
plement computer system 158 of Figure 1. As depicted,
data processing system 1400 includes communications
framework 1402, which provides communications be-
tween processor unit 1404, storage devices 1406, com-
munications unit 1408, input/output unit 1410, and dis-
play 1412. In some cases, communications framework
1402 may be implemented as a bus system.
[0151] Processor unit 1404 is configured to execute
instructions for software to perform a number of opera-
tions. Processor unit 1404 may comprise a number of
processors, a multi-processor core, and/or some other
suitable type of processor, depending on the implemen-
tation. In some cases, processor unit 1404 may take the
form of a hardware unit, such as a circuit system, an
application specific integrated circuit (ASIC), a program-
mable logic device, or some other suitable type of hard-
ware unit.
[0152] Instructions for the operating system, applica-
tions, and/or programs run by processor unit 1404 may
be located in storage devices 1406. Storage devices
1406 may be in communication with processor unit 1404
through communications framework 1402. As used here-
in, a storage device, also referred to as a computer-read-
able storage device, is any piece of hardware capable of
storing information on a temporary and/or permanent ba-
sis. This information may include, but is not limited to,
data, a program code, and/or other types of information.
[0153] Memory 1414 and persistent storage 1416 are
examples of storage devices 1406. Memory 1414 may
take the form of, for example, a random access memory
or some type of volatile or nonvolatile storage device.
Persistent storage 1416 may comprise any number of
components or devices. For example, persistent storage
1416 may comprise a hard drive, a flash memory drive,
a rewritable optical disk, a rewritable magnetic tape, or
some combination of the above. The media used by per-
sistent storage 1416 may or may not be removable.
[0154] Communications unit 1408 allows data
processing system 1400 to communicate with other data
processing systems and/or devices. Communications
unit 1408 may provide communications using physical
and/or wireless communications links.
[0155] Input/output unit 1410 allows input to be re-
ceived from, and output to be sent to other devices con-
nected to data processing system 1400. For example,
input/output unit 1410 may allow user input to be received
through a keyboard, a mouse, and/or some other type of
input device. As another example, input/output unit 1410
may allow output to be sent to a printer connected to data
processing system 1400.
[0156] Display 1412 is configured to display informa-
tion to a user. Display 1412 may comprise, for example,
without limitation, a monitor, a touch screen, a laser dis-
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play, a holographic display, a virtual display device,
and/or some other type of display device.
[0157] In this illustrative example, the processes of the
different illustrative embodiments may be performed by
processor unit 1404 using computer-implemented in-
structions. These instructions may be referred to as a
program code, a computer-usable program code, or a
computer-readable program code, and may be read and
executed by one or more processors in processor unit
1404.
[0158] In these examples, program code 1418 is locat-
ed in a functional form on computer-readable media
1420, which is selectively removable, and may be loaded
onto or transferred to data processing system 1400 for
execution by processor unit 1404. Program code 1418
and computer-readable media 1420 together form com-
puter program product 1422. In this illustrative example,
computer-readable media 1420 may be computer-read-
able storage media 1424 or computer-readable signal
media 1426.
[0159] Computer-readable storage media 1424 is a
physical or tangible storage device used to store program
code 1418, rather than a medium that propagates or
transmits program code 1418. Computer-readable stor-
age media 1424 may be, for example, without limitation,
an optical or magnetic disk, or a persistent storage device
that is connected to data processing system 1400.
[0160] Alternatively, program code 1418 may be trans-
ferred to data processing system 1400 using computer-
readable signal media 1426. Computer-readable signal
media 1426 may be, for example, a propagated data sig-
nal containing program code 1418. This data signal may
be an electromagnetic signal, an optical signal, and/or
some other type of signal that can be transmitted over
physical and/or wireless communications links.
[0161] The illustration of data processing system 1400
in Figure 14 is not meant to provide architectural limita-
tions to the manner in which the illustrative embodiments
may be implemented. The different illustrative embodi-
ments may be implemented in a data processing system
that includes components, in addition to or in place of
those illustrated, for data processing system 1400. Fur-
ther, components shown in Figure 14 may be varied from
the illustrative examples shown.
[0162] The illustrative examples provide a method and
an apparatus for performing ply boundary measure-
ments. In some illustrative examples, the method is an
in-process, vision-based method of performing ply
boundary measurements on composite plies laid by the
automated fiber and tape placement processes. By being
in-process, the method is performed during composite
material placement instead of during a separate inspec-
tion step. In other illustrative examples, the ply boundary
measurements may be performed during a separate in-
spection step.
[0163] When the method is in-process, the equipment
is mounted on the head of the placement machine, and
a measurement is taken at the completion of each course

laid, just after tows are cut. This measurement is the dis-
tance from the edge of the cut tows to a laser-projected
boundary projection line.
[0164] The illustrative examples use an in-process au-
tomated shift of the projected boundary projection line to
a shorter line more easily detected with vision-based
technology than conventional boundary projection lines.
The shorter boundary projection line enables ply bound-
ary measurement by an in-process vision-based inspec-
tion system. The in-process vision-based inspection sys-
tem may include a laser line projector.
[0165] In conventional vision systems, the laser lines
would be projected perpendicular to the movement of the
placement head. In the illustrative examples, the laser
lines are projected parallel to the movement of the place-
ment head.
[0166] In order to display the programmed boundary
projection line, the laser projector first orients itself to the
part by locating all of a set of designated targets. In man-
ufacturing practice, this orientation is performed after the
production mandrel or tool is clocked into position in the
placement machine. Prior to beginning material place-
ment, the laser projector performs a full self-alignment
to a series of targets that are located both on the tool and
on the placement machine.
[0167] The laser lines cross both the boundary projec-
tion line and the actual ply edge. In some illustrative ex-
amples, the laser lines are a red detection laser beam
that crosses both the boundary projection line and the
actual ply edge. The laser lines establish the points of
intersection and provide the basis for determining any
variation of the ply boundary from nominal. Although the
illustrations depict the boundary projection line as a sta-
tionary line, the line is actually a moving or "flying" dot of
light controlled by the laser projection system. A line
would be captured by a slow shutter speed camera, while
a blurred or flying dot would be captured by a faster shut-
ter speed of a vision system camera.
[0168] In conventional processes, depending on the
timing of the image capture and the position of the dot,
the detection laser may be intersecting the dimmest por-
tion of the boundary projection line. In the illustrative ex-
amples, in order to allow a measurable intersection point,
the boundary projection line was shortened to a segment
length with sufficient brightness.
[0169] For a composite structure that is fabricated by
automated material placement, all the boundary projec-
tion lines for the plies are taken from the nominal ply
dimension values in the model-based design (MBD) and
are programmed for the laser projector as a package for
that structure. For conventional inspections, each indi-
vidual ply has a boundary projection line that is one "layer"
of that package. In conventional inspections, as each ply
is completed and the boundary is ready for inspection,
the appropriate boundary projection line is called up by
identifying the part number and layer.
[0170] To make the ply boundary suitable for inspec-
tion by a vision system as a part of an existing in-process
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inspection procedure, new layers are programmed and
added to the boundary projection line package. Each new
layer is a short linear segment that has any desirable
length such that an end-of-ply boundary measurement
is obtained for each course in the ply. Further, the desir-
able length is selected such that the laser line is of suf-
ficient brightness to allow imaging and detection of the
intersection with the red vision system laser, and its prox-
imity to the actual ply edge. In some examples, each new
layer is slightly longer than the width of the material
course being laid down. In addition, the exposure time
of the vision system camera can be lowered to a value
that is typically used for in-process inspection on a mov-
ing placement head.
[0171] The general configuration of the placement ma-
chine head is illustrated in Figure 2 and Figures 9-11.
The laser inspection system is located above and slightly
behind the compaction roller. This position of the laser
inspection system allows the camera to image and in-
spect the material course for missing tows, tow gaps, tow
overlaps, and foreign material without interfering with the
process or creating a risk of collision with the surface.
[0172] A reflective laser target, when present, is
mounted on an extension near the vision system. This
laser target is also above the compaction roller, and can
be above the camera or at one side, as long as the target
passes through the boundary projection line ahead of
other hardware.
[0173] The following description is one non-limiting il-
lustrative example of how a laser target may trigger a
laser projector during manufacturing. In this illustrative
example, the laser projector may begin by projecting the
boundary projection line for the entire ply. When the tar-
get is present and passes through the boundary projec-
tion line, the laser projector shifts to the next layer, which
is the shortened line for the first course. As the machine
cuts the tows and completes the course, the vision sys-
tem makes the measurement. The deceleration of the
head at the end of the course provides additional time
for imaging and measurement.
[0174] As the placement head returns to the home po-
sition, allowing the reflective target to pass through the
shortened boundary projection line which would cause a
premature shift to the next layer, the shortened line for
the next course. When the head approaches the end of
the next course, passage of the target through the line
would cause a shift to the layer of the following course
before the boundary measurement could be made. To
prevent this shift, the target extension is designed to ei-
ther retract or rotate at least 90 degrees before the head
returns home, to keep the target away from the laser line.
[0175] After completion of the first course, the target
extension is positioned to the side of the vision system.
This side positioning ensures that the target catches the
shortened line of the previous course in order to shift to
the next layer. The need for re-positioning could be mit-
igated by programming the length of each shortened line
to be equal to the width of one and a half courses; how-

ever, depending on course width, the extra length could
also reduce the brightness of the line and make detection
more difficult.
[0176] Further, the disclosure comprises examples as
described in the following clauses:

Clause 1. A system comprising: a laser projector
configured to project a boundary projection line onto
a part; an automated material placement head con-
figured to lay down a course of composite material;
and a laser inspection system connected to the au-
tomated material placement head, wherein the laser
inspection system is configured to project a laser
beam into a laser line parallel to a motion of the au-
tomated material placement head in laying the com-
posite material.
Clause 2. The system of Clause 1, wherein the laser
inspection system further comprises a camera sys-
tem configured to take a set of images of the laser
line overlapping an edge of the course and the
boundary projection line, and the system further
comprising: a computer system configured to deter-
mine a value representative of a distance between
the edge of the course and the boundary projection
line using the set of images.
Clause 3. The system of Clause 1 or 2, wherein the
laser projector and the laser inspection system cre-
ate laser beams of different colors.
Clause 4. The system of any of Clauses 1 to 3, where-
in the laser inspection system comprises at least one
of a camera system, a filter, and a laser.
Clause 5. The system of Clause 4, wherein the filter
is a same color as one of the boundary projection
line projected by the laser projector or the laser beam
projected by the laser inspection system.
Clause 6. The system of any of Clauses 1 to 5, where-
in the boundary projection line is representative of a
desired location of at least a portion of an edge of at
least one course of composite material of the part,
including at least a portion of an edge of the course.
Clause 7. The system of Clause 6, wherein a length
of the boundary projection line is configured such
that an image of the boundary projection line cap-
tured by a camera system of the laser inspection
system is sufficiently bright to perform a measure-
ment of a distance from the edge of the course to
the boundary projection line.
Clause 8. The system of any of Clauses 1 to 7, further
comprising: a movable target connected to the au-
tomated material placement head, wherein the laser
projector changes its projection based on a location
of the movable target.
Clause 9. A method comprising: laying a course of
composite material onto a part using an automated
material placement head; projecting a boundary pro-
jection line onto the part; projecting, by a laser in-
spection system connected to the automated mate-
rial placement head, a laser beam into a laser line,
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wherein the laser line is parallel to a motion of the
automated material placement head in laying the
course of composite material; taking a set of images
of the laser line overlapping an edge of the course
and the boundary projection line; and determining if
a value representative of a distance between the
boundary projection line and the edge of the course
is below a threshold using the set of images.
Clause 10. The method of Clause 9, wherein taking
the set of images occurs prior to laying down a next
course of composite material.
Clause 11. The method of Clause 9 or 10, wherein
taking the set of images occurs in an inspection step
in which all courses in a ply are inspected, including
the course.
Clause 12. The method of any of Clauses 9 to 11,
further comprising: laying down a second course of
composite material onto the part using the automat-
ed material placement head, wherein taking the set
of images occurs after laying down the second
course.
Clause 13. The method of any of Clauses 9 to 12,
wherein the boundary projection line is representa-
tive of a desired location of at least a portion of the
edge of the course of composite material.
Clause 14. The method of Clause 13, further com-
prising: ceasing to project the boundary projection
line after taking the set of images; projecting a sec-
ond boundary projection line onto the part; and taking
a second set of images of the laser line overlapping
an edge of a second course and the second bound-
ary projection line.
Clause 15. The method of Clause 13 or 14, wherein
the boundary projection line is shorter than a width
of the course.
Clause 16. The method of Clause 13 or 14, wherein
the boundary projection line is longer than a width
of the course and shorter than a width of a ply in-
cluding the course.
Clause 17. A method comprising: laying down a plu-
rality of courses of composite material onto a part
using an automated material placement head; se-
quentially projecting a number of boundary projec-
tion lines onto the part; taking a set of images for
each course in the plurality of courses, wherein each
set of images is a set of images of an edge of a
respective course, and wherein each set of images
includes a respective boundary projection line of the
number of boundary projection lines and a laser line
projected perpendicular to and overlapping the edge
of the respective course; and determining a value
representative of a distance between the edge of the
respective course and the respective boundary pro-
jection line for each course of the plurality of courses
using the set of images.
Clause 18. The method of Clause 17, wherein each
set of images is taken after laying down a respective
course and prior to laying down a next course.

Clause 19. The method of Clause 17, wherein each
of the sets of images is taken after all of the plurality
of courses have been laid down.
Clause 20. The method of any of Clauses 17 to 19,
wherein each boundary projection line of the number
of boundary projection lines is representative of a
desired location of at least a portion of an edge of a
single course of composite material, and wherein
each boundary projection line is shorter than an edge
of a ply including the plurality of courses.

[0177] The description of the different illustrative em-
bodiments has been presented for purposes of illustra-
tion and description, and is not intended to be exhaustive
or limited to the embodiments in the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art. Further, different illustrative em-
bodiments may provide different features as compared
to other illustrative embodiments. The embodiment or
embodiments selected are chosen and described in or-
der to best explain the principles of the embodiments,
the practical application, and to enable others of ordinary
skill in the art to understand the disclosure for various
embodiments with various modifications as are suited to
the particular use contemplated.

Claims

1. A system (112) comprising:

a laser projector (114) configured to project a
boundary projection line (118) onto a part (102);
an automated material placement head (110)
configured to lay down a course (120) of com-
posite material (122); and
a laser inspection system (116) connected to
the automated material placement head (110),
wherein the laser inspection system (116) is
configured to project a laser beam (124) into a
laser line (126) parallel to a motion of the auto-
mated material placement head (110) in laying
the composite material (122).

2. The system (112) of claim 1, wherein the laser in-
spection system (116) further comprises a camera
system (158) configured to take a set of images (142)
of the laser line (126) overlapping an edge (130) of
the course (120) and the boundary projection line
(118), and the system (112) further comprising:

a computer system (158) configured to deter-
mine a value (159) representative of a distance
between the edge (130) of the course (120) and
the boundary projection line (118) using the set
of images (142).

3. The system (112) of claim 1 or 2, wherein the laser
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projector (114) and the laser inspection system (116)
create laser beams (124, 128) of different colors
(150, 152).

4. The system (112) of claim 1, 2 or 3, wherein the laser
inspection system (116) comprises at least one of a
camera system (158), a filter (154), and a laser (156).

5. The system (112) of claim 4, wherein the filter (154)
is the same color as one of the boundary projection
line (118) projected by the laser projector (114) or
the laser beam (124) projected by the laser inspec-
tion system (116).

6. The system (112) of any one of claims 1 to 5, wherein
the boundary projection line (118) is representative
of a desired location of at least a portion of an edge
of at least one course of composite material of the
part (102), including at least a portion of the edge
(130) of the course (120).

7. The system (112) of claim 6, wherein a length (140)
of the boundary projection line (118) is configured
such that an image of the boundary projection line
(118) captured by a camera system (158) of the laser
inspection system (116) is sufficiently bright to per-
form a measurement of a distance from the edge
(130) of the course (120) to the boundary projection
line (118).

8. The system (112) of any one of claims 1 to 7, further
comprising:

a movable target (160) connected to the auto-
mated material placement head (110), wherein
the laser projector (114) changes its projection
based on a location of the movable target (160).

9. A method comprising:

laying a course (120) of composite material
(122) onto a part (102) using an automated ma-
terial placement head (110);
projecting a boundary projection line (118) onto
the part (102) ;
projecting, by a laser inspection system (116)
connected to the automated material placement
head (110), a laser beam (124) into a laser line
(126), wherein the laser line (126) is parallel to
a motion of the automated material placement
head (110) in laying the course (120) of com-
posite material (122);
taking a set of images (142) of the laser line (126)
overlapping an edge (130) of the course (120)
and the boundary projection line (118); and
determining if a value (159) representative of a
distance between the boundary projection line
(118) and the edge (130) of the course (120) is

below a threshold using the set of images (142) .

10. The method of claim 9, wherein taking the set of im-
ages (142) occurs prior to laying down a next course
(134) of composite material (122).

11. The method of claim 9 or 10, wherein taking the set
of images (142) occurs in an inspection step in which
all courses in a ply (106) are inspected, including the
course (120).

12. The method of claim 9, 10 or 11, further comprising:

laying down a second course (137) of composite
material (136) onto the part (102) using the au-
tomated material placement head (110), where-
in taking the set of images (142) occurs after
laying down the second course (137).

13. The method of any one of claims 9 to 12, wherein
the boundary projection line (118) is representative
of a desired location of at least a portion of the edge
of the course (120) of composite material (122).

14. The method of claim 13, further comprising:

ceasing to project the boundary projection line
(118) after taking the set of images (142);
projecting a second boundary projection line on-
to the part (102); and
taking a second set of images of the laser line
(126) overlapping an edge (132) of a second
course (137) and the second boundary projec-
tion line (118).
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