I*I Innovation, Sciences et Innovation, Science and CA 2938230 C 2018/12/04
Développement economique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (11)(21) 2 938 230
(12 BREVET CANADIEN
CANADIAN PATENT
13) C
(22) Date de depot/Filing Date: 2016/08/04 (51) Cl.Int./Int.Cl. B29C 70/76 (2006.01),

(41) Mise a la disp. pub./Open to Public Insp.: 2017/02/12 FOTD 5/26(2006.01)
(72) Inventeurs/Inventors:

(45) Date de délivrance/lssue Date: 2018/12/04 MADSEN CHRISTOPHER JAMES. US:

(30) Priorité/Priority: 2015/08/12 (US14/824,348) UPADHYAY, RAM KUMAR, US;

VAN NIEUWENHOVE, STEFAAN GUIDO, US;
KLUGE, THOMAS, US;

MESSMER, MATHIAS ERNST, US;
PETERSEN, MARTIN, US

(73) Proprietaire/Owner:
GENERAL ELECTRIC COMPANY, US

(74) Agent: CRAIG WILSON AND COMPANY

54) Titre : SYSTEME ET METHODE DE CONTROLE D'AU MOINS UNE VARIABLE PENDANT LA CONSTITUTION
D'UNE PIECE EN COMPOSITE AU MOYEN DU POSITIONNEMENT DE FIBRE AUTOMATISE

54) Title: SYSTEM AND METHOD FOR CONTROLLING AT LEAST ONE VARIABLE DURING LAYUP OF A
COMPOSITE PART USING AUTOMATED FIBER PLACEMENT

100-. 122

122

112,113

116, 11 7‘»*“{ Controller

115

\'h\

\

(57) Abréegée/Abstract:
An automated in-line feed-through system and method, integrates the abillity to control one or more variables during part fabrication

with the l[ayup of one or more fiber tows to form a composite part. The system includes an automated layup system configured to
recelve a feed-through of one or more fiber tows as an input material. The automated in-line feed-through system further includes a
controller configured to respond to measurement data obtained by one or more samplings of the input material and/or a plurality of
laid up plies that form a laminate. The controller in response to the obtained measurement data provides adjustment of the feed-
through of the one or more fiber tows to compensate for a variation in one or more of the weights from a reference weight.

50 rue Victoria e Place du Portage1l e Gatineau, (Québec) K1AOC9 e www.opic.ic.gc.ca i+
50 Victoria Street e Place du Portage 1 ¢ Gatineau, Quebec K1AO0C9 e www.cipo.ic.gc.ca al I a a



CA 02938230 2016-08-04

274999
SYSTEM AND METHOD FOR CONTROLLING AT LEAST
ONE VARIABLE DURING LAYUP OF A COMPOSITE
PART USING AUTOMATED FIBER PLACEMENT
 ABSTRACT

An automated in-line feed-through system and method, integrates the ability to
control one or more variables during part fabrication with the layup of one or more fiber
tows to form a composite part. The system includes an automated layup system configured
to receive a feed-through of one or more fiber tows as an input material. The automated
in-line feed-through system further includes a controller configured to respond to
“measurement data obtained by one or more samplings of the input material and/or a
plurality of laid up plies that form a laminate. The controller in response to the obtained
measurement data provides adjustment of the feed-through of the one or more fiber tows

to compensate for a variation in one or more of the weights from a reference weight.
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SYSTEM AND METHOD FOR CONTROLLING AT LEAST
ONE VARIABLE DURING LAYUP OF A COMPOSITE
PART USING AUTOMATED FIBER PLACEMENT
BACKGROUND
[0001] The disclosure relates generally to automated fiber placement systems and

methods and, more particularly, to a system and method for controlling one or more

variables during fabrication of composite parts using automated fiber placement.

10002] With the introduction of automated layup process, such as Automated Fiber
Placement (AFP) and Automated Tape Laying (ATL), an automated and more cost
effective method of producing composite parts may be utilized. Yet, in large rotating
components such as composite fan blades found in gas turbine engines, in which tip speeds
may reach speeds close to the speed of sound, any variation 1n external shape and between
neighboring blades as a result of manufacturing variances using these automated layup
- processes, may have a large impact on noise and aerodynamic losses leading to higher fuel
consumption. As an example, for fan blade manufacturing, in order to make a conforming
fan blade, it must have the correct thickness to meet aerodynamic requirements. In
addition, the correct weight is required so that the blade set tor an engine can be balanced.
Improved weight and thickness control reduces scrap and improves first pass yield. In
addition, by matching a set of blades in an engine with regard to overall component
- thickness and Weiglit, significant improvement in fuel efficiency may be realized, resulting

in reduced engine noise.

[0003] Current manufacturing processes, such as used during a blade manufacturc
process, typically involve a raw carbon fiber prepeg, supplied by a material vendor that has
significantly larger variation in weight than the finished part specification. Accordingly, a

process is needed to reduce variation during fabrication so that it is not seen 1n the final

- product.
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(0004] [t would theretore be desirable to provide a novel system and method of
tabrication using an automated layup process that provides for control of one or more
varlables, such as weight and/or thickness, of the resultant composite part during the

automated layup process.

BRIEF DESCRIPTION

- [0005] These and other shortcomings of the prior art are addressed by the present
disclosure, which includes an automated in-line manufacturing system and a method for
controlling the thickness and weight of a composite part manufactured using the automated

in-line manufacturing system.

[0006] Briefly, one aspect of the present disclosure resides in an automated in-line
manufacturing system for controlling at least one variable during layup of a composite part
' using automated fiber placement. The automated in-line manufacturing system including
an automated layup system and a controller. The automated layup system is configured to
receive a feed-through of one or more fiber tows as an input material and provide layup of
the one or more fiber tows to form a laminate of one or more laid up plies. The controller
1S configured to respond to measurement data obtained in one or more samplings and adjust
the layup of the one or more fiber tows to compensate for a variation from one or more of

- areference weight of the input material and a reference weight of the laminate.

[0007] Another aspect of the disclosure resides in an automated 1n-line manufacturing

system for controlling at least one of a thickness and a weight of a composite part
manutactured with the automated in-line manufacturing system. The automated in-line
manufacturing system including an automated layup system and a controller. The
automated layup system is contigured to receive a feed-through of one or more fiber tows
- as an 1input material and provide layup of the one or more fiber tows to form a laminate of
one or more laid up plies. The controller 1s configured to adjust at least one of a fiber tow

length, and a change in a number of plies being laid up using feedback based on

measurement data obtained 1in one or more samplings to compensate tor a variation from



CA 02938230 2016-08-04

- 274999

one or more of a reference weight of the input material and a reference weight of the

laminate.

[0008] Yet another aspect of the disclosure resides in a method for controlling the
thickness and weight of a composite part manufactured using an automated 1n-line
manufacturing system. The method including:(a) laying‘ up one or more fiber tows using
an automated layup system to form a laminate of one or more laid up plies, the laying up
process including adhering the one or more fiber tows to a surface of a substrate to form
the laminate, the automated layup system configured to receive a feed-through of the one
or more fiber tows as an input material; (b) obtaining measurement data in one or more
- samplings during tﬁe laying up of the one or more fiber tows; (c¢) responding to the
measurement data to adjust the layup program of the one or more fiber tows to compensate
for a variation from one or more of a reference weight of the input material and a reference
weight of the laminate; and (d) repeating steps (a)-(c) until layup of the one or more tiber

tows 1s complete.

[0009] Various refinements of the features noted above exist in relation to the various
~aspects of the present disclosure. Further features may also be incorporated 1n these various
aspects as well. These refinements and additional features may exist individually or in any
combination. For instance, various features discussed below 1n relation to one or more of
the illustrated embodiments may be incorporated into any of the above-described aspects

of the present disclosure alone or in any combination. Again, the brief summary presented

above is intended only to familiarize the reader with certain aspects and contexts of the

present disclosure without limitation to the claimed subject matter.

DRAWINGS

[0010] These and other features, aspects, and advantages of the present disclosure will
become better understood when the following detailed description 1s read with reterence to

the accompanying drawings in which like characters represent like parts throughout the

drawings, wherein: -
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[0011] FIG. 1 schematically depicts in side view, an automated in-line manufacturing
| system for controlling at least one variable during layup of a composite part, in accordance

with one or more embodiments shown or described herein;

[0012] FIG. 2 schematically depicts in side view, an alternate embodiment of an
automated in-line manufacturing system for controlling at least one variable during layup
of a composite part, in accordance with one or more embodiments shown or described

herein;

(0013] FIG. 3 schematically illustrates a method for controlling at least one variable
during layup of a composite part manufactured using the automated 1n-line manutfacturing
system of FIG. 1 or FIG. 2, in accordance with one or more embodiments shown or

described herein;

[0014] FIG. 4 schematically 1illustrates an alternate method for controlling at least one
“variable during layup of a composite part manufactured using the automated in-line
manufacturing system of FIG. 1 or FIG. 2, in accordance with one or more embodiments

shown or described herein; and

10015] FIG. 5 schematically illustrates another alternate method for controlling at least
one variable during layup of a composite part manufactured using the automated in-line
manufacturing system of FIG. 1 or FIG. 2, in accordance with one or more embodiments

shown or described herein.

DETAILED DESCRIPTION

[00106] A composite automated in-line manufacturing system 100, 1including an
automated in-line layup system 105 and a controller 116 1s disclosed for the layup of one
or more fiber tows 112 to form a composite part 140, as described generally with reference
to FIG. 1. The automated in-line manufacturing system 100 can be used for controlling the
thickness and weight of a composite part 140, non-limiting examples of which include low

weight, high strength aircraft and automotive parts. More specifically, FIG. 1 1s a
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diagrammatic illustration of one embodiment of the automated in-line manufacturing
system 100 in accordance with aspects of the present disclosure for layup of the one or
more fiber tows 112, such as on to a substrate 114, to form a laminate 110 of one or more
laid up plies 111. As used herein, the term “substrate” may include a film, a mold, a tool,

or the like used for fabrication of a composite part. The substrate 114 may be manually or
automatically placed in the automated in-line manufacturing system 100 1n a desired
location. The substrate may be operably provided with indicia, pins, or other suitable
means for use in determining and/or aligning the substrate 114 relative to the automated
in-line manufacturing system 100. In one embodiment, the automated in-line
manufacturing system 100 may utilize pre-pregs, whereby the one or more fiber tows 112
are pre-impregnated with a resin system. In an alternate embodiment, the automated 1n-
line manufacturing system 100 may utilize dry fiber tows and include a means for
delivering a resin, as described below. The automated in-line manufacturing system 100
further comprises the controller 116, such as a computing unit or computer, operable for
controlling the automated in-line manufacturing system 100, and more particularly a layup

program 117.

(0017} For the example arrangement shown in FIG. 1, the composite automated 1n-line
“manufacturing system 100 includes a fiber dispensing means 118 for feeding the one or
more fiber tows 112, where each of the one or more fiber tows 112 is moving at a respective

fiber speed. As previously indicated, in this particular embodiment, the one or more fiber

tows 112 are pre-impregnated with a resin, and commonly referred to as pre-pregs. The
fiber dispensing means 118 may be configured to separately feed each ot the one or more
fiber tows 112, such that the tows 112 can be fed at different rates or at the same rate,
- depending upon deéign parameters and in response to the controller 116 and the layup
program 117. In one non-limiting example, the fiber dispensing means 118 is 1n
communication with one or more spools 122 onto which each of the tows in the one or

more tows 112 is initially wound on a respective one of the spools 122.

[0018] In an embodiment the one or more fiber tows 112 comprise any suitable

reinforcing material, for example, relatively continuous fibers, or tows, may be arranged to

S
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form a unidirectional array of fibers. Useful fibers to be included in such reinforcing
“materials, such as tapes, or fabrics, include without limitation, glass fibers, carbon and
eraphite fibers, aramid fibers, basalt fibers, polymeric fibers, including aramide and boron
filaments, silica fibers, copper fibers and the like. The fibers may be non-conductive or
conductive, depending upon the desired application of the composite fiber. In this
particular non-limiting example, the one or more fiber tows 112 comprise carbon fibers.

However, the disclosure 1s not limited to these specific fiber types.

- [0019] As indicated in FIG. 1, the composite automated 1n-line manufacturing system
100 further includes the controller 116. The controller-116 is configured to respond to
obtained measurement data (described presently) to provide adjustments to the automated
in-line manufacturing system 100 based on a calculated required compensation. In an
embodiment, measurement data may include one or more samplings of at least one of a
weight of the input, or parent material, and more particularly the one or more fiber tows

112, and/or a w\eight of the laminate 110 during fabrication, and more particularly during
buildup of the plies 111, that form the composite part140. The controller 116 1s contigured
to adjust the layup and more particularly the feed-through of the one or more fiber tows
112, in response to the measurement data, to compensate for a variation from a reference
weight of the input material or laminate during build. More particularly, based on the
variance of the measurement data from the reference data, the controller 116, and more
particularly a layup program 117 that is controlling the automated in-line manufacturing
system 100 is adjusted and/or an additional layup program is added, to compensate for the
variation during build. Such adjustments may include, but are not limited to, one or more

of a change in the number of plies being laid up to form the laminate 110 and/or a change
in a length of the one or more fiber tows 112 within the automated in-line manutacturing

system 100 using feedback based on measurement data of the one or more samplings.

[0020] To provide for the measurement data, the composite automated in-line
“manufacturing system 100 may include one or more sensors 130 for inline
monitoring/sampling at lcast one of a weight of the input material, and more particularly

the one or more fiber tows 112, and/or a weight of the laminate 110 during build. Although

6
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a single sensor 130 is indicated in FIG. 1, a plurality of sensor 130 may be employed, and

in one non-limiting example, one sensor 130 is provided for each of the fiber tows 112.

Example sensors include optical or contact sensors.

10021] The controller. 116 may exchange information with the automated 1in-line
“manufacturing system 100 as indicated in FIG. 1, to optimizc the fabrication of the laminate
110 and thus the final composite part 140. The controller 116 may be configured to adjust
the number of plies 111 being laid up in the laminate 110 and/or a change a length of the
one or more fiber tows 112 within the automated in-line manufacturing system 100. In
some embodiments, the controller 116 may comprise one or more processors. It should be
noted that the present disclosure is not limited to any particular processor for performing
the processing tasks of the disclosure. The term "processor,” as that term is used herein, 1s
intended to denote any machine capable of performing the calculations, or computations,
necessary to perform the tasks of the disclosure, and to control the mechanical and
electrical devices in the disclosure. The term "processor” is intended to denote any machine
that is capable of accepting a structured input and/or of processing the input in accordance

with prescribed rules to produce an output, as will be understood by those skilled in the art.

[0022] In the embodiment of FIG. 1, the automated in-line manufacturing system 100
further includes one or more clamping, feeding and guide components 124 and one or more
cutting components 126 disposed in feed-through positioning with at least one compaction

roller 132, configured to deliver a force to adhere the one or more fiber tows 112 to the

layup surface 115 of the substrate 114 to form the laminate 110 of the one or more laid up
plies 111. The automated in-line manufacturing system 100 may turther include a heater
134, a tow guide scoop 136 and a positioning system (not shown) to orient the compaction
“roller 132 relative to the layup surface 115 of the substrate 114. In one non-limiting
example, the in-line manufacturing system 100 may be mounted on a robotic head (not
shown) in front of the substrate 114, or mold, such that the one or more fiber tows 112 will

adhere to the substrate 114 and pull the fiber feed through the system 100 when the

automated in-line manufacturing system 100 moves with respect to the substrate 114. The
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specific configuration of the composite automated in-line manufacturing system 100 may

vary based on the application.

[0023] Referring now to FIG. 2, illustrated is an alternate embodiment of a composite
automated 1n-line manufacturing system, generally referenced 150, including an automated
in-line layup system 105 and a controller 116. For the example arrangement shown in FIG.
2, features that are identical to those of FIGs. 1 need not be specifically described, and
accordingly hike numbers are used to indicate like elements. In the embodiment ot FIG. 2,
the composite automated in-line manufacturing system 150 may utilize dry fiber tows, and

- thus further includes an automated resin delivery, deposition and infusion system 152.

0024} Similar to the embodiment of FIG. 1, the composite automated in-line
manufacturing system 150 includes a fiber dispensing means 122 for feeding one or more
fiber tows 112, where each of the fiber tows 112 1s moving at a respective fiber speed. In
this particular embodiment, the one or more fiber tows 112 are dry tiber tows. As in the
previous embodiment, the fiber dispensing means 118 may be configured to separately feed
~each of the one or more fiber tows 112, such that the tows 112 can be fed at different rates
or at the same rate, depending upon design parameters and in response to the controller 116

and the calculated required layup compensation.

10025] In this particular embodiment, the one or more dry fiber tows 112 move from
the clamping, feeding and guide components 124 to a resin delivery, deposition and
infusion portion 154 of the automated resin delivery, deposition and infusion system 152.
As indicated in FIG. 2, the automated resin delivery, deposition and infusion system 152
includes the resin delivery, deposition and 1nfusion porﬁon 154 comprising a means for
delivery, depositing and infusing a resin 156 onto the one or more fiber tows 112. In the
illustrated embodiment, the resin delivery, depositing and infusion portion 154 1s formed
including separate components, but it should be understood that a single component
delivery, deposition and infusion portion 154 1s anticipated by this disclosure. With regard
- to the resin 156 and one or more fiber tows 112, the disclosure 1s not himited to specitic

resins or fiber types. Additional aspects of an automated resin delivery, deposttion and

3
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infusion systems and types of resins that may be utilized 1s further described 1n U.5. Patent
application, entitled, “Resin Delivery, Application and Infusion System and Integrated

Layup System and Method of Use”, U.S. Patent Application Publication no. 2012-0073726

Al, filed by the same assignee.

10026] [n addition, in an embodiment where the automated resin delivery, deposition
and infusion system 152 is incorporated, any suitable reinforcing material may be intused
using the apparatus, systems and methods described herein. Useful fibers to be included
in such reinforcing materials, such as tapes, or fabrics, include without limitation, glass
fibers, carbon and graphite fibers, aramid fibers, basalt fibers, polymeric fibers, including
aramide and boron filaments, silica fibers, copper fibers and the like. The fibers may be
non-conductive or conductive, depending upon the desired application of the composite
fiber. In this particular non-limiting example, the resin 156 is an epoxy resin, and the one
~or more fiber tows 112 comprise carbon fibers. However, the disclosure 1s not limited to

these specific resins or fiber types.

10027] Similar to the embodiment of FIG. ‘1, the composite automated in-line
manufacturing system 150 further includes a controller 116. The controller 116 is
configured to respond to measurement data to provide adjustments to the automated 1n-line

manufacturing System 150, and more particularly the layup based on calculated required
compensation. In an embodiment, measurement data may include one or more samplings

of at least one of a weight of the input, or parent material, and more particularly the one or

more fiber tows 112, and/or a weight of the laminate 110 during fabrication, or part build.
The controller 116 is configured to add an additional layup program and/or adjust the
already present layup program 117, and thus the feed-through of the one or more fiber tows
112, in response to the measurement data, to compensate for a variation from a referenced
~weight of the input material, and more particularly the one or more fiber tows 112, or the
laminate 110, from a predetermined reference weight. More particularly, based on the
variance of the samples from the applicable reference, the controller 116, and more
particularly the layup program 117 that is controlling the automated in-line manutacturing

system 150, is adjusted to compensate for the variation of the one or more tows 112 or the

9
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laminate 110 during build. Such adjustments may include, but are not limited to, a change
in the number of plies being laid up to form the laminate 110, a change in a length of the
one or more fiber tows 112, within the automated in-line Iﬁanufacturing system 150, and/or
control of a flow rate or an amount of the resin 156 through the automated resin delivery,
deposition and infusion system 152, using feedback based on measurement data ot the one

or more samplings.

- [0028] Similar to the previous embodiment, to provide for the measurement data, the
composite automated in-line manufacturing system 150 may include one or more sensors
130 for inline monitoring/sampling at least one of a weight of the input material, and more
particularly the one or more fiber tows 112, and/or a weight of the laminate 110 during

build within the automated 1n-line manufacturing system 150 during tabrication.

|0029] The controller 116 may adjust the layup program 117 and/or add an additional
“layup program, to optimize the fabrication of the laminate 110 and thus the composite part
140. As stated, the controller 116 may be configured to adjust the number of plies being
laid up 1n the laminate 110, change a length of the one or more fiber tows 112, and/or
control of a flow rate or an amount of the resin 156 through the automated resin delivery,

deposition and infusion system 152.

(0030] In the embodiment of FIG. 2, the automated in-line manufacturing system 150
18 disposed 1n feea-through positioning with the at least one compaction roller 132
configured to deliver a force to adhere the one or more fiber tows 112 to the layup surtace
115 of the substrate 114 to form the laminate 110. A positioning system 138 may be
included to orient the compaction roller 132 relative to the layup surface 115 of the

substrate 114.  The specific configuration of the composite automated 1n-line

manufacturing system 150 may vary based on the application.

- {0031] Turning now to FIG. 3, illustrated 1s a method 200 ot controlling the thickness
and/or weight of a composite part manufactured using an automated 1n-line manutacturing

system, such as the composite part 140 and the automated in-line manufacturing system

100 of FIG. 1 or 150 of FIG. 2. As best illustrated in FIG. 3, mitially 1n a step 202, a
10
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number “x” of plies are laid up to form a laminate, wherein each ply comprises one or more
fiber tows, such as the one or more fiber tows 112 of FIGs. 1 and 2. The process of laying
up the plies includes adhering the one or more fiber tows 112 to a surface of a substrate,
such as surface 115 of substrate 114 of FIGs. 1 and 2, to form the composite part, such as
“the composite part 140 of FIGs. 1 and 2. The automated layup system is configured to
receive a feed-through of the one or more fiber tows as an input, or parent, material. Next,
in a step 204, a determination is made as to whether the layup of the plies is complete, as
indicated at 218, or not complete, as indicated at 206. If not complete, the process of
obtaining measurement data is commenced in a step 208 by taking one or more samples
from the fiber tows at a known time “tx” and weighing the samples, in a step 210, to obtain
the required measurement data. In an alternate embodiment, a sampling from the tiber
tows may be obtained, as the required measurement data, prior to the step of laying up the
plies. A response to the measurement data 1s accomplished next by initially calculating a
required compensation of the layup process, in a step 212. The step of calculating the
required compensation includes taking the measurement data, and more specitically the
weight of the input material at time “t” during the layup process and determining a
variation from a reference weight of the input material. Alternatively, the step of
- calculating the reqﬁired compensation includes taking the measurement data, and more
specifically the weight of the input material at time “t«” during the layup process, and data
regarding how much material is laid up at time “t”, to calculate the total weight of the
laminate as laid up at time “tx”. The calculated weight of the laminate at time “t”" as laid
up is compared to a reference weight of the laminate that is required at that stage (time “tx")
of the layup according to the component requirements. Next, the layup program Iis
~adjusted, or an’ additional layup program is added, in a step 214, in response to the
calculated required compensation. More specifically, the method includes responding to
the measurement data to compensate for a variation in the weight of the input material or
the weight of the laminate that needs to be obtained at that stage (time “t:”") ot the layup
according to the component requirement. The response maybe in the form of adjusting one

or more of the layup length of the tows, changing the number of plies, or adjusting the

amount of resin delivery when included as a part of the system. Steps 202-214 are repeated,

11



CA 02938230 2016-08-04

274999

as indicated at 216, 1n a continuous process until a time in which the layup is determined
 to be complete, as in step 218. At this time, the completed layup, and more particularly the
laminate, 1s prepared for curing, at step 220 that may include placing the laminate 1n a
vacuum bag. The laminate is next cured, in a step 222, and the final component 1s weighed,

in a step 224.

[0032] Turning now to FIG. 4, 1llustrated 1s an alternate method 250 ot controlling the
thickness and/or weight of a composite part manutactured using an automated 1n-line
“manufacturing system, such as the composite part 140 and the automated in-line
manufacturing system 100 of FIG. 1 or 150 of FIG. 2. As best illustrated in FIG. 4, initially
in a step 252, the substrate 1s weighed to obtain an initial weight. As used herein, the term
“substrate” may be used to indicate a film, or the like, or the mold and/or tool used for
tabrication of the composite part, as previously described. Next, 1n a step 254, a number
“x” of plies are laid up, wherein each ply comprises one or more fiber tows, such as the
one or more fiber tows 112 of FIGs. 1 and 2. Similar to the previous embodiments of FIGs.
1 and 2, the process of laying up the plies to form the laminate 110 includes adhering the
one or more fiber tows 112 to a surface of the substrate,' such as surface 115 of substrate
114 of FIGs. 1 and 2, to form the laminate 100 and the final composite part, such as the
composite part 140 of FIGs. 1 and 2. The automated layup system 1s configured to receive
a feed-through of the one or more fiber tows as an input material. Next, in a step 256, a
determination 1s made as to whether the layup of the one or more fiber tows, and more
- particularly the plie.s forming the laminate, 1s complete 268 or not complete 258. If not
complete, the process of obtaining measurement data 1s commenced 1n a step 260 by
initially weighing the substrate and weighing the not yet complete layup of plies, or
laminate on the substrate. A response to the measurement data 18 accomplished next by
initially calculating a required compensation of the layup process, in a step 262. The step
of calculating the required compensation includes taking the measurement data, and more
- spectfically the ‘com‘bined weight of the not yet complete layup of plies (laminate) and the
substrate, and subtracting the weight ot the substrate from the measured total weight to

obtain the laminate weight at a tume “tx”. The calculated weight of the laminate at time

19
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“tx” as laid up 1s compared to a reference weight of thé laminate that is required at that
stage (time “tx”) of the layup according to the component requirements. Next, the layup
program is adjusted and/or an additional layup program is added, in a step 264, in response
to the calculated required compensation. More specifically, the method includes
responding to the measurement data to compensate for a variation from the reference
~weight of the laminate that needs to be obtained at that stage (time “tx”) of the layup,
according to the component requirement. These responses maybe in the form of one or
more of adjusting the layup length of the tows, changing the number of plies, or adjusting
the amount of resin delivery when included as a part of the system. Steps 254-264 are
repeated, as indicated at 266, in a continuous process until a time in which the layup 1s
determined to be complete, as in step 268. At this time, the completed layup 1s prepared
~for curing, at step 270 that may include placing the laminate in a vacuum bag. The laminate

is next cured, in a step 272, and the final component 1s weighed, in a step 274.

10033] Turning now to FIG. 5, illustrated is yet another alternate embodiment of a
method 300 of controlling the thickness and/or weight of a composite part manufactured
using an automated in-line manufacturing system, such as the composite part 140 and the
automated in-line manufacturing system 100 of FIG. 1 or 150 of FIG. 2. As best illustrated
1n FI1G. 5, initially in a step 302, a number “x” of plies are laid up, wherein each ply
comprises one or more fiber tows, such as the one or more fiber tows 112 of FIGs. 1 and

2. The process of laying up the plies includes adhering the one or more tiber tows 112 to

a surface of a substrate, such as surface 115 of substrate 114 of FIGs. 1 and 2, to form the
laminate and thus final composite part, such as the laminate 110 and composite part 140 of
FIGs. 1 and 2. The automated layup system is configured to receive a feed-through of the
one or more fiber tows as an input, or parent, material. Next, in a step 304, a determination
is made as to whether the layup of the plies is complete, as indicated at 318, or not complete,
as indicated at 306. During the process ot laying up the.input material, continuous inline
measurement data is obtained of the input material, prior to layup, as indicated at step 308.
The continuously obtained measurement data provides for calculations to be performed, in

a step 312, to provide for continuous compensation of the layup process 300. More
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specifically, the step of calculating the required compensation includes taking the
continuously obtained measurement data, and more specifically the weight of the input
- material prior to the layup process, and identifying variations from a reference weight of
the input material. Next, the layup program 1s continually adjusted during the layup
process, 1n a step 314, in response to the calculated required compensation. More
specifically, the method includes responding to the measurement data to compensate for a
variation in the weight of the input material from the reference weight ot the input material
as required by the component requirements. These responses maybe 1n the form of one or

more of adjustiﬁg the layup length of the tows, changing the number of plies, or adjusting
the amount of resin delivery when included as a part of the system. Steps 302-314 are
repeated, as indicated at 316, 1in a continuous process uhtil a time 1n which the layup 1s
determined to be complete, as in step 318. At this time, the completed layup 1s prepared
for curing, at step 320 that may include placing the layup plies in a vacuum bag. The

completed layup is next cured, in a step 322, and the final component 1s weighed, in a step

324,

(0034 ] Beneficially, by integrating the ability to adapt the layup process to the
measured material properties, and more particularly adapt one or more variables during the
layup process with an automated layup system, advanced composite structures can be
fabricated, despite having complex shapes, without requiring additional manufacturing
processes and steps to achieve near-net shape. The disclosed composite automated in-line
manufacturing system integrates the ability to build a part with reduced variation 1n
~thickness and weight distribution as compared with the input material. The automated
process of the present disclosure thus providing fabrication of complex composite
structures with improved control and at lower cost than conventional fiber placement
systems. The process advantageously provides automation and the determination of
required adjustments that can be embedded in the automated fiber placement program. The
composite automated in-line manufacturing system includes sufficient flexibility to
- accommodate multiple aleorithms for adjustments responding to sample measurements.

Commercially, by integrating the ability to adapt the layup to the measured material

14
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properties, during part fabrication with the automated layup system, full automation 1s
obtained resulting in a reduction in cycle time and cost. The method and system as
disclosed herein enables one to build a part with reduced variation in thickness and weight

distribution as compared with the input material.

[0035]} While there have been described herein what are considered to be preferred and
~exemplary embodiments of the present invention, other modifications of these
embodiments falling within the scope of the invention described herein shall be apparent

to those skilled 1n the art.
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WHAT IS CLAIMED IS:

1. An automated 1n-line manufacturing system (100, 150) for controlling at
~least one variable during layup of a composite part (140) using automated fiber placement
COMPTISING:

an automated layup system (105‘) configured to receive a feed-through of one or
more fiber tows (112) as an input material (113) and provide layup of the one or more fiber
tows (112) to form a laminate (110) of one or more laid up plies (111); and

a controller (116) configured to respond to measurement data obtained 1n one or
more samplings and adjust a layup program (117) of the one or more fiber tows (112) to
- compensate for a variation from one or more of a reference weight of the input material and

a reference weight of the laminate.

2. The automated in-line manufacturing system (100, 150) of Claim 1,
wherein the controller (116) is configured to adjust the layup program (117) of the one or
more fiber tows (112) including adjusting one or more of a length of the one or more fiber

tows (112), and a number of plies (111) being laid up.

3. The automated in-line manufacturing: system (100, 150) of Claim 2,
further comprising one or more sensors (130) for monitoring at least one of a weight ot the

input material and a weight of the laminate (110).

4, The automated in-line manufacturing system (150) of Claim 1, wherein
the system (150) further comprises an automated resin delivery deposition and infusion
system (152), the controller (116) further configured to control the flow rate of a resin (156)
through the automated resin delivery, deposition and infusion system (152) using feedback

based on measurement data obtained in the one or more samplings.

. The automated in-line manufacturing syStem (100) of Claim 1, wherein

the one or more fiber tows (112) comprise prepreg {iber tows.

16
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6. A-method (200, 250, 300) for controlling the thickness and weight of a
composite part (140) manufactured using an automated in-line manufacturing system (100,
150), the method comprising:

(a) laying up (202, 254, 302) one or more fiber tows (112) using an automated
layup system (105) to form a laminate (110) of one or more laid up plies (111), the laying
up process (202, 254, 302) including adhering the one or more fiber tows (112) to a surface
(115) of a subsfrate (114) to form the laminate (110), the automated layup system (105)
configured to receive a feed-through of the one or more fiber tows (112) as an input material
(113);

(b)  obtaining measurement data (210, 260, 308) in one or more samplings
during the laying up (202, 254, 302) of the one or more fiber tows (112);

(C) responding to the measurement data to adjust (214, 264, 214) the layup
program (117) of the one or more fiber tows (112) to compensate for a variation from one
" or more of a reference weight of the input material and a reference weight of the laminate;
and

(d)  repeating steps (a)-(c) (216, 266, 316) until layup of the one or more fiber

tows (112) 1s complete.

7. The method (200, 250, 300) of Claim 6, further comprising:

(e)  determining the layup (218, 268, 318) of the one or more fiber tows (112)
s complete;

(f)  curing (222, 272, 322) the laminate (110); and

(g)  obtaining a weight (224,274, 324) of the completed composite part (140).

8. The method (200, 250, 300) of Claim 6, wherein the step of obtaining
measurement data comprises at least one of weighing a sampling (208) of the input material
| (113) during the laying up (202) of the one or more fiber tows (112), weighing a continuous
sampling of the input material during the laying up of the one or more fiber tows, welghing
a sampling (308) of the input material (113) at a given time during the laying up of the one

or more fiber tows (112) and determining a weight of the laminate (110) based on the

17
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amount of input material (113) laid up at the given time, and weighing (260) the laminate

(110) during the laying up of the one or more fiber tows (112).

9. The method (200, 250, 300) of Claim 6, wherein the step of responding
~to the measurement data to adjust (214, 264, 214) the layup program (117) of the one or

more fiber tows (112) includes calculating (212, 262, 312) a required compensation of the
laying up (202, 254, 302) of the one or more fiber tows (112).

10.  The method (200, 250, 300) of Claim 6, wherein the step of responding
to the measurement data to adjust (214, 264, 214) the layup program (117) of the one or
more fiber tows (112) includes adjusting one or more of a fiber tow length, a change in a
- number of plies (11 i) being laid up, a flow rate of a resin (156) through an automated resin
delivery, deposition and infusion system (152), an amount of resin (156) through the

automated resin delivery, deposition and infusion system (152).

13
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