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ABSTRACT

This dissertation presents an automated coitgpdabric layup solution based on a new
method to deform fiberglass fabric referred tosasgting A layup system was designed and
implemented using a large robotic gantry and customeéfiedtor for shifting. Layup tests
proved that the system can dejpdabric onto twedimensional and thregimensional tooling
surfaces accurately and repeatedly while avoidingobpilane deformation. A process planning
method was developed to generate tool paths for the layup system based on a geometric model of
the poling surface. The approach is analogous to Computer Numerical Controlled (CNC)
machining, where Numerical Control (NC) code from a CompéAiged Design (CAD) model
is generated to drive the milling machine. Layup experiments utilizing the proposedmettso
conducted to validate the performance. The results show that the process planning software
requires minimal time or human intervention and can generatep&tibt leading to accurate
composite fabric layups. Fiberglass fabric samples processed hiftimgs deformation were
observed for messcale deformation. Tow thinning, bending and spacing was observed and
measured. Overall, shifting did not create flaws in amounts that would disqualify the method
from use in industry. This suggests that shiftisga viable method for use in automated
manufacturing. The work of this dissertation provides a new method for the automated layup of
broad width composite fabric that is not possible with any available composite automation

systems to date.



CHAPTER 1 GENERAL INTRODUCTION

1.1Background

Composite materials, also known as composites, are materials that consist of two or more
materials with different physical or chemical properties. For example, concrete is a composite
material that consists of cemeraiggregate and optional rebak wide range of materials
including wood and bamboo can also be considered as composites. The material combination
makes it possible to take advantage of different properties of the constituent materials. The
resulting composie material can often have more favorable properties than the individual
constituent materialgl]. For instance, the combination of carbon fiber and epoxy makes carbon
fiber reinforced polymer (CFRP), where the carbon fiber provides the strength and the epoxy
keeps the carbon fiber together. The CFRP is much stronger and stiffer than carbom fiber o
epoxyalone This work will be focused on polymer based composite, a-mmae composite
material that has been widely used as a manufacturing material.

Polymer based composites, also known as iberforced polymer (FRP) was introduced in
the 1960s andhas since then evolved to become a popular engineering ma#rieRPs are
composites made by combining reinforgifibers in a polymebased matrix resif2]. FRPs are
everywhere in our liféoday; fromsmaller products such akis, bicyclesandrace carsthrough
largerproducts such as commercial airplanes and utility scale wind turbine blades. FRPs earned
their popularity thanks to great material properties. They generally have higher stiength
weight ratio than compieig maerialssuch as metals and plastics. In many applications they can

also provide more cost effective solutocompared tdhe other materials. For example, most



utility scale wind turbine blades nowadays are made mainly from fiberglass composites because
it provides a good balance between weight, strength, stiffness and cost.

FRPs indeed have favorable properties but they are not perfect. One imperfection in using
FRP is that they are difficult and expensivefébricate Because composites are made by
combining two or more materials, their manufacturing processes can often be more complicated
and problematic than for single materials. For example, many metal products can be formed by
pouring liquid metal into a mold as seen in the casting process. Imtitar process of forming
a composite part, the reinforcing fiber has
resin in by infusion. In this sense, the additional process of placing reinforcing fiber makes the
composites forming process morengaicated than metal forming because defects can be

introduced if the reinforcing fiber is improperly placed.

1.2 Motivation

The placement of the reinforcing fiber is often referred to atathg process. In this process
the fiber, often in the form adry or preimpregnated (prepreg) composite fabrics are placed into
a mold or tooling. During the layup process, the fiber has to conform to the mold without any
wrinkling or waviness because wrinkleswavescan severely compromise strength and fatigue
performance. Due to the difficulty and complexity of the layup process, rtastoften done
manually by skilled workers. In the layup process the workers place the fabric into the mold,
carefully smooth it with substantial force to make it conform to tb&lrgeometry and watch for
and eliminate any wrinkles or waviness.

Figurel illustrates the preparation of, and layup of carbon fiber fabric for the hood of a car

[3]. The fabric is cut into 2D flat patterns by a CNC cutting table, as shown in



Figurela. The workers then apply the fabric to the mold and use hand motion to conform the
2D fabric onto the 3D mold, as seen in
Figurelb. This conforming or smoothing process is commonly referred doaping process

in the literature.

@) (b)

Figurel. Fabric cutting and placement, a) Cutting the carbon fiber fabric intpategrnon a machine, and b) Laying up the
flat patterns by hand onto the mojd]

The difficulty of the layup process is somewhat comparable to the fisah#ly process in
automotive manufacturing. Automotive companies nowadays are able to use robots and
automated machines to weld and paint car bodies but they still need workers to put electrical
wiring in, secure dash boards, attach trim panels and s@lorAlthough these tasks seem
repetitive and tedious, thieequire highly coordinated sensing, motion and judgement which is
difficult or costly to obtain from robots or artificial intelligence. Similarly, when laying up fabric,
workers have to use their eyes and hands to feel the fabric, use hand motior tihelfapric,
and use their judgement to determine if the fabric has been draped correctly. However, the use of
skilled worker may introduce variability as human judgement can be subjective and the
performance may be inconsistent. The high end compositesufacturing industry(e.g.

aerospace industfrynas been trying to address this issue by using automated layup technologies.



For example, Automated Tape Layup (ATL) and Automated Fiber Placement (AFP) were two
such technologies developed in late 1960shavwe been slowly evolving ever since.

These two technologies make use of a layup head attached to a motion system to accurately
place prepreg fiber materials onto the méldjure2 shows an ATL machine laying upe wing
skin of a commercial aircrafts]. However, ATL and AFP require high capital cost which
prohibits them from being used in low cost applications such as the manufacturing of utility scale

wind turbine blades.

Figure2. An ATL Machine laying up the wing skin of an AB85].

Most of the utility scale wind turbine dodies are made of composite materials and they present
a somewhat unique set of challenges. First of all, wind turbine blades need to have sufficient
strength and fatigue life to survive a multiple decade lifespan. Se¢ahelyare required to be
as lightas possible to maximize the power output. Moreover, the aerodynamics requires the
blades to have neprismatic geometries. Last but not least, the cost of wind blades needs to be
as low as possible to make the power generated cost comparable to otbes.sGomposite

materials are the suitable choice for wind blades because they have the flexibility to be made into



three dimensional frerm shapes and they have a good balance between material properties
and cost.

With the rapid growth of the wind erggrindustry, the size of the wind turbine blade is seeing
a consistent increase to make it more cost effe¢@l.eCurrently the common length of utility
scale wind turbine bladeis around 50 meters while that of the largest blades is more than 70
meterg[7]. The enormous size of the wind turbine blades makes the manufacturing of them very
challenging. The layup process peutarly is very laboiintensive. An example is shown in
Figure 3 where workers use not only hand motion but also tools like roller brushes to conform
the fabric to the mold. If the fabric ply fails to be in comntadth the mold, oubf-mold

deformation will occur and can be considered as a defect if they are too severe.

LS

Figure3. Workers laying up fiberglass fabric in an LM Wind Power plant in Bf&kil

The human interaction involved may irdiece error and variability to the layup process
because the wvariability in peopleds perfor ma
labor and training on the layup process drives up the cost of the parts. If an automated method

could be used instdeof human manipulation, better consistency, higher quality and lower cost



of the composite parts may be achieved. Hence, an automated manufacturing technology that

provides a lowcost, highquality solution for the wind blade layup process is very ddsirab

1.3 Research Problem and Objectives

Currently, there does not exist a system that has the aforementioned characteristics. The
existing automated layup systems, such as ATL and AFP, work only with prepreg materials,
which are not commonly used in wirtdrbine blades. ATL and AFP motion systems require
more than six degrees of freedom, which can be costly and difficult to process plan, and typically
layup materialon the order of 150 to 300 millimeters wip®#. In addition, these systems have
deposition rates that are exceptionally low when compared to how maigmniah needs to be
deposited for wind blades (up to 7000 kg material to deposit for a wind blade versus several
kilograms per houflQ] layup speed for an aerospace application). It would be desirable if a
layup system for wind turbine blades could use a more kinematically simple method to deform
the fabric to the mold and be able to handle broad width fabric panels versus narrow tapes o
fibers.In previous workMagnussen proposed a deformation methodology, referredstofasg
in 2011[11] which was shown to be an effective method to make fabric follow a curved path
without waviness. Although the concept was shown in prototype lab setups using simple
mechanisms, a complete system was never developed. Thus the first objectiveisfdniation
is to create a functional shifting based automated layup mechanism. The promadethism
will be measured by its ability to correctly place fabric in a mold, hence the accuracy of the
mechanism will be tested using industry standard materials and a relevant surrogate mold surface.
Next, a process planning method for the proposedplayjechanism that can convert fabric

design data into a tool path will be developed. Lastlyemains unknown what the shifting



mechanism does to the microstructure of the fabric. Material tests will need to be conducted on
shifted specimens to validathat shifting can be safely used for composites manufacturing.
Hence, there are three sabjectives to accomplish.

1) To develop an automated layup machine based on the shifting method

The first subobjective is to design and implement a layup machia makes use of the
shifting deformation technique and test its ability to lay up fabric onto a desired mold surface.

2) To develop a computer aided process planning methodology for shifting deposition

A process planning methodology will be developecatwomatically generate desired tool
paths and parameters to control the motion sequence for different mold designs with minimal
human intervention, similar to the way CAM software generates NC code for CNC machining.

3) To investigate the effect the shifiig process has on fabric properties

The shifting technique forces fabric to char

mesaoscaleproperties will be evaluated to reveal any effect of shifting on the material.

1.4 Dissertation Organization
Thework to achieve the three swibjectives will be presented in Chapter 3, 4 and 5 as three
manuscripts.Literature related to this research will be discussed in Chapter 2. The general

conclusion of this dissertation and future work will be given in Chdpter

1.5References

[1] Mazumdar SK. Introduction. COMPOSITES MANUFACTURING: Materials, Product, and Process
Engineering2001. p. 4.

[2] Mazumdar S. Composites manufacturing: materials, product, and process engineering: §rC pres
2001.

[3] Malnati P. Corvette's carbon hood creates shock and awe. 2009.

[4] Squatriglia C. Peek Inside the Chevrolet Volt Factory. 2011.



[5] Gardiner G. A350 XWB update: Smart manufacturing. HiBlerformance Composites: Gardner
Business Media, Inc2011.

[6] Wind Power Electricity: The Bigger the Turbine, The Greener the Electricity? Environmental Science
& Technology. 2012;46(9):47253.

[7] SIEMENS. Wind turbine with the world's largest rotor goes into operation. SIEMENS; 2012.

[8] Dantas R. LM Wi Power inaugura planta de pas edlicas. 2013.

[9] Sloan J. ATL and AFP: Defining the megatrends in composite aerostructures-Pétighmance
Composites: Gardner Business Media, Inc.; 2008.

[10] Domke B. Boeing 787 lessons learnt. 2008.

[11] Magnussen & A fabric deformation methodology for the automation of fiber reinforced polymer
composite manufacturing. Ames: lowa State University; 2011.



CHAPTER 2 LITERATURE REVIEW

2.1Fabric Draping in Composites Manufacturing

Many studies have been condudtéo investigate the behavior of fabrics in the draping
process. Experiments have been conducted to mathematically describe the distribution and
direction change of fiber tows as the fabric is draped. Computer simulation techniques were
developed to predi and optimize the draping of fabrig-3]. I n Potterwoknd Han
drape models were used to inform the hand layup of woven fabrics. In many of the, siyzre
jointed net (PIN) model was used to model the behavior of fefjrievhich was first proposed
by Weissenberg5] from the aparel fabric industryln this model the tows in the fabric are
assumed to be inextensible, and the joint between two cross tows was assumed to act like a pin.
The tows rotate about the joint when the fabric is sheared. Shear angle is defined as the angle
between warp and weft tows; which indicates the amount of shear that is applied to the fabric.
The critical shear angle is reached when fabric cannot be sheared further witholiplane
deformation, and that angle is called the shear locking limiheolocking angl¢6].

A new method calleghiftingto manipulate NCF with the purpose of creating an automated
layup solution was devagbed in 201]7]. In this methoda rectangulasection of unidirectional
fabric is sheared in the weft direction and becomes a parallelogram. By manipulating multiple
successive sections, the fabric can be deformed to follondimensional curves. The method
has good contrabn shear angle and the orientation of the tows because eveigelinit the

sheared section has the same shear angle.
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2.2 Automated Fabric Layup Techniques

Studies on automatetiber-reinforced polymer (FRP)ayup were started in late 1960s
following the introduction of Computer NumeaicControl (CNC).Filament winding is one of
the most commonly used automation techniquekacomposites industrgndhas been used for
decades. In this process, composite fiber is wrapped around a mandrel, as Bggmeid.
Filament winding has a relatively high production rate and computer numerically controlled
filament winding can control the placement of fibers very accurately and precisely. There have
been studies on various aspectdilaiment winding such as tension and residual st{8s9].
However, this technique is limited tesefor cylindrical structures such as pressure vessels and
pipes[10]. The deposition rate of filamemvinding was reported to bap to 1360 kg/hr for

simple cylindrical pag and 5 to 9@g/hr for more complex higperformance partsl1].

CARRIAGE
P

ROTATING
MANDREL

Figure4. Schematic of Filament Windifg2].

Automated Tape Layup (ATL) and Automated Fiber Placement (AFP) are two popular
automation techniques ihe aerospacéndustry[13]. For example, the composite fuselage and
wing spars of the Airbus A350XWB airplane are laid up by AFP machines, and the wing skins
are laid up by ATL machingd4]. The two methods share a simitaynceptwhich is to layup

preimpregnatedprepreg fibers onto the mold surface with an eeffector mounted on the end
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of a robot arm or a gantryhey are both CN&ontrolled. The main difference is that ATL layup
useswide prepreg tapes while AFP layugesnarrow prepreg slices sometimes referred to as
fiber tows[15]. ATL has been widely used in creating components with large simple geometries
while AFP can work on more complex geometfie§. One such system can be seeRigure5
where an ofthe-shelf multiaxis robot is used to carry the AFP deposition head to place carbon
fiber tows onto the mold. The robotic system gives the-edfettor great ability to reach
designated locations of the mold, follow complex geometaied control fiber orientation.
Similar to filament winding, these two techniques are numerically controlled and yield very high
accuracy, repeatability and efficiency. In the manufacturing of aeronautical parts, the labor cost
and the scrap rate can b@rsficantly reduced by using ATL and AFRBIthough considerable
investment is needed for these technologése investment for ATL or AFP is not cest
effective for wind blade manufacturiri@7]. Moreover, the two systems mainly work on prepreg
carbon fiber layup whd dry Eglass layup is more common the wind blade industry1§].
Increasing productivity and lowering the cost of the parts has been a major focus of the research
on ATL and AFP[19]. The standard depositioate for a tape layp head in production was
reported to be 8.6 to 13 kgJh6, 20, 21].

In addition to industrial development, maagademic studiesave been conducted on ATL
and AFP. Lukaszewicz et al. provided a thorough summitye publications on ATL and AFP
by 2011[15]. In the context of this dissertatiatime literature on machine design, path planning
and manufacturing induced defects about AFP are of the most interest. Path planning methods
for AFP aresummarizedvell by Shirinzadeh et al. in their studies on new AFP path planning

methodg22].
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Path planning for CNC machining has been a popular research area with many publications.
Many of the principlesare analogas to the path planing for the shifting machine layup.
Robotics and machine vision principles are also required to guide the layup maoéineds
discussed in robotics text books by CofR8] and Craig[24] wereused inthe development of

the layup machine.

Figure5. An AFP system that utilizea multi-axis robot arm to place carbon figes].

Vacuum formingis an automated technique to deform fabead isoften used in fabric
draping experiments. For example, Mohammed d8é].and Pottef27] used vacuum forming
in their draping experiments. Vacuufarming can drape the fabric so that the shear angle
distribution requires the least shear force. This method is not practical for large scale parts
because of the scale and cost constraints.

Other automated layup methods like that of Potluri and Atkiceompared automation e
composites industry and clothing industry to find a-lmvgt automation solution for composites
manufacturinf28]. Rudd et al. proposed a tow placement method to create a two dimensional

fabric preform that has optimal tow distribution for the thdéaensional mold29].
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Various aubmation systems have been proposed for the manufacturing of wind turbine blades.

One example is MAGOs Rapi d [§g.tTeermiethod prépbseddce me n t

use a gantry system that ¢asra multiaxis end effector to lay up fabric on to the mold of blade
shell. This system proposed a laying speed of 3m/s and application tolerance of £5 mm.
However, this system has not been seen in production to date. Crossley et al. tested ATL as a
metod to lay up wind energy grade prepregliss on a section @wind blade mold31]. It
was found that the difference between thgl&ss and carbon fiber made the process more
difficult to control. The process proved to be feasible but the production rate and the cost
effectiveness was unknown and might hinder its adogin the shop floor.

The goal of the automation of wind turbine blade manufacturing is to reduce the cost of wind
energy. Currentlythe material deposition rate in wind blade industry estanatedo be 1,500
kg/h and the cosbf-finishedgoods is $5/kgo $10/kg[17]. It is very challenging for the

existing automated layup technologies to fulfill these requirements.

2.3Composite Material Testingand MescScale Measurement

Because FRPs ammisotropicand contain multiple different materials, the failure modes$ a

testing methods are sometimes unique. There have been extensive studies on material test

methods since the introduction of FRP in 1960s. Campbell summarized the common physical
test methods for FRP composites in his b§®8. Most recently updated ASTM Composite
Standards <can be easi | y33f efecisdcanfalsmbre deteStddM§ s
microscopic studiesro FRPs. For example, Kim et 4B4] used microscopic observation to
determine fiber orientation and impregnation quality of their sheared carbon fiber tows.

Raghavan{35 conducted a series of compressive strength and fatigue erpésiron shifted
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samples in 2014, concluding that the shiftprgcesrovidessuitablematerial properties when

shifting degree is less than 10 degr&5. In theextremelyshifted fabric, where tow orientation
changed as much as 35 degrees, the fabric tows were found to be bent, packed and became
narrower as seen irFigure 6. The compression test data was consistent while the fatigue life
data saw high variability. It remained to be seen whether packed tows potentially lowered the
permeability of the fiber which may cause excesgiorosity in the infused samples. Porosity in

fiberglass is considered a significant defect and could reduce the fatigue life.

Figure6. Tow bending andplittingin extremely shifted fabrig35]

Nelson et al. conducted a series of tests -@taBs fiber glass with common defetsind in
wind turbine blade manufacturin®6-39]. Some of the irplane waviness flaws identified in
their tests were very similar to the ones observed by Ragiiasian

Previous studies verified various aspects of shifting as a new manufacturing method.
Magnussen conducted tensile fatigue tests with shifted samples and concluded that the more
smoothy fabric is shifted(more shifts per length)the less effect it will have on material
propertief40]. Raghavan conducted compressive fatigue tests and concluded that $faitting
negligible effect on properties whetime shift degree is less than 10 degr¢dS]. The
aforementioned two studies investigated the macroscopic properties of cured fiberglass with
material test methods. Yet the deformation of the individual fiberglass tows during shifting was

remainedo be observed and understodtie dimension of th&bric atthe individual tow level
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is also known ashe mesescale tow structureMesoscale testingn key areas of the fiberglass
fabric is necessary because although the macroscopic effects are what are normally observed
when a part performshe micre and mesescale structures are what will cause the macroscopic
effects, including possible failurgd1]. Mesoscale analysis is not new to composite analysis.
Composite fabric is often modeled @atmesaoscale level to simulate fabric forngr{42] and
mechanical propertiggl3, 44]. Lomov et al. did a comprehensive summary on literature about
mesascale Finite Element modeling of composit4S]. Some past studies involved experiments
that test the messcale deformation of compositabric subjected to stress and deformaliitin
46-48]. Among them, Potluri et al. studied propertidsfabric that underwent pure shearing
deformation, which was very similar to shiftifg9]. In that work, Potlri et al. used a flaéd
scanner to capture the tow geometry after shearing and then measured the tow widiias and t
thicknesses after cutting the samples and observe thesgct#sns. As shown iRigure7, cut 1

was along therosstow direction, anccut 2was made perpendicular to the unidirectional tow
direction[49]. Cut 1 was easier to make but did not expose the true tow width and required
trigonometric calculations to find the true width. Cut 2, although significantly more difficult to
make accurately, gave access to directly measummgae tow width instead of being obliged to

calculate it, propagating any measurement error.

/

Figure 7. Sample cuts for measuring tow thickness (1) cut parallel to structural tow direction (2) cut perpendicular to
unidirection&tow direction[49].
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CHAPTER 3 AUTOMATED COMPOSI TE FABRIC LAYUP FOR WIND TURBINE

BLADES
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Abstract

This work presents an automated fabric layup solution based on a new method to deform
fiberglass fabric, referred to ahifting for the layup of nowcrimped fabric (NCF) pliesThe
shifting method is intended for fabric with tows only in 0 degree (warp) and 90 degree (weft)
directions, where the fabric is sequentially constrained and then rotated through a deformation
angle to approximate curvature. Shifting is conducted in @labBe, making the process easy to
control and automate, but can be applied for fabric placement in 3D medb&rdirectly or
after a ply kitting process and then manually placed. Preliminary tests have been conducted to
evaluate the physical plausilyliof the shifting method. Layup tests show that shifting can

deposit fabric accurately and repeatedly while avoidingpbplane deformation.
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3.1lIntroduction

Utility scale wind turbine blades are made primarily from composite matesésifically,
non-crimp fiberglass fiber reinforced poners. With the rapid growth of the wind energy
industry, the size of wind turbine blaxlare consistery increasng to makethem more cost
effective[1]. Currently the common length of utility scale wind turbine bladeagproximately
50 meterswhile the largest lades are more than 70 met&sg [2]. The enormous size of the
wind turbine blades makes thenanufactue quite challenging.

In general, the Vacuum Assisted Resin Transfer Molding (VARTM) process is widely used in
the manufacture of wind turbine blad&$. The processwhich is referred to as the lgyprocess
begns dter setupwith placing dry fabricinto a mold. Because of the fibdtexibility, non
prismatic geometries of the mold, panel sjzgsdsignificant amourg of fabric that neetb be
placed layup is currently a very labontensive manal process. During the layup procetsgo
dimensional 2D) panels of fabric are deformed manually in order to conform to the shape of the
three dimensional3pD) mold. This is called draping. When placing the fabric, workersust
frequently manipulat& to ensure thatt is in contact with the mold or the adjacent ply. If the
fabric plyi s m@dntact with the mold or the adjacent ply,-ot{plane deformation will occur
and can be considered defeetif it is too severe. Thavo r k drapsm@motions arevery
difficult to replicate with a machine because the hand movements are sgndgemenbased
and are not necessarily the same for multiple replicatidosaan interactiorwith the layup

process can introduce significant viability, causing signitant scrap ratesAutomated



21

manufacturingwill provide better control over the procesmsd could yield lower scrap rage
This would result in more consistent blade construction initially arwvér operating and
maintenance costs over the lifetime of thades. Additionally, automated laywgould reduce
the labor and training casdf the layup process.

Currently, aitomated tape layup (ATLand automated fiber placement (AFRYe two
automaed layuptechniqueswell-adoptedin the aeronautical industry4]. For example, the
composite fuselage and wing spars of the Airbus A350XWB airplane are laid up by AFP
machines, and the wing skins are laid up by ATL machi{®¢sIn the manufacturing of
aeronautical parts, the labor cost and the s can be significantly reduced by using ATL
and AFR although considerable investment is needed for these technolbgkeszewiczand
his coaworkers provided #ghorough summargf the publications on ATL and AFP by 20]4].
There have been studiby researcherand automation companiéssting the use oATL and
AFP for wind turbine blade$7-9]. However, he investment for ATL or AFRrohibits them
from being usedor wind blade manufacturinglO]. Moreover, the two systems mainly work on
prepreg carbon fiber layupvhile dry Eglass layup is more common time wind blade industry
[11]. There arestudiesinvestigating alternative automation solutions for composite layup. For
example,Tarsha Kordi et la proposed a robotic end effector that can place fabric into a mold
with a gripper and then conform the fabric to the mold with a rfligr. Kim et al. developed a
new fiber placement technique called continuous tow shearing to produce variable angle tow
composite§13-15|.

This paper proposes a new methodlecashifting to automate the manipulation and layup
process of nowrimped fabric (NCF). The shifting method was first proposed by Magnussen in

2011[16] as a way tananipulatefiberglass fabriovithout causing oubf-plane waviness. The



22

concept of automated shifting layup is to-fwem the fabric to approximate the shape of the
mold by shifting and then deposit the fabric into the mold. In this way the layup process can be
completed with very ttle human interaction. A mathematical model has been developed to
describe the method and enable process planning akimterical controllC) machining code
generation. A prototype machimeas built to test the feasibility o&n actual automated layup.

The machine has performed successful layupthetrailing edge geometry ofnaMegaWatt

(MW) class wind blade and those resaltspresented.

3.2 General ®lution Method

Shifting Fabric in the Weft Direction

The shifting methods intended for fibertass NCF consistg of O degree (warp) tows and 90
degree (weft) tows. The act of shifting includes clamping the fabric aloa@ a b rweft 6 s
direction and translating the free end parallel to the clamp in order to change the direction of the
fiber. Thismechanism is based on the assumption of thgopited net model, also known tee
fishnet algorithm, which assumes the fiber to be inextenshd¢the joint between the warp and
weft tows to act like a pifil 7], andthatthe tows can rotate about the jointed pin. The validity of
the pinjointed net assumption has been proved by finite element analyses on the forming of both
woven and noserimp fabricg[18] and[19]. The kinematics is similar to the biaxial shear testing
and the picture frame shear testing tha¢ebeen used in apparel and composites {2§272].
As shown inFigure8, assuming each unit cell of the fabric acts like a-twrlinkage, the whole
fabric section an be deformed from a rectangle into a parallelogram. A similar approach was
used by Kim et al. to achieve variable angle tows in AFP 1&%8p In the shifting method, all

weft tows remain parallel to one anotheer#fore, fibers maintain equal lengths throughout the
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width of the fabric and do not form eaf-plane deformation. This process is repeated iteratively,
creating a lineapiecewise path. This method does, however, reduce the width of the fabric as
more déormation occurs. When one wanted to have the fabric follow a curved path, it would be
intuitive to Asteero the fabric through the
would form as shown ifrigure9(a). Steering a roll of fabric essentially consists of rotating the
axis of a roll of fabric as you deposit it into a mold. In contrast to steering, an example layup
using shifting can be seenkingure9(b), whereno waves were formed. A mathematinaddelis

givento explain the shifting method.

Weft
Direction
Tows

Warp
Direction
Tows

Figure8. Shifting process on a unit section of fabric.

@ (b)

Figure9. (a) Steering- schematic and actudb) Shifting - schematic and actual
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Basic Mathematical Modebf Shifting

To mathematically describe the shifting method, a guide curve, P(u), must first be defined.
This defines the nominal ceam of the fabric. Next, the fabric width and placement tolerance are
used to create tolerance zer{€igure 10). To create these tolerance zones, the guide curve is
offset in both directions by one half of the fi@bwidth to form the nominal edge location curves.
Each nominal edge location curve is then offset in both directions by the amount of the
placement variation allowed in order to form the tolerance curves. The area around each nominal
edge location curvbetween the tolerance curves is then the acceptable region for the fabric edge,

referred to here as Tolerance Zond'ZX) and Tolerance Zone 2Z2).

Nominal Fabric
Edge 1

: m P(u)

Nominal Fabric
Edge 2

Figure10. Guide curve and tolerance zones

The beginning position of any tow, j, as showirigurell (a), can be calculated as:
%] . AT 0O 4
4 0 O E ™™ - p S o) Er'l‘ 1 (1)
where M is the number of tows in the fabuic,is the nominabngle between warp and weft

tows andd is the tow spacing gt . For unidirectional fabricg, is w 1t JAll values fory

mug remain between | andj , which represent the negative and positive shear lock limits.
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The location of any tow j at the end of any section, i, can be represented as:

) @ . OFEf 4
40 4 U R )

wherel is the length of each tow in section i, ands the shear angle in sectiorFigure11

(b)).

Figurell a) Starting position b) Fabric \ariables

To determingd  from4, 4 and4 are evaluated withiTZ1 and TZ2, respectively.

To do ths, TZ2 is translated alongd 4 so that4 and4 are at the same point. The
possible locations fot include any point within the shear locking lintiitat is visible from
4 without intersecting one of the four éohnce curvesin Figure 12, and) are the two
extreme possible directions limited by the shear locking lififie point inthe tolerance zone
furthest from4 is then selected 4s . From his,I hj ,5 , and all othed values

can be calculated.
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Figure12 Path calculation fofY .

Although outside the scope of this paper, the preceding model allows atgpoint
approximation of a desired path along the mold surface for lafmplogous to NCcode
generation for machining, this approach would enable similar automated path planning for a
shifting endeffector system. In that case, the aft end of the shifting machine represents what
would be the end of a cutting tool in machining, where shiftitpare deposited onto the mold

to approximate the desired curvature.

3.3 Implementation of the Automated Shifting Machine

Machine Design

A prototype machine test bed was developed in the laboratory on a 10x3x2 meter automated
gantry system. As showin Figure 13 (a), the machine consists of two parésscommercially
available threaxis gantry system aralprototype fouraxis shifting head. The shifting head and
gantry systenworks in coordinated motion teequentially shiftdeform and deposit the fabric
onto a test mold surface. The shifting head is currently designed to shift fabric up to 280mm

wide.
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4.8 mlong
trailing edge
mold replica

d srp) d just

e arp) us
Side View the size of the fabric to be shifted 45 Degree Rear View

(©) (d)

Figure13. Prototype fabric shifting machiné) Gantry system and iffing head, (b)rontright view of the shifting head, (c)
Side view, (d) rearight view.

The basic elements of the shifting head are shoviAginre 13(c). There are two clamps fixed
on two linear stages to grip the fabric ajotme weft direction. One clampalledthe Spacing
Clamp moves along the warp direction of the fabric, adjusting to the length of the section to be
shifted. The other clamgalledthe Shifting Clamp moves along the weft direction to create the
shift. Two sets of pinch rollers are located outside the clamps to feed fabric from the fabric roll

which isattached to the machinigure14 shows the fabric before and after a 10 degree shift.
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Figure14. Fabric before (left) andfter(right) shifting.

The current average deposition speed is 30 mm/s in the lab setup, limited by the capability of
the gantry system (top speed = 80 mm/s, acceleration = 40°m#ilthough there is limited
literature on the standard human layup speed, we observed shop floor operations at a major OEM
supplier, where the average hand layup speed is approximately 50 mm/s. Considering that
industrial high speed gantry systems are reporting top speeds of up tars~wbth 9.8 ~ 49
m/s’ (1 ~ 5 G) of acceleratiof23, 24], the deposition speed of the machine could be increased
could feasibly be increased by an order of magnitude. In addition, the lab system is designed to
handleup to 280mm fabric; however, the fundamental method of shifting is not theoretically
limited to any panel width. This could be a notable advantage with respect to the tapes used in

current automated tape layup systems.

Work Procedure

The machine creates shift in a cycle of coordinated motions. In each cycle, the machine
feeds straight fabric from the fabric roll, shifts the fabric to a certain shape, deposits the shifted
fabric onto the moldand then prepares for the next cycle. Successive cyclésftrics result in
a piece of fabric with a curved shape. The work procedure of the shifting machine is shown in

the schematic dfigurel5and explaineas follows









































































































































































































