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ABSTRACT

In the industry of wind turbine blades, the manufacturing of large-scale
composite parts is becoming more common. Much effort has been focused on reducing
the manufacturing cost and increasing quality by automating the manual layup process.
This paper presents a novel automated fabric layup solution based on a new
method to deform fiberglass fabric, referred to as shifting, for the layup of non-crimp
fabric (NCF) plies. A mathematical model has been presented to describe the method.
Preliminary tests have been conducted in order to test the physical plausibility of the
shifting method. The layup test showed that shifting can produce layups with accurate
two dimensional geometry while avoiding out-of-plane deformation. In addition,
material testing was conducted to understand the material properties of the parts made by
the shifting method. A prototype machine was built to test the feasibility of automating
the shifting method and layup tests were conducted to test the performance of the
apparatus.

1
CHAPTER I: INTRODUCTION

Nowadays, composite materials are widely used as a manufacturing material. With
light weight and high strength properties, composite materials are used as manufacturing
materials of products as simple as a bath tub and as sophisticated as an airplane.
Most of the utility scale wind turbine blades 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. Secondly they
are required to be as light as possible to maximize the power output. Moreover, the
aerodynamics requires the blades to have non-prismatic geometries. Last but not least, the
cost of wind blades needs to be as low as possible to make the power generated cost
effective. Composite materials are chosen because they have the flexibility to be made into
three dimensional free-form shapes and they have a good balance between material
properties and cost.
With the rapid growth of the wind energy industry, the size of the wind turbine blade
is seeing a consistent increase to make it more cost effective [1]. Currently the common
length of utility scale wind turbine blades is around 50 meters while that of the largest blades
is more than 70 meters [2]. The enormous size of the wind turbine blades makes the
manufacturing of them very challenging. The goal of this research is to improve the
manufacture of wind turbine blades by automating the layup of the composite fabrics used in
their construction.
Composites are typically created through the mixing of two parts, the matrix and the
reinforcement. The composites that this research focuses on are fiberglass fiber reinforced
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polymers (FRP) in which fiberglass is used as the reinforcement and polymer is used as the
matrix. There are many ways to make composites; Open mold wet layup, pre-pregs and
vacuum assisted resin transfer molding (VARTM) are commonly seen in the manufacturing
of wind turbine blades. Most of the parts of the wind blades, however, are made by VARTM
because it balances the quality and the cost of the final part [3]. To begin the VARTM
method, multiple layers of fabric are laid up on a rigid mold that provides the part geometry.
Then a thin flexible membrane (vacuum “bag”), considered as the other half of the mold, is
applied over the fabric and sealed with the rigid mold. At this point, the two parts of the mold
make up a closed mold. After the closed mold is established, a vacuum pump is used to pull
resin into the mold and mix with the fiber through the resin and vacuum distribution lines.
The layup process used for the VARTM is very labor-intensive. The fiberglass fabric
is supplied as two dimensional fabric plies. During the layup process, the fabric has to be
manipulated in order to conform to the shape of the mold with three dimensional free-form
shapes; simply referred to as draping. When manipulating the fabric, the workers have to
apply substantial force to the fabric to make sure that the fabric is in contact with the mold. If
the fabric ply fails to be in contact with the mold, out-of-plane deformation will occur and
can be considered as a defect if they are too severe.
The human interaction involved introduces error and variability to the layup process.
Additionally, the massive labor and training on the layup process drives up the cost of the
parts. If an automated method could be used instead of human manipulation, better
consistency, higher quality and lower cost of the composite parts could be achieved. The
traditional automation techniques in composites industry, such as automated fiber placement
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(AFP) and filament winding are not used in the wind industry because of the cost, cycle time
and geometry constraints of the manufacturing of wind turbine blades.
A new method called shifting to manipulate non-crimp fabric (NCF) with the purpose
of creating an automated layup solution is developed in this work. The original research on
shifting was completed by Magnussen, 2011 in his Master’s Thesis [4]. That work showed
that shifting is a feasible way to manipulate fabric and to avoid out-of-plane deformation.
This thesis continues to explore both the experimental validation and then, to the creation of
an automated layup mechanism. The notion of the automated layup technique is to pre-form
the fabric to approximate shape of the mold by shifting and then deposit the fabric onto the
mold. In this way the layup process can be completed with very little human interaction. A
prototype machine has been built to test this idea and layup tests were carried out to test the
performance of the machine.
This thesis presents a manuscript for publication that will include Magnussen’s work
with the most recent research of the current author. Magnussen’s work will be reviewed in
the general solution methodology section, as it pertains to explaining and presenting the
concept. The work of both theses is then combined as appropriate in the manuscript of
Chapter III.
Literature related to this research will be discussed in Chapter II. The general
conclusion of this thesis and future work will be given in Chapter IV.
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CHAPTER II: LITERATURE REVIEW

Fabric Draping in Composites Manufacturing
Many studies have been conducted to 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 predict and optimize the draping of fabrics [5] [6] [7]. In Potter
and Hancock’s paper, drape models were used to inform the hand layup of woven fabrics [8].
In many of the studies, a pin jointed net (PJN) model was used to model the behavior of
fabric [9], which was first proposed by Weissenberg [10]. In 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 without outof-plane deformation, and that angle is called the shear locking limit, or the locking angle
[11].
A new method called shifting to manipulate NCF with the purpose of creating an
automated layup solution was developed in 2011 [4]. In this method a rectangle section of
unidirectional fabric is sheared in the weft direction and becomes a parallelogram. By
manipulating multiple successive sections, the fabric can be deformed to follow two
dimensional curves. The method has good control on shear angle and the orientation of the
tows because every unit-cell in the sheared section has the same shear angle.
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Automated Fabric Placement Techniques
There are several existing methods to automate the fabric layup process in the
composites industry. Filament winding is one of the most commonly used automation
techniques in composites industry that has been used for decades. In this process, composite
fiber is wrapped around a mandrel, as seen in Figure 2.1. 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 aspects
of filament winding such as tension and residual stress [12] [13]. However, this technique is
limited to be used mainly for cylindrical structures such as pressure vessels and pipes [14].
The deposition rate of filament winding was reported to be 136 up to 1360 kg/hr for simple
cylindrical parts and 5 to 90kg/hr for more complex high-performance parts [15].

Figure 2.1: Schematic of Filament Winding [16]

Automated Tape Layup (ATL) and Automated Fiber Placement (AFP) are two
popular automation techniques in aeronautical industry [17]. The two methods share a similar
notion which is to layup prepreg fibers onto the mold surface with an end-effector mounted
on the end of a robot arm or a gantry. ATL has been widely used in creating components
with large simple geometries while AFP can work on more complex geometries [18]. One
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such a system can be seen in Figure 2.2 where an off-the-shelf multi-axis robot is used to
carry the AFP deposition head to place carbon fiber tows onto the mold. The robotic system
gives the end-effector great ability to reach designated locations of the mold, follow complex
geometries and 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 be significantly
reduced by using ATL and AFP although considerable investment is needed for these
technologies. However, the investment for ATL or AFP is not cost-effective for wind blade
manufacturing [19]. Moreover, the two systems mainly work on prepreg carbon fiber layup
while dry E-glass layup is more common in wind blade industry [20]. Increasing productivity
and lowering the cost of the parts has been a major focus of the research on ATL and AFP
[21]. The standard deposition rate for a tape lay-up head in production was reported to be 8.6
to 13 kg/h [18] [22] [23].

Figure 2.2: An AFP System That Utilize Multi-Axis Robot Arm to Place Carbon Fiber [24]

Vacuum forming is an automated technique to deform fabric often used in fabric
draping experiments. For example, Mohammed et al. [25] and Potter [26] used vacuum
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forming in their draping experiments. Vacuum forming 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 Atkinson compared the
automation in composites industry and clothing industry to find a low-cost automation
solution for composites manufacturing [27]. Rudd et al. proposed a tow placement method to
create a two dimensional fabric preform that has optimal tow distribution for the threedimensional mold [28].
Various automation systems have been proposed for the manufacturing of wind
turbine blades. One example is MAG’s Rapid Material Placement System (RMPS) [29]. The
method proposed to use a gantry system that carries a multi-axis 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 method to lay up wind energy grade prepreg E-glass on a section of
wind blade mold [30]. It was found that the difference between the E-glass 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 adoption on the
shop floor.
The ultimate goal of the automation of wind turbine blade manufacturing is to reduce
the cost of wind energy. Currently the material deposition rate in wind blade industry was
reported to be 1,500 kg/h and the cost-of-finished-goods is $5/kg to $10/kg [19]. It is very
challenging for the existing automated layup technologies to fulfill these requirements.
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CHAPTER III: MANUSCRIPT

An automated fabric layup machine for the manufacturing of fiber
reinforced polymer composite

Siqi Zhu, Corey J. Magnussen, Matthew C. Frank, PhD
Department of Industrial and Manufacturing Systems Engineering,
Iowa State University, Ames, IA, USA
To be submitted

Abstract
In the industry of wind turbine blades, the manufacturing of large-scale composite
parts is becoming more common. Much effort has been focused on reducing the
manufacturing cost and increasing quality by automating the manual layup process.
This paper presents a novel automated fabric layup solution based on a new method
to deform fiberglass fabric, referred to as shifting, for the layup of non-crimp fabric (NCF)
plies. A mathematical model has been presented to describe the method. Preliminary tests
have been conducted in order to evaluate the physical plausibility of the shifting method. The
layup test showed that shifting can produce layups with accurate two-dimensional geometry
while avoiding out-of-plane deformation. In addition, material testing was conducted to
understand the material properties of the parts made by the shifting method. A prototype
machine was built to test the feasibility of automating the shifting method and layup tests
were conducted to test the performance of the apparatus.
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1 Introduction
Nowadays, composite materials are widely used as a manufacturing material. With
light weight and high strength properties, composite materials are used in products as simple
as a bath tub and as sophisticated as an airplane. Most of the utility scale wind turbine blades
are made of composite materials; specifically, fiber reinforced polymers with non-crimp
fiberglass fiber as reinforcement.
With the rapid growth of the wind energy industry, the size of the wind turbine blade
is seeing a consistent increase to make it more cost effective [1]. Currently the common
length of utility scale wind turbine blades is around 50 meters while the largest blades are
more than 70 meters [2]. The enormous size of the wind turbine blades makes the
manufacturing of them very challenging. Moreover, the cost of wind energy needs to be
reduced less than or equal to fossil fuels to make this energy source competitive. The goal of
this research is to improve the manufacture of wind turbine blades by automating the layup
of the composite fabrics used in their construction.
Open mold wet layup, pre-pregs and vacuum assisted resin transfer molding
(VARTM) are commonly seen in the manufacturing of wind turbine blades. Most of the parts
of the wind blades, however, are made by VARTM because it balances the quality and the
cost of the final part [3].
The layup process used for the VARTM is very labor-intensive. The fiberglass fabric
is supplied as two dimensional fabric plies. During the layup process, the fabric has to be
manipulated in order to conform to the shape of the mold with three dimensional free-form
shapes; simply referred to as draping. When manipulating the fabric, the workers have to
apply substantial force to the fabric to make sure that the fabric is in contact with the mold. If
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the fabric ply fails to be in contact with the mold, out-of-plane deformation will occur and
can be considered as a defect if they are too severe.
The human interaction involved introduces error and variability to the layup process.
Additionally, the massive labor and training on the layup process drives up the cost of the
parts. If an automated method could be used instead of human manipulation, better
consistency, higher quality and lower cost of the composite parts could be achieved. The
traditional automation techniques in composites industry, such as automated fiber placement
(AFP) and filament winding are not used in the wind industry because of the constraints of
cost, production rate and geometries of the manufacturing of wind turbine blades.
This paper proposes a new method called shifting to automate the manipulation and
layup process of non-crimp fabric (NCF). The notion of this technique is to pre-form the
fabric to approximate the shape of the mold by shifting and then deposit the fabric onto the
mold. In this way the layup process can be completed with very little human interaction. A
prototype machine has been built to test this idea and layup tests were carried out to test the
performance of the machine.
2 Related Work
Many studies have been conducted to 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 predict and optimize the draping of fabrics [5] [6] [7]. In Potter
and Hancock’s paper, drape models were used to inform the hand layup of woven fabrics [8].
In many of the studies, a pin jointed net (PJN) model was used to model the behavior of
fabric [9], which was first proposed by Weissenberg [10]. In this model the tows in the fabric
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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 without outof-plane deformation, and that angle is called the shear locking limit, or the locking angle
[11].
There are several existing methods to automate the fabric layup process in the
composites industry.
Filament winding is one of the most commonly used automation techniques in
composites industry that has been used for decades. It has a relatively high production rate
and computer numerically controlled filament winding can control the placement of fibers
very accurately and precisely. However, this technique is limited to be used mainly for
cylindrical structures such as pressure vessels and pipes [14]. The deposition rate of filament
winding was reported to be 136 up to 1360 kg/hr for simple cylindrical parts and 5 to 90kg/hr
for more complex high-performance parts [15].
Automated Tape Layup (ATL) and Automated Fiber Placement (AFP) are two
popular automation techniques in aeronautical industry [17]. ATL has been widely used in
creating components with large simple geometries while AFP can work on more complex
geometries [18]. Similar to filament winding, these two techniques are numerically
controlled and yield very high accuracy, repeatability and efficiency. However, the
investment for ATL or AFP is not cost-effective for wind blade manufacturing [19].
Moreover, the two systems mainly work on prepreg carbon fiber layup while dry E-glass
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layup is more common in wind blade industry [20]. The standard deposition rate for a tape
lay-up head in production was reported to be 8.6 to 13 kg/h [18] [22] [23].
Vacuum forming is an automated technique to deform fabric often used in fabric
draping experiments. For example, Mohammed et al. [25] and Potter [26] used vacuum
forming in their draping experiments. Vacuum forming 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 Atkinson compared the
automation in composites industry and clothing industry to find a low-cost automation
solution for composites manufacturing [27]. Rudd et al. proposed a tow placement method to
create a two dimensional fabric preform that has optimal tow distribution for the threedimensional mold [28].
Various automation systems have been proposed for the manufacturing of wind
turbine blades. One example is MAG’s Rapid Material Placement System (RMPS) [29]. The
method proposed to use a gantry system that carries a multi-axis 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 method to lay up wind energy grade prepreg E-glass on a section of
wind blade mold [30]. It was found that the difference between the E-glass 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 adoption on the
shop floor.
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The ultimate goal of the automation of wind turbine blade manufacturing is to reduce
the cost of wind energy. Currently the material deposition rate in wind blade industry was
reported to be 1,500 kg/h and the cost-of-finished-goods is $5/kg to $10/kg [19]. It is very
challenging for the existing automated layup technologies to fulfill these requirements.
3 General Solution Methodology
In the process of applying a roll of fabric to a mold, it may be intuitive to “steer” the
fabric along the desired path, as seen in Figure 1. In this example, one wanted to have the
fabric follow a gentle arc, but waves immediately form on the inside of the curve. When the
fabric is manipulated in this way, it will create an excess of material toward the center of the
curve because arc length decreases as radius decreases. This causes the cross tows to change
orientation throughout the layup so that they are closer together toward the inside of the
curve. The structure provided by the cross tows and stitching in NCF forces the excess
material between cross tows into compression which causes these tows to buckle; hence a
wave erupts.

Figure 1: Steering - Schematic and Actual

3.1 New Method: Shifting Fabric in Weft Direction
Alternatively, a new method is proposed in this paper; one referred to as “shifting”.
The act of shifting includes clamping the fabric along one of the fiber directions and
“sliding” the free end parallel to the clamp in order to change the direction of the fiber. This
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can be thought of as similar to deforming a rectangle into a parallelogram as seen in Figure 2.
In this method, all cross tows remain parallel to one another; therefore, fibers maintain equal
lengths throughout the width of the fabric and do not form out-of-plane deformation. This
process is repeated iteratively, creating a linear piecewise path. This method does; however,
reduce the width of the fabric as more deformation occurs. In contrast to Steering, shown in
Figure 1, an example layup using Shifting can be seen in Figure 3. A mathematical model
will be given as follows to better explain the shifting method.

Figure 2: Shifting Explanation

Figure 3: Shifting Schematic and Actual
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Mathematical Model
Recall that out-of-plane deformation is the case where some portion of the fabric ply
is no longer in contact with the mold surface, whether that is the actual mold, or a previously
laid fabric ply.
In this work, the shifting method is supposed to prevent these out-of-plane
deformations. In order to mathematically describe the shifting method, a guide curve, P(u),
must first be defined. This defines the nominal center of the fabric. Next, the fabric thickness
and placement tolerance are used to create a tolerance zone (Figure 4). To create these
tolerance zones, the guide curve is offset in both directions by one half of the fabric width 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 curve between the tolerance
curves is then the acceptable region for the fabric edge, referred to here as Tolerance Zone 1
(TZ 1) and Tolerance Zone 2 (TZ 2).

Figure 4: Guide Curve and Tolerance Zones

The beginning position of any tow, j, as seen in Figure 5, can be calculated as:
[ ]

( )

[ (

)

]

[

(
(

)
]
)

(1)
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Where M is the number of tows in the fabric,
the tow spacing at

. For unidirectional fabrics,

is the nominal shear angle, and

is

. Also,

is

is the pre-shear angle.

Pre-shear is the shear angle of the fabric at the beginning of the layup. This can be changed
to minimize the overall shear angle or change the shear angle in specific locations throughout
the layup. All values for

must remain between

and

, which represent the negative

and positive shear lock limits.

Figure 5: Starting Position

Figure 6: Fabric Variables

The location of any tow j at the end of any section, i, can be represented as:
[ ]
Where
(Figure 6).

[ ]

[

(
(

is the length of each tow in section i, and

)
]
)
is the shear angle in section i

(2)
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Figure 7: Path Calculation for

To determine these values,

and

are evaluated within TZ 1 and TZ 2

respectively. To do this, TZ 2 is translated along [
point. The possible locations for
from

] so that

are, then, any point between

and
and

are at the same
that is visible

without intersecting one of the four tolerance curves as shown in Figure 7. The

point in this region furthest from
all other

is then selected as

. From this,

,

, and

values can be calculated.

Calculating the path based on the tolerance zones is preferable to other methods such
as chordal deviation because it takes into account the decrease in width of the fabric,
shear angle deviates from

, as

as described in equation 3 and 4.
(3)
( )

(4)

Defining paths for tows in the steering method would result in a much different set of
equations because the method is continuous and does not use discrete changes. This is also
realized in shifting as

values approach zero, or continuous shifting. In steering, each tow

path can simply be represented as an offset of the guide curve. In this way, fabric width and
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tow spacing remain constant throughout the path. However, the length of individual tows is
not equal for the steering method.
This can be seen in equation 5 where

is the angle between the normals at either end

of the guide curve, P(0) and P(1). This represents the radians traversed by the fabric. The
excess arc length ( ) for a given tow can be calculated as:
(5)
Where

is the distance from the longest single path to the tow in question, normal to

the curve. Because of the structure provided by the cross tows and stitching, this extra
material must result in an out-of-plane deformation. This states that the waves get larger as
the radius decreases and that the waves are larger toward the inside of the curve. If this
equation is shown to be valid, it will show that waves must occur for steered samples.
3.2 Preliminary Results
This paper proposes the use of shifting as a means to prevent out-of-plane
deformation when considering the automated layup of fabric for composites. The method of
shifting utilize generally more acceptable in-plane deformations to avoid out-of-plane
deformation. Preliminary tests were conducted to investigate the following specific aims to
determine the physical plausibility of the shifting method:
1. Can in-plane deformation in the form of shifting be used to prevent out-of-plane
deformation?
2. What impact does the act of shifting have on the properties of composite materials?
These fundamental questions, if answered, will show whether shifting is a viable
means of placing fabric without out-of-plane deformation, and whether it will have
detrimental effects on the mechanical properties of a composite part. This would enable
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further research and testing of the method to determine whether or not its automation is
physically and commercially viable.
3.2.1 Out-of-Plane Deformation Prevention
Experimental Design
To investigate specific aim 1 and validate equation 5, samples of varying curvature
were created for both the shifting and steering methods. The samples made were 1.5m (5ft)
in length and comprised of four plies of Saertex

⁄

unidirectional fiberglass NCF

placed directly on top of one another. Each sample had a uniform radius, with the five
samples having radii ranging from 3.0m (10ft) to 15.2m (50ft) in increments of 3.0m (10ft).
One straight sample was also produced, for a total of eleven samples. Curvature was used to
quantify these radii values in order to have a finite value for the straight sample. Curvature
was defined as the inverse of the radius in meters.

Figure 8: Steering Layup Design

Figure 9: Shifting Layup Design

Each sample had four, 0.3m (1ft) sections, marked A through D, with A being the
starting section. A 25.4mm (1In) wide area of 3M Spray Adhesive #77 was applied across
the width of the fabric between the table and the first layer and between each successive layer
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at either end of each section to hold the fabric in place once it had been deformed. (Figure 8steering, Figure 9- shifting) This prevented any relaxation for all samples.

Figure 10: Mechanism Used to Produce Shifting Layup

Shifting samples were produced using the mechanism seen in Figure 10. The fabric
was first secured in the block on the linear rail to the right in Figure X. It was then put in
tension by pulling against springs incorporated into the block. The tension was applied to
provide sufficient force to deform the fabric. The fabric was then aligned with the starting
location and a clamp was applied parallel
to the cross tows directly over the
adhesive. The linear was then adjusted
until the fabric was in the correct location
for the second clamping point. Once the
second clamp was tight, the first clamp
was removed and the process continued

Figure 11: Mechanism Used to Produce Steering
Layups
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until the last constraint on “D” was in place. The fabric was then released from the block and
cut to size before releasing the clamp.
The samples for the steering method were created by placing a fabric roll in a carriage
that was guided along a guide having the
appropriate radius as seen in Figure 11.
The fabric was placed on the first
constraint over the adhesive and clamped
in place. The carriage was then guided
along the radius to the next constraint
where another clamp was placed. This was
repeated until the last constraint on “D”
was in place, and the fabric was cut from

Figure 12: Laser Scanning Setup

the roll.
Each section of each sample was scanned with an Optix 400L digital laser scanner
after layup, as seen in Figure 12. A plane was included in every scan image so that the
normal of this plane could be used as the z axis. The data was separated into the area to be
analyzed and the area to be used for the plane using RapidForm software. A LabView
program developed in the lab was used to process the data; which uses the plane provided to
best fit the z axis of the scan. The scan image is then rotated about that axis so that the
unidirectional fibers are oriented with the x axis. The program then analyzes the scan as a
number of slices the width of the scan in the x direction and .635mm. (025 inches) in the y
direction. For the dry fabric, a smoothed curve is then fit to the data along each slice and the
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arc length of the curve is calculated. The width of the slice is then subtracted from the arc
length to give the excess arc length.
After scanning, all samples were infused using vacuum resin transfer molding. The
infusion was setup as displayed in Figure 13 for all infusions. All infusions used Hexion
EPICURE™ Resin MGS RIMR 135 and EPIKURE™ Curing Agent MGS RIMR 1366
mixed to 30 percent by weight. Samples were allowed to cure under heat. The cured samples
were scanned and analyzed using the same program.
Results
Data for the dry fabric using the steering method was compared to calculated values
obtained from equation 5. This relationship is proven experimentally by comparing predicted

Figure 13: Infusion Setup

values to measured values for excess arc length, given know curvatures. When these are
compared using an

statistical test, a value of .772 is obtained, meaning that 77.2% of

variation in arc length is predicted by this equation.
Much of the unpredicted variation; however, is attributed to two reasons. The first
reason is some relaxation factor for the fabric makeup. This relaxation is caused by tows
sliding past each other and some unpreventable shifting of the fabric during manipulation.
This relaxation is seen mostly in the first section of the layup. It is also more noticeable for
the smaller radii because excess arc length is not as large and can be overshadowed by the
relaxation factor.
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The second cause for unpredicted variation is the edges of the scan. At the edges of
the scan, error is introduced because some points may be included that do not actually
represent the fabric. When the relationship is tested using the

test on the center of the

fabric on the largest radius in the center sections, a value of .996 is obtained. This shows the
validity of the calculation and that steering of fabric does, in fact, create waves.
In the shifting method, no difference in arc length is predicted across the width of the
fabric, resulting in a nominally flat layup. Because the predicted excess arc length for each
data slice is equal, a simple average with error bars is appropriate. The steering method can
also be evaluated in this way, but the result is the average excess arc length over the width of
the fabric. This does not represent the worst arc length in the sample, but roughly half of the
worst arc length. The results for this are seen in Figure 14.
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Out-of-plane deformation
(excess arc length in mm)
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8
Steering - Actual
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Shifting - Actual
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0.164

0.328
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Figure 14: Out of Plane Deformation as Excess Arc Length prior to Infusion

This

shows that there is little difference in excess arc length across the width of the fabric for the
shifted samples. For the steering samples; however, the arc length is highly dependent on the
radius as predicted. Figure 14 also shows the effect of the relaxation factor, as actual values
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are a consistent value below predicted.

Figure 15: Example Laser Scan

Figure 15 is included to show a typical wave formed by the steering method. This
scan was taken from section D of the 0.164 curvature steering layup. This scan represents an
average excess arc length value of 4.77mm (.188In).
Characterizing waves in infused composite materials via the scanning method is more
difficult than it is with dry fabric. When the layup is put under vacuum pressure for infusion,
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Shifting

3
2

1
0
0

0.06562

0.0820

0.1094

0.164

0.328

Curvature (1/m)

Figure 16: Out-Of-Plane Distortion as Max Z Range after Infusion
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excess fabric is compressed together. This combined with resin filling voids makes
measuring arc length with the scanning method very inaccurate. Instead, the maximum range
in height was measured (maximum z – minimum z). Because some alignment error exists,
this data is only useful for comparison between methods. This shows clearly that out-of plane
deformation for the steering method is much greater than for the shifting method. (Figure 16)
3.2.2 Impact on Material Properties
One potential concern with using the shifting method is the discrete shift locations.
These could cause stress concentrations reducing the strength of the component, especially in
fatigue. To test the effect of the shifting and steering methods on mechanical properties,
fatigue tensile testing was performed. These tests were performed on two sets of coupons.
One set of coupons was used to quantify the effect of the layup method (shifting vs. steering)
on fatigue life when compared to one another and straight samples (Experiment #1). The
second set of coupons was used to further investigate the shifting method. These samples
were created to quantify the effect that discrete shift quantities has on fatigue life
(Experiment #2). The testing setup and procedures will be described first, following by
description and results for Experiments 1 and 2.
Testing Setup
Two loading tabs were bonded to each end of all coupons to prevent compressive
damage of the sample in gripping. These tabs were cut to the width of the coupon and
25.4mm (1in) in length with a

taper on the gauge end. The tabs were cut from a

3.175mm (.125in) thickness G10 Epoxy
glass sheet. The tabs were then sanded
using 80-grit sand paper to increase bond

Figure 17: Loading Tab Setup
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strength. The coupons were also sanded using 80-grit sand paper in the bonding location. The
tabs were then bonded to the coupons using Hexion EPIKOTE™ Resin MGS BRP 135G3
mixed with EDPIKURE™ Curing Agent MGS BPH 137G to 40% by weight and allowed to
cure. All coupons used the same loading tab setup, shown in Figure 17.
The testing was carried out in three steps using an MTS 312.31 universal fatigue
tester. The coupon was subjected to fatigue cycling as described in detail below. An
extensometer was attached to the coupon and recording strain so that the modulus can be
calculated.
In order to set parameters for the fatigue testing, 6 coupons were tensile tested to
determine the average ultimate strength of the material. These coupons were cut from a
straight sample created in the same manner as the samples create for specific aim 1. The
coupons were cut to 25.4mm (1in) by 254mm (10in) with the 254mm (10in) length being in
the direction of the fibers. The samples were tested to single load tensile failure.
The average yield strength was calculated to be 658.55 MPa (95,514 PSI). This was
used to set parameters for the fatigue testing. ⁄ was set at 0.45 with

. This high

stress level was chosen to accelerate the testing process. These parameters were used for all
tests to provide comparative data between samples. Because of the high stress level, this data
is not intended to be used for design or specification purposes but to compare effects across
coupons.
One cycle consisted of loading to 296MPa (43,000PSI) and relieving the coupon to
29.6MPa (4,300PSI). The frequency of testing was set at 3Hz for Experiment #1 and 2Hz for
Experiment #2 because of machine capabilities. The number of cycles to failure for these
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coupons was estimated to be 48,000 (Mandel 1992) so 24,000 cycles was chosen so that
modulus could be compared before and after testing.
Experiment #1: Effect of Layup Method on Fatigue Life
Coupons 1 through 24 was cut from layup samples produced for the test of out-ofplane deformation prevention. The shifted and steered coupons consisted of three curvatures
including 0.328, 0.109, and 0.0656, with three coupons representing each curvature for each
method. This is summarized in
Table 1. All coupons in this set were cut to 25.4mm (1in) by 152.4mm (6in) with the
152.4mm length being aligned with the fiber direction.
Table 1: Experiment #1 Coupon Summary

Curvature
(1/m)

Layup
Method

0.328

Shifting

0.109

Shifting

0.0656

Shifting

0

N/A Straight

Coupon # Coupon # With
No Adhesive
Adhesive
1
2
3
4
5
6
7
8
9
10
11
12

25
26
27
28
29
30
31
32
33
34
35
36

Layup
Method

Steering

Steering

Steering
N/A Straight

Coupon # No Adhesive
13
14
15
16
17
18
19
20
21
22
23
24

For shifting and steering coupons,
the cut location in the sample was not the
same. This is because the non-linearity of
fiber for each method occurs in different

Figure 18: Coupon Location for Shifted Coupons
(1-12)
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locations within the sample. Coupons 1 through 9 were cut from the shifted layup samples at
the location of the shift between sections B and C (Figure 18). This location was chosen
because it represents the non-linearity of the fiber, in the form of in-plane-deformation. Each
section, i, contains linear fibers, so in order to realize the effect of the curvature, the samples
were taken from between two linear sections at the location of the shift.
For these samples, the location of the fiber non-linearity is also the location of the
adhesive used to hold the sample for layup and infusion. This necessitated the testing of
straight samples that also included adhesive in order to quantify any effect it may have on the
life of the coupon. To do this, coupons 10 through 12 were cut from the same location
between B and C on the straight sample. This represents the effect of the adhesive in the
absence of curvature.
Coupons 13 through 21 were cut
from the steered samples at the center of the
B section, as seen in Figure 19. This
represents the location of the fiber nonlinearity in the form of out-of-plane
deformation for the steered samples. There
was no adhesive present at this location. All

Figure 19: Coupon Location for Steered Coupons
(13-24)

of these coupons except coupon 20 and coupon 21 had visibly evident waves or wrinkles.
These two coupons were taken from the outside of the least severe curvature samples. In this
location a small amount of excess arc length is predicted and the relaxation factor
overshadowed this excess arc length. Coupons 22 through 24 were cut from the same
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location in section B on the straight sample. These samples were included to quantify the
fatigue life without any effects (curvature, shifting, steering, and adhesive).
To test the material property without the interference of the adhesive, three shifted
samples and one straight sample were created without using adhesive. The curvatures of the
three samples were the same as the three shifted samples with adhesive. The coupon location
is the same as what is shown in Figure 17. Coupon 25 through 32 was cut from the shifted
samples without adhesive. Coupons 34 through 35 were cut from the straight sample without
adhesive.
The samples were tested using the aforementioned testing procedure. In the testing,
many coupons did not survive the prescribed 24,000 cycles, so no secondary modulus was
recorded for samples 1 through 24. Those coupons were compared based on the number of
cycles that the coupon remained intact, referred to as the fatigue life of the coupon.
Coupons that did survive the fatigue testing were recorded as right censored values,
meaning that the only information available about these coupons is that their life is greater
than 24,000. This is “Type 1” or “time censoring.” All coupons were not tested to failure due
to time and resource constraints. Because the manufacturing of the coupons was randomized,
and was all done by the same process, it is assumed that time of manufacture did not have an
impact on the coupons life. Therefore, it is reasonable to pool this data and analyze it with
censored values included [38]. Results of fatigue life are presented in Figure 20, showing the
difference between shifted and steered samples.
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Figure 20: Fatigue Life - Shifting vs. Steering

This data shows that samples from the shifting method that contained adhesive have
longer life than those from the steering method that did not contain adhesive, especially as
curvature increases. The only coupons from the steering method that survived were the two
listed above that showed no sign of out-of-plane deformation. It can be seen that even the
coupon from the inside of the sample for the least severe curvature had a very low fatigue
life. This coupon is representative of the layup as a whole because a failure at the inside of
the layup where the wave was present would compromise the entire component.
All of the shifted samples without adhesive survived the fatigue. This indicates that
the presence of adhesive weakened the material and overshadowed the effect of shifting.
Indication of fracture was observed only in coupon 8. The modulus dropped to
28157MPa after fatigue which is 1/3 lower than the other samples. Upon a close inspection,
the specimen cracked in the gripped region of the loading tab. [31] This is an unacceptable
failure mode not caused by tension in the material but the shear in the gripping region, which
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may be caused by poor system alignment. Thus specimen No. 8 is not included in the
analysis.
The modulus before fatigue is shown in Figure 21. The mean moduli of the shifted
samples decrease as curvature increase and are about 2% to 3% lower than the mean modulus
of straight samples. However, statistically the difference between the four groups is not
significant enough to draw any conclusion that they are different from each other. The
modulus reduction results are shown in Table 2. There is no statistically significant modulus
reduction after fatigue observed on either the shifted samples or the straight samples.
This test has shown that the tested material properties of the straight and shifted
samples without adhesive are quite comparable. Difference in properties between shifted and
straight fiberglass might be shown if the samples are tested using more aggressive test
parameters.
4.7E+10
4.6E+10
4.5E+10

Modulus (Pa)

4.4E+10
4.3E+10
4.2E+10

Modulus Before Fatigue

4.1E+10
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4E+10
3.9E+10
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Figure 21: Modulus of Shifted Samples before Fatigue
Table 2: Results of Fatigue Test on Shifted and Straight Samples without Adhesive
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Curvature
Coupon #

Modulus Before Fatigue (Pa)

Modulus After Fatigue (Pa)

Modulus Reduction

25

4.275E+10

4.275E+10

0.014%

26

4.078E+10

4.060E+10

0.436%

27

4.083E+10

4.007E+10

1.862%

28

4.138E+10

4.136E+10

0.034%

29

4.229E+10

4.186E+10

1.021%

30

4.178E+10

4.171E+10

0.157%

31

4.232E+10

4.206E+10

0.620%

33

4.161E+10

4.134E+10

0.646%

34

4.197E+10

4.186E+10

0.265%

35

4.391E+10

4.389E+10

0.043%

36

4.306E+10

4.299E+10

0.156%

(1/m)

0.328

0.109

0.0656

0

Experiment #2: Effect of Discrete Shift Quantities on Fatigue Life
The second set of coupons was created as individual layups
at the desired size. These coupons were comprised of 4 layers of
Saertex

⁄

unidirectional fiberglass NCF cut to 25.4mm
(1in) wide to prevent cutting of tows as
seen in Figure 23. The proportion of cut
tows would be different for different
discrete shift quantities and would;

Figure 23: Cut Tows

therefore, cloud the effect of the discrete
shift quantities. All coupons included a

angle of deviation from

straight and were 254mm (10In) long. The coupon was divided into
Figure 22: Coupon Set 2

2, 3, or 4 equal length sections to produce the angle. (Figure 22)
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These correspond to 1, 2, and 3 discrete shifts respectively.
To understand the actual effect of the shifting method, the coupons for this
experiment were created with a constant curvature and no adhesive using only the shifting
method. This allowed the isolation of the effect of discrete shifting quantities. An example
coupon can be seen in Figure 24.

Figure 24: 3-Shift Coupon after 24,000 Cycles

These coupons were then fatigue tested under the conditions listed above, except that
all coupons were fatigued to failure with no maximum cycle restriction. The fatigue life data
for the 9 coupons is presented in Figure 25. Life, expressed as cycles to failure, for samples
with one discrete shift was very low as compared to samples with 2 or 3 discrete shifts. This
shows that a large stress concentration exists at the point of the discrete shift, where all
coupons with 1 discrete shift failed.
The life of the coupons increased very quickly as the number of discrete shifts

(6)
included in the coupon increased. The fit curve for the data is in the form of:
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In this equation Y is the number of cycles and x is the number of discrete shifts. The
values for a, b, and c for this angle and material are 139,424; 191,073; and 0.367
respectively, which were determined by minimizing the mean square error. In this equation,
the parameter “a” represents
1000000

the predicted life of a coupon

100000

with infinite shifts
(continuously shifted), while
“b” and “c” define the shape
of the curve. The actual data
along with the fit curve and
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1
0
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Figure 25: Effect of Discrete Shift Quantity on Fatigue Life

can be seen in Figure 25.
This experiment has shown that the optimal number of shifts in a 254mm long fabric
should not be higher than five. This criterion was taken into consideration while designing
the prototype shifting machine.
3.3 Conclusions about General Solution Methodology
The preliminary results have shown that shifting is a viable method to manipulate
fabric while avoiding out-of-plane deformation. The material tests do not show that small
shift angles impact the modulus or modulus reduction of the material. The next step is to
automate the manipulation and to test the feasibility of this technique along with its accuracy
and repeatability in the layup process.
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4 Implementation of the Automated Shifting Machine
The kinematic simplicity of this shifting methodology makes this kind of
manipulation relatively easy to automate. Essentially, the substantial mechanism for shifting
is two parallel linear constrains along the weft direction that can move parallel to each other.
Based on this idea, a six-axis automated fabric shifting machine was developed and tested.
The goal of this part of the research is to test whether the shifting method is a feasible way to
automate the manipulation of fiberglass fabric.
4.1 Design of the Automated Fabric Shifting Machine
As shown in Figure 26, the machine consists of two parts, a three-axis gantry system
and a three-axis shifting head attached to the gantry system. The shifting head can
manipulate fabric to a certain shape and deposit the shifted fabric onto a surface like a mold.
The gantry can move the shifting head in three orthogonal axes to lay down the shifted fabric
onto the desired position of the mold. The travels of the laboratory gantry are ten meters for
X axis, two meters for Y axis and one meter for Z axis. The shifting head is currently
designed to shift fabric up to 280mm wide.
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Three-Axis Gantry

Shifting Head

Figure 26: The Prototype Fabric Shifting Machine in the Laboratory

The design of the shifting head is shown in Figure 27. There are two clamps fixed on
two linear stages to grip the fabric along the weft direction. One clamp, named the Spacing
Clamp, moves along the warp direction of the fabric to adjust the length of the section to be
shifted. The other clamp, named the 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 attached to the machine. The pinch motion of the clamps and rollers are driven by
pneumatic cylinders controlled by solenoid valves. Each of the two linear stages is driven by
a servo motor. The two sets of pinch rollers are driven by another servo motor with a timing
belt system.
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Fabric Roll
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Back Pinch Rollers

Shifting Clamp

Spacing Clamp

Front Pinch Rollers

Direction of Travel

Figure 27: Side View of the Shifting Head

The machine creates a shift in a cycle of 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 mold and then prepares for the next cycle. Successive cycles of shifting will
result in a piece of fabric with a curved shape. The work procedure of the shifting machine is
shown in Figure 28 and explained below.
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Path Planning

Initializing

Step 2

Step 1

Step 3

Figure 28: Working Process of the Shifting Machine



Initialize: The shifting head moves to start position.



Step 1: Spacing clamp moves to corresponding position according to the length of
shift section.



Step 2: First, both rollers open and both clamps close to grip the fabric.
Next, the gantry moves the entire shifting head to position the spacing clamp while
shifting clamp synchronously moves the opposite direction to maintain position
relative to the mold. At the same time the spacing clamp moves toward the back roller
to compensate for the length reduction of the shifted fabric.
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Step 3: Both clamps open and both rollers close.
Next, the entire frame moves forward to the next shift position as the rollers feed
fabric accordingly. The shifting clamp moves back to center synchronously.

4.2 Fabric Layup Experiments
To test the performance of the shifting machine, a series of layup experiments were
performed. In the layup tests, the shifting machine manipulated fabric to certain shapes.
Then, the actual shapes of the shifted fabric were measured and compared with the designed
shapes. In this way, the accuracy and precision of the layup by the machine can be analyzed.
The fabric used for layup test is 200mm wide Saertex 930g/m2 unidirectional fiberglass.
4.2.1 Experimental Design
In the layup tests the shifting machine was programmed to manipulate and lay up
fabrics onto a flat surface which is regarded as the mold surface. The fabrics were
manipulated to shapes that approximate arcs with various radii. Each sample consisted of
eight 200mm long sections, as seen in Figure 29. Sections 1~6 were shifted sections that
approximated an arc with certain radius. Section 0 and 7 were non-shifted sections on the two
ends.

Figure 29: Planned Geometry of a Sample with Radius of 2.0m

As discussed in the methodology section, the direction of the unidirectional tows
changes when fabric is shifted. The angle between the unidirectional tows before and after
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the shifting is called “shift angle”. In the layup samples, each section was shifted to a certain
shift angle by the machine which is called the prescribed shift angle. For the non-shifted
sections the shift angle is considered to be zero. After the fabric is placed onto the mold, the
actual shift angles were measured to determine if the fabric achieved the prescribed
deformation. The actual position of the manipulated fabric was also measured and compared
to the prescribed position and any out of plane deformation, was also measured.
When shifted, all of the unidirectional tows were kept parallel to each other and have
the same geometry profiles. Thus, the profile of one of the tows can be used to approximate
the shape and position of the entire piece of the fabric sample. Therefore, by measuring the
center tow, both the shift angle and the absolute position of the shifted fabric can be
approximated.
An articulated Coordinate Measurement Machine (CMM), the Faro EDGE Arm, was
used to measure the profile of the center tow. Figure 30 shows the measurement locations of
the fabric. For each shifted section, two points close to the shift location were measured. By
connecting the two points of a section with a line, the direction of this section can be
obtained. The actual shift angle can then be found by constructing an angle between this line
and the line of the center tow before shifting which is always the original warp direction of
the non-shifted fabric.

Figure 30: Planned Measurement Locations of a Sample with Radius of 2.0m
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A metal square was fixed at the corner of the mold surface to construct a coordinate
system for the Faro Arm, as shown in Figure 31. A metric scale was positioned beneath the
plastic mold surface in order to locate the probe of the Faro Arm during experiments. The
measurement coordinate system constructed using the square ruler is shown in Figure 31. A
reference sphere on the corner of the shifting head was scanned with the Faro Arm for each
trial to ensure that the machine started in the same location. In this way, layup process of all
the samples was performed in the same coordinate system.

X

Metric Ruler
Y

Figure 31: The Measurement Coordinate System

The experiment procedures for a layup test are as follows:
1. Construct measurement coordinate system using the edges of the square.
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2. Initialize the machine to the starting position.
3. The machine manipulates and lays the fabric onto the mold.
4. Measure the height of out of plane deformation.
5. Mark the measurement locations according to the measurement plan.
6. Measure the position of each designed measurement location with the Faro Arm.
To understand the influence of different variables, three layup experiments were
carried out. In the first experiment, samples with four different radii were created to
investigate if the layup performance varies for different geometries. In the second
experiment, the mold surface was changed to a layer of fabric to simulate the scenario when
a piece of fabric is deposited onto another piece of fabric. Finally, in the third experiment, a
technique called Over Shifting was developed and tested to see if it can improve the accuracy
of the samples. Table 3 presents the experiment plan.
Table 3: Experiment Plan

Group #
1
2
3
4
Group #
3
5
Group #
3
6
7

Experiment a) Effect of Geometry
Desired Shift Angles Replications
Radius
6099mm
5 3 1 -1 -3 -5
5
3050mm 10 6 2 -2 -6 -10
5
2033mm 15 9 3 -3 -9 -15
5
1525mm 20 12 4 -4 -12 -20
5
Experiment b) Effect of Mold Surface
Desired Shift Angles Replications
Radius
2033mm 15 9 3 -3 -9 -15
5
2033mm 15 9 3 -3 -9 -15
5
Experiment c) Effect of Over Shifting
Desired Shift Angles Replications
Radius
2033mm 15 9 3 -3 -9 -15
5
2033mm 15 9 3 -3 -9 -15
5
2033mm 15 9 3 -3 -9 -15
5

a) Effect of Different Geometries

Variable
Radius

Variable
Plastic Surface
Fabric Surface
Variable
No Over Shift
30% Over Shift
50% Over Shift
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It had been observed during preliminary tests that when the fabric was shifted, the
actual shape was usually different from what it was theoretically shifted to. The goal of this
experiment was to understand if different prescribed geometries affect the final sample
geometry or variability. For example, does a tighter curvature make the process more
accurate or less accurate? To do this, the machine was programmed to create fabric samples
with four different radii. For each radius, five replications were created. The length of each
section was 200mm. By adjusting the shift angles from 1 to 20 degrees, the radii varied from
1.9m to 6.1m. Since this kind of fabric is estimated to have a shear lock limit of 25 degrees,
this experiment tested most of the shift angles that could reasonably be induced to the fabric
under typical use. The sequence of experiment was randomized prior to execution.
b) Effect of Mold Surface
In the current industry layup practice fabric is either laid directly on the mold surface
or on another layer of fabric. In test a), the fabric was laid on a flat plastic surface which is
comparable to a mold surface. In this test, the fabric was laid on a flat fiber glass fabric
surface as seen in Figure 32. Five replications of samples with the prescribed radius of
2033mm were created in this way to be compared with the sample set #3 in experiment a).
The results of these tests will help understand the effect of the layup surface on the
performance of the machine.
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Figure 32: Setup for Experiment b)

c) Effect of Over Shifting
In the preliminary tests it was found that the actual shift angle was usually smaller
than the prescribed shift angle. It is hypothesized that the stiffness of the fabric pulled the
shifted section back towards its original shape in a form of spring back. Through a proposed
method of over-shifting, the fabric is shifted to a larger angle at first and then it is shifted
back to the prescribed angle. The amount of over shift is defined as how much percent more
the fabric is shifted to before it is shifted back to the final shift angle. For example, if a
section is planned to be shifted to 10 degrees, a 50% over shift means it is first shifted to 15
degrees and then shifted back to 10 degrees. Two different percentages of over shifting were
tested by creating samples with the same 2033mm radius, as seen in Table X.

45
4.2.2 Results
This section presents the results of the three experiments. For each experiment, the
shifting angles, the absolute positions of the fabric and the out-of-plane deformation were
shown and analyzed.
a) Effect of different Geometries
Figure 2.1 shows the results of the layup experiment of the four radii. It can be seen
from the charts that there is a noticeable difference between the prescribed shift angles and
the actual values. A Student t test has shown that, for five of the six shifted sections, the
magnitude of actual shift angle was smaller than that of the prescribed shift angle. The only
exception is section 3 for which the prescribed angle is in the confidence interval on the
actual angles. The suggestion is that section 3 behaved differently since it is where the shift
direction changes sign (negative to positive, etc.). The interaction between sections makes
the shift angle behave differently. In sections 0 and 7, the sections that were not shifted, did
not end up with zero shift angles as predicted. The shift angle of section 0 is always larger
than zero and the shift angle of section 7 is always smaller than zero. Noting that section 1
was shifted to a positive angle and section 7 was shifted to a negative angle, it is believed
that shifted sections next to the non-shifted sections deformed the shifted sections toward
their shift direction.
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Figure 33: Prescribed and Actual Shift Angle. (Note that the scales of the Y axis are different)

Figure 34 shows the repeatability of the shift angles for each sample and each section
as the half width of 95% confidence interval. As shown, the highest variances occurred in
the samples with lowest radius which indicates that tighter curvature may cause higher
variability.
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Figure 34: Confidence Interval about Actual Shift Angle Based on Five Replications

To better understand the difference between prescribed shift angles and the actual
shift angles, the deviation of shift angle is derived as
Deviation of Shift Angle=Actual Shift Angle - Prescribed Shift Angle
Considering the convention about the sign of shift angle, positive deviation means the
actual shift angle is on the clockwise side of the prescribed shift angle and vice versa.
Figure 35 summarizes the average shift angle deviation of each section and radius. It
can be seen that for the same section the deviation gets larger as the radius gets smaller. The
only exception, again, is section 3 where the direction of shift changes. If the deviation of the
same radius is added up, the total angle deviation is negative. This indicates that the
accumulation of actual shift angles is toward the right side of X axis. The accumulation of
prescribed shift angles, on the other hand, is zero.
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Figure 35: Average Shift Angle Deviation of Each Section and Radius

Figure 36 shows the deviation plot for shifted sections for each radius. The linear
regression analysis has shown that for samples that have same radius, there is a strong linear
relationship between the shift angle and the deviation; the higher the shift angle is, the higher
the deviation is. The slope of the regression line gets less steep as the radius gets smaller.
This indicates that the tighter arcs will result in lower deviation per degree of shift. The
results have great value in predicting the actual shift angles.
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Figure 36: Deviation of Shift Angle as Shift Angle Changes. (Note that the scales of X axis are different)

Figure 37 shows the actual positions of the shifted fabric. Since the X positions of
each measuring point are the same, the actual position of the fabric can be analyzed by the Y
location of the measured points. As shown, actual positions of the fabric tend to locate higher
than prescribed positions for the first half of fabric and lower than prescribed positions for
the second half of fabric. This phenomenon agrees with the hypothesis that the fabric tends to
spring back to the original shape: when the fabric is shifted toward the negative Y direction it
springs back towards the positive Y direction; when the fabric is shifted toward the positive
Y direction it springs back towards the negative Y direction.
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Figure 37: Prescribed and Actual Position of the Shifted Fabric (Note that the scales for Y axis are
different)

Figure 38 shows the variability of the fabric positions as the half width of 95%
confidence interval of Y position. Most of the interval is within 5mm, indicating that the
machine is precise enough to place fabric within 10 mm around the mean location. The
highest variability happened in the samples with smaller radii. That indicates that a tighter
curve may result in higher variability.

Figure 38: Confidence Interval about Actual Fabric Position Based on Five Replications
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Figure 39 shows the average deviation of each section and radius. It can be seen that
the samples with tighter curvature generally have more deviation. The last two sections have
significant higher deviation than the other sections. This agrees with the asymmetry of shift
angle shown in Figure 7 and 8. More of the sections are biased clockwise toward the negative
Y direction. The end of the fabric is deformed to the negative Y direction as a result of the
accumulation of shift angle deviation.

Figure 39: Average Position Deviation of Each Section and Radius

Out of plane deformation was observed during the experiments. For some samples,
the outer edge of the fabric rose up at as shown in Figure 40. This kind of out of plane
deformation is simply called Curl in this work. The maximum height of curl of each
sample is shown in Figure 41. The maximum height always occurs at the shift area between
section 4 and 5. Interestingly, the curl is highly related to the fabric material; if samples from
one roll curled, they all curled and conversely, for another roll, no curl was observed.
Although this effect is apparent, it was not further explored or explained as a part of this
research.
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Height of the Curl

Curl

Figure 40: The Curl Phenomenon

Figure 41: Curl Height of Each of the Five Replicates. (Missing values indicate no curl)

b) Effect of Mold Surface
The shift angle and position results of the layup on fabric surface are summarized in
Figure 42 and Figure 43 and compared with the control group, the group three in experiment
a).
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Figure 42: Shift Angle of Samples Laid up on Fabric Surface

Figure 43: Position of Samples Laid up on Fabric Surface

Student t test at 95% confidence interval was performed between two groups for each
section. It showed that there is no significant evidence showing that the layup on fabric
surface is different from the layup on plastic surface in terms of actual shift angles or actual
positions. There are two possible explanations. Firstly, the spring back effect might take
place before the fabric was laid onto the mold surface. Secondly, the fabric surface might not
provide different surface constraint than the plastic mold surface.
The summary of curl heights is shown below in Figure 44. No significant difference
was found between the two groups.
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Figure 44: The Curl Height of the Layup on Plastic Surface

c) Effect of Over Shifting
The shift angle results of over shifting are shown in Figure 45 below. It can be seen
that the actual shift angles are closer to the prescribed ones for the over shifted samples. The
deviation results, as seen in Figure 46 and Figure 47, show that for most of the sections the
over shift method provides less deviation. The exceptions are section three and section seven
where the deviation of the non-over shifted samples is quite small. Also, the asymmetry of
shift angle between the first and second half is not as significant as the non-over shifted
sample.

55

Figure 45: The Shift Angle of Over Shift Experiments

Figure 46: The Shift Angle Deviation of the Over Shifted Samples
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Figure 47: The Average Shift Angle Deviation Comparison between the Over Shifted and Regular
Samples

Next, a Fisher’s Least Significant Difference (LSD) test was used to compare the
mean values of shift angles among the three groups for each section. It confirmed that for
section 0, 1, 2, 4, 5 and 6 the over shifted samples has significantly lower deviation than the
non-over shifted samples. For section 1 and 6 the 50% over shifted samples provides even
lower deviation than the 30% over shifted samples. This means that the over shifting
techniques did eliminate some of the spring back and make the process more accurate. The
50% over shift provides slightly better results than the 30% over shift.
Figure 48 shows the variability of shift angle as the half width of 95% confidence
interval. The over shifted samples have narrower confidence interval for section 3 through 7.
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Figure 48: Confidence Interval about Actual Shift Angle Based on Five Replications

Figure 49 and Figure 50 show the position measurement results. Similarly, the
position deviation of the over shifted samples is significantly smaller than that of the nonover shifted samples at several sections.
The LSD test confirmed that the over shifted samples have much lower deviation for
the latter three sections, section 5, 6 and 7. It can be seen that the deviation of the over shifted
samples is within ±10mm while the deviation of the non-over shifted samples is as large as 25mm.
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Figure 49: Actual Fabric Position of the Over Shifted Samples

Figure 50: Position Deviation of the Over Shifted Samples

Figure 51 shows the variability of the fabric position as the half width of the
confidence interval. The over shifted samples have narrower confidence interval in every
section which indicates that over shifting could make the layup process more repeatable.
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Figure 51: The Confidence Interval about Actual Positions of the Over Shifted Samples

Figure 52 shows the curl height of the over shifted samples. The over shift may result
in lower curl height for same batch of fabric but the conclusion is weak due to the lack of
data from the non-over shifted samples.

Figure 52: The Curl Height of the Over Shifted Samples

4.2.3 Discussion


There is a 20% to 30% reduction of shift angle after the fabric is laid onto the mold.
This phenomenon should be very well understood since it has a great impact on the
accuracy of the fabric manipulation. If the amount of spring back can be well

60
predicted, the spring back can be compensated by over shifting the fabric beyond the
desired angle and back.


The interaction between each section was also observed. Section 0 and section 7,
which were not manipulated, ended up with shift angle with the same direction as
their neighbor sections. The interaction between sections also caused the shift angles
of the first and second half of the samples to be asymmetric.



The layup on fabric did not appear to be different from the layup on plastic surface.



The over shift technique decreases the effect of spring back significantly and
improved the repeatability of the layup process.



The placement of fabric layup is repeatable up to ±5mm with the help of over
shifting.



The curl is believed to be caused by the fabric’s tendency to deform back to its
original shape and needs further investigation.

5 Conclusions and Future Work
The proposed fabric shifting method was proved to be a feasible method to
manipulate fiberglass fabric with kinematic simplicity. The material tests have shown that
shifting has minimal impact on the fatigue life and stiffness of fiber glass when the shift
angle is small. The fabric layup tests performed on the shifting machine helped to understand
the capability of the machine. The placement of fabric by the shifting machine is repeatable
up to ±5mm without the use of adhesive. However, out-of-plane deformation was observed
as curls on the outer edges of the samples and will require further investigation. It should be
noted; however, that the curls were not a problem upon vacuum bagging and infusions, as
they simply smoothed out without causing waviness in the final products.
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Future work should focus on improving the deposition rate of the machine and
applying the shifting method to three dimensional free-form shapes which are more common
in the industry. The cause of curl should be understood to avoid out-of-plane deformation, at
least during deposition. Further material tests on infused fiberglass should be conducted to
better understand the mechanical properties of the parts made by the shifting method.
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APPENDIX: MEASUREMENT ERROR ANALYSIS
Repeatability and reproducibility of the position measurement in this research were
evaluated. The range and average method was used to do the analysis [32].
Operator A

Operator B

Part

Trail 1

Trail 2

Trail 3

Range

Trail 1

Trail 2

Trail 3

Range

1

-478.91

-478.89

-478.56

0.34

-478.83

-479.41

-479.63

0.80

2

-477.01

-476.75

-476.95

0.26

-476.87

-477.58

-477.42

0.71

3

-471.97

-471.48

-471.72

0.49

-472.05

-471.84

-471.92

0.21

4

-432.06

-431.47

-431.51

0.59

-431.95

-432.11

-431.95

0.16

5

-423.90

-423.91

-423.67

0.24

-423.99

-424.15

-424.13

0.16

6

-400.58

-400.63

-400.58

0.06

-400.94

-401.01

-400.81

0.20

7

-397.67

-397.43

-397.61

0.24

-397.85

-398.11

-397.77

0.34

8

-390.15

-389.95

-390.01

0.20

-390.31

-390.23

-389.81

0.51

9

-389.26

-389.41

-389.41

0.16

-389.55

-389.72

-389.34

0.39

10

-394.87

-394.82

-395.35

0.53

-395.30

-395.28

-395.39

0.11

Average Range=

0.33

Repeatability=

1.02

Reproducibility=

1.20

R&R=

1.58

Repeatability=1.02mm
Reproducibility=1.20mm
R&R=1.58mm
Based on the analysis, it can be said that the measurement system is repeatable to
1.02mm and reproducible to 1.20mm.
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