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Preface
This thesis has been submitted to the Faculty of Engineering and Science
at Aalborg University in partial fulfillment of the degree of Doctor of Phi-
losophy in Mechanical Engineering. The work has been carried out at the
Department of Materials and Production at Aalborg University in the period
from September 2016 to August 2019. This period includes a research stay
abroad at the Advanced Composite Materials and Textile Research Labora-
tory at the University of Massachusetts Lowell, USA from February to July
2018.

The PhD project is part of the research project FlexDraper - An Intelligent
Robot-Vision System for Draping Fiber Plies which has been funded by the In-
novation Fund Denmark under grant number 5163-00003B.

Reader’s Guide

The work conducted during the PhD study has been reported in three journal
papers and four conference proceedings with the journal papers constituting
the main contributions. The thesis takes the form of an extended summary
with the journal papers appended.

In Chapter 1, Introduction to Characterization and Modeling of Fabrics,
the topic of automated composite draping is introduced and motivated, and
some relevant concepts and analysis tools related to modeling and charac-
terization are briefly discussed. Readers already familiar with modeling of
composite draping may go through this chapter casually, but are encouraged
to visit Sections 1.2 and 1.7 covering a description of the overall research
project and the PhD project objectives, respectively. Chapter 2, State-of-the-
Art Literature Review, takes the reader through a survey of relevant publica-
tions from the scientific literature. Chapter 3, Results and Conclusions of the
PhD Project, summarizes the results from the three journal papers, includ-
ing some unpublished material from the studies. Based on the formulated
research questions, an overall conclusion is drawn. Lastly, Chapter 4, Future
Work, discusses possible extensions of the work presented, including some
preliminary studies that were conducted.
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Abstract
Laminated composites are known for their superior mechanical properties
and are increasingly being used, for instance in the aerospace, automotive
and sporting goods industries. One major drawback is the cost associated
with the manufacturing process. This drawback is especially true for small
batch production which, to a wide extent, is based on manual labor. Thus,
there is a need for a flexible, automatic system for manufacture of small batch
composites.

The FlexDraper research project takes point of departure in the aerospace
industry in which fairly simple, low-curvature parts occur frequently. The
project considers the draping of entire plies of woven carbon fiber prepreg.
The quality control is, however, not simple and the tolerances for misplace-
ments and wrinkles on the mold are very tight. It is therefore crucial to be
able to predict such defects before they occur in the robot cell. Further, the
development of possible defects must be taken into account when program-
ming the draping robot. To that end, a numerical framework is needed.

The present PhD project considers such a numerical framework. The pre-
preg material is first characterized experimentally in its major deformation
modes: fiber direction tension, in-plane shear and out-of-plane bending. Spe-
cial emphasis is placed on the shear deformation which is known to be the
governing mode of deformation during composite draping. The results from
the characterization is used as input for a rate-dependent fabric material
model in a nonlinear finite element (FE) context. Together with a model of the
mold and the robot tool, a given robot draping sequence can be simulated,
and its validity with respect to the quality requirements can be assessed. As
an aid in the draping sequence generation, the final configuration of the robot
tool on the mold can be predicted using a kinematic draping algorithm. By
testing simple draping sequences, it is found that wrinkles and misplace-
ments can easily occur with the robot system, and that a proper choice of
draping sequence is crucial to meet the industry requirements.

The issue of selecting a proper draping sequence is addressed by means
of a computationally efficient prepreg fabric model used in an optimization
framework. By means of the final known robot configuration the optimization
framework can generate a draping sequence taking the fabric response in the
intermediate steps into account. After validation using the FE model, the
generated draping sequence can be implemented on the robot system.

vii
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Dansk Resumé
Laminerede kompositter er kendt for deres fortrinlige mekaniske egenskaber
og bruges i stigende grad inden for eksempelvis luftfarts-, bil- og sportsud-
styrsindustrierne. En betydelig ulempe er fremstillingsprisen. Denne ulempe
kommer særligt til udtryk ved produktion af små serier, hvor der ofte anven-
des manuel arbejdskraft. Der er derfor et behov for et fleksibelt, automatisk
system til fremstilling af kompositter i små styktal.

Forskningsprojektet FlexDraper tager udgangspunkt i luftfartsindustrien,
hvor relativt simple emner med svage krumninger ofte forekommer. Der
fokuseres på drapering af hele lag af præ-imprægnerede kulfibervæv. Kvali-
tetskontrollen er dog langt fra simpel, og tolerancerne for nøjagtig placering
samt foldedannelse på støbeformen er meget små. Det er derfor helt centralt
at kunne forudsige sådanne defekter, før de opstår i robotcellen. Endvidere
skal der tages højde for dannelsen af mulige defekter, når draperingsrobot-
ten programmeres. I forlængelse heraf er det fordelagtigt med et numerisk
beregningsværktøj.

Dette PhD-projekt omhandler et sådant beregningsværktøj. Kulfibervævet
karakteriseres først eksperimentelt, opdelt i de dominerende deformations-
mekanismer: træk i fiberretningerne, forskydning i planet og bøjning ud
af planet. Der lægges særlig vægt på forskydning, som er kendt som den
mest betydningsfulde deformationstilstand under drapering. Resultaterne fra
karakteriseringen bruges som input til en materialemodel, som medtager ef-
fekterne af varierende deformationshastigheder af materialet. Materialemo-
dellen anvendes i en ikke-lineær finite element (FE) model, som også omfat-
ter en repræsentation af støbeformen og robotværktøjet. FE-modellen mulig-
gør simulering af en given robotdraperingssekvens, hvormed validiteten af
sekvensen i forhold til de fremsatte kvalitetskrav kan bedømmes. Som en
hjælp til bestemmelse af draperingssekvenser benyttes en kinematisk drape-
ringsalgoritme til beregning af robotværktøjets slutkonfiguration på støbe-
formen. Ved at teste simple sekvenser bliver det klart, at folder og place-
ringsunøjagtigheder let kan forekomme under drapering med robotten, og
at et korrekt valg af draperingssekvens er altafgørende for at imødekomme
kravene fra industrien.

Udfordringen med et korrekt valg af draperingssekvens undersøges ved
hjælp af en beregningseffektiv model af kulfibervævet, som benyttes i sam-
menhæng med et optimeringsprogram. Ved hjælp af den kendte slutkonfigu-

ix
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ration for robotværktøjet kan optimeringsprogrammet generere en sekvens,
hvor kulfibervævets respons undervejs i processen tages med i beregningerne.
Efter validering med FE-modellen kan den genererede sekvens implementeres
på robotsystemet.
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1
Introduction to

Characterization and
Modeling of Fabrics

“ “Drape” and “drapability” are terms for that prop-
erty of textile materials which allows a fabric to orient
itself into graceful folds or pleats when acted upon by
force of gravity. Hence, a fabric is said to have good
draping qualities when the configuration is pleasing
to the eye. ”

– Chu et al. (1950)

While a carbon fiber layup certainly can be pleasing to the eye, the introduc-
tion of “graceful folds” is highly problematic when manufacturing compo-
nents for the aerospace industry. Thus, the term draping is ambiguous and
the meaning depends on whether the context is the garment industry (as
with the above quote) or laminated composites which is the focus in this the-
sis. Nonetheless, both types of applications basically concern fabrics whose
behavior can be characterized, modeled and simulated. Because the garment
industry predates the composite industry, early developments in terms of
characterization and modeling were in fact with cotton rather than carbon
fibers in mind. And while graceful folds or wrinkles must be avoided when
draping composites, an accurate prediction is quite essential.

Before going into detail with the properties of fabrics and modeling, it is
appropriate to introduce the draping process in a composite context as well
as the FlexDraper research project.

1
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Chapter 1. Introduction to Characterization and Modeling of Fabrics

1.1 Composite Draping

Laminated fiber-reinforced polymers (FRP) consist of layers of aligned fibers
embedded in a polymer matrix material, i.e. resin. An example of a lami-
nated panel from an aircraft wing is sketched in Fig. 1.1. The fibers can for
instance be made from glass, carbon or even polymer. Such composites ex-
hibit high strength-to-weight and stiffness-to-weight ratios compared to met-
als and find widespread use in e.g. the automotive, aerospace, and sporting
goods industries (Jones, 1999). The fiber plies exist as either “dry”, in which
case the resin is added subsequently, or as “prepreg”, i.e. pre-impregnated
with a partially cured resin. The latter gives a better control of the resin con-
tent in the composite and is often used in the aerospace industry. This study
considers prepreg fabrics.

... ...

Laminate

Ply
(lamina)

Fig. 1.1: Constituents of a laminated aircraft wing panel. The panel is attached by means of
mechanical fasteners and adhesive bonding. Reworked from photo by Master Sgt. Donald R.
Allen, U.S. Air Force (www.dvidshub.net).

2
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1.1. Composite Draping

(a) Manual layup. (b) Automated fiber placement. Photo by Fraunhofer
IPT (www.ipt.fraunhofer.de).

Fig. 1.2: Manufacturing methods for layup of laminated prepreg composites.

Composites made from prepregs can be manufactured in a number of
ways, but common to all methods is the fact that the fiber plies must be
formed or draped to match the desired part geometry before the resin is cured
or solidified. When the forming is achieved by placing the fibers on a mold
surface, the process is denoted layup. Alternatively, the plies can be formed by
compression between a male and female mold which is denoted molding. The
choice of manufacturing method depends on the configuration of the fibers,
the manufacturing volume and the complexity of the part (Jones, 1999).

The traditional and most versatile manufacturing method is manual layup
as shown in Fig. 1.2(a), a process by which one or more operators manipulate
the ply onto the mold by hand. While this method is flexible, the production
costs are high due to the cost of manual labor, and complex parts in general
require some operator skill (Elkington et al., 2015).

In the 1970s, an automatic layup system, automated tape laying (ATL),
was developed. As the name suggests, it comprises a robot with the ability
to deliver a strip of uni-directional prepreg tape onto the mold. A decade
later, automated fiber placement (AFP) was introduced in which a number of
narrow prepreg slices are brought together and aligned by the robot before
being delivered to the mold as a single unit. An AFP system is depicted in
Fig. 1.2(b). In general, by means of the multiple slices, AFP can handle more
complex parts compared to ATL. Notice, though, that both ATL and AFP are
restricted to uni-directional prepreg material (Lukaszewicz et al., 2012). That
is, the fibers of each layer deposited on the mold by the robot are oriented in
the same direction. Another fiber configuration, often found in the aerospace
industry, is woven fabric with two fiber directions in each layer. In this study,
the topic is composite manufacturing with woven prepreg plies by means of
layup. Therefore, this process is elaborated in the following.

3

www.ipt.fraunhofer.de


i
i

“master” — 2019/10/3 — 11:35 — page 4 — #16 i
i

i
i

i
i

Chapter 1. Introduction to Characterization and Modeling of Fabrics

Vacuum bag 
assembly

Draping Inspection Debulking

Foil removalPly cutting

Autoclave
curing

Machining

Fig. 1.3: The steps in manufacturing of composites made from woven prepreg.

1.1.1 Manufacturing of Composites with Woven Prepreg

The manufacturing of composites made from woven prepreg consists of sev-
eral steps prior and subsequent to the draping as illustrated in Fig. 1.3. The
prepreg material is stored in rolls with backing foil on each side. The first
step is to unroll the ply on the cutting table. The cutting is carried out by
means of a computer-controlled cutting head, and a conveyor belt advances
the ply. Before draping, the backing foil must be removed. Then, each ply
is draped on the mold followed by a manual quality inspection. After a cer-
tain number of plies - typically 10 - the layup must be debulked by means of
vacuum. This process removes any entrapped air. When all plies are draped,
some auxiliary materials are typically added. This could include a breather,
which is a permeable fabric helping to ensure an even pressure distribution,
and a release film which facilitate easier removal of the auxiliary materials.
The layup and auxiliary materials are now enclosed in a vacuum bag, and
the assembly is placed in an autoclave. Here, the composite is cured at high
pressure and elevated temperature. After curing, the assembly is de-bagged

4
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1.2. The FlexDraper Research Project

(a) Wrinkling and boundary misalignment.

Bridging

Wrinkle

(b) 2D illustration of defects.

Fig. 1.4: Defects in woven carbon fiber prepreg layup.

and de-molded. The final step is machining in which the edges are trimmed
and holes can be drilled. Naturally, the finished part is subjected to elaborate
testing of dimensions and possible defects (Pansart, 2013).

This study focuses on the draping step in which the plies are formed to
the mold surface. A requirement to the outcome of the draping process is that
the draped plies must conform closely to the mold surface and thereby not
include wrinkles. Further, the boundary of the ply must match a prescribed
boundary. These requirements are checked in the “Inspection” step in Fig. 1.3.
An example of an infeasible draping process is shown in Fig. 1.4(a). The con-
cepts of a wrinkle and bridging is sketched in Fig. 1.4(b). In general, a wrinkle
is an out-of-plane deformation, which in the draped configuration typically
results in excess ply material compared to the mold surface area beneath it.
The formation of wrinkles is a complicated mechanism, and it will be re-
visited in Chapter 2. Bridging is a shortage of ply material compared to the
mold surface area beneath it. In the 2D sketch in Fig. 1.4(b), it is demonstrated
that the length of the ply material, which is not in contact with the mold, is
respectively longer (wrinkling) and shorter (bridging) than the arc length of
the mold beneath it. Defects such as those in the figure would significantly
deteriorate the mechanical properties of the final product. As a consequence,
if the part was cured without correcting the layup defects, scrapping would
be necessary.

1.2 The FlexDraper Research Project

The present PhD project is part of the research project FlexDraper - An Intel-
ligent Robot-Vision System for Draping Fiber Plies. The purpose of the research
project is to develop an automatic layup solution for entire plies of woven
prepreg fabric. It is intended to operate on double curved mold surfaces of

5
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Chapter 1. Introduction to Characterization and Modeling of Fabrics

Draping sequence 
execution

Vision system 
quality inspection

Picking from table

Ply and mold 
data

Simulation

Gripper pick 
locations on ply

Vision system ply 
identification

Offline draping 
sequenceHardware

Software

Legend

Ply

Gripper

Camera

Fig. 1.5: Software and hardware components of the FlexDraper robot system.

low curvature which occur frequently in the aerospace industry. The project
addresses the issue of the high cost associated with manual layup and ad-
ditionally includes the prospect of increased and consistent part quality. A
consortium of Danish universities as well as Danish and international in-
dustrial partners makes up the research project. The project partners are:
Aalborg University, University of Southern Denmark, Technical University of
Denmark, RoboTool A/S, Netherlands Aerospace Centre (NLR) and Terma
Aerostructures A/S (Terma).

The project takes as its point of departure the current production of car-
bon fiber composites at Terma. The company is a subcontractor of US aircraft
manufacturer Lockheed Martin and its product portfolio includes parts for
the F-35 Lightning II fighter jet. The current layup process at Terma is per-
formed manually and the idea is that the developed automated solution can
be a direct substitute of the manual operation. Currently, Terma produces
more than 100 composite parts for the F-35 program, and it is estimated that
75% can be automated. However, with the high number of different parts and
also fairly low batch sizes, the system must be flexible and reconfigurable.

A schematic representation of the system setup is shown in Fig. 1.5. The
robot is able to manipulate a ply by means of an end effector consisting
of an array of actuated suction cups, i.e. grippers. First, the flat ply located
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(a) The FlexDraper robot cell.
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(b) The concept of the MiniDraper tool.

Fig. 1.6: Robot systems in the FlexDraper research project.

on a table is identified by means of a vision system. The ply is picked by
the robot grippers at some computed pick points. The robot then moves the
end effector into position over the mold and the grippers manipulate the ply
onto the mold according to a computed draping sequence. It is crucial that
the draping sequence places the ply inside a prescribed boundary and avoids
wrinkling and other defects. The quality control is carried out by means of the
vision system. The result can e.g. be fed back to the software for evaluation
of the simulation.

Two robot end effector concepts were developed during the project. The
FlexDraper, Fig. 1.6(a), and the MiniDraper, Fig. 1.6(b). In the FlexDraper
robot cell, each gripper is actuated in the vertical direction while a system
of links and joints enables the gripper grid to passively adapt to a double
curved mold surface. In this way, not all degrees of freedom (DOF) are con-
strained. The grippers of the MiniDraper tool are actuated in all translational
DOF. This setup allows for direct control of the gripper positions, but it also
complicates the hardware.

An essential part of the FlexDraper research project is to generate feasi-
ble draping sequences for the robots. To this end, an understanding of the
material behavior through experimental characterization is important. Next,
a number of models of varying fidelity capable of aiding in the generation
of the feasible draping sequences is of interest. This is exactly the motivation
for the following sections.

1.3 Mechanics of Woven Fabrics

To understand the challenges associated with characterization and modeling
of woven prepreg fabric, a discussion of the mechanical behavior is conve-
nient. As introduced in Section 1.1, the prepreg fiber plies considered in this

7
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Fig. 1.7: Constituents of woven fabric at different length scales.

study consist of two different materials, i.e. the carbon fibers and the resin.
This kind of material system spans several length scales, namely micro, meso
and macro as sketched in Fig. 1.7. A single carbon fiber is approximately 6 µm
in diameter, and by bundling several thousands of these fibers, a yarn or tow
is formed. This is referred to as the microscale. Next, the tows are weaved in a
specific pattern to form unit cells on the mesoscale. During weaving, the weft
tows are held tensioned and straight, while the warp tows are pulled through
and inserted over-and-under as determined by the weave pattern. The weave
pattern shown in Fig. 1.7 is known as plain weave, and the side length of the
unit cell is typically in the order of millimeters. Finally, the arrangement of
all unit cells constitute the fabric on the macroscale (Boisse et al., 2008).

The macroscopic response of fabric is very different from that of continu-
ous materials, such as metals or polymers. This difference occurs because of
interactions at the micro and meso length scales. A single carbon fiber is very
stiff with a Young’s Modulus of typically 200-500 GPa (Minus and Kumar,
2005), and thus it can be considered quasi-inextensible. Because the fibers are
thin and can move relative to one another inside the tow, the fabric bending
stiffness, however, is relatively low.

At mesoscopic level, the tows are crimped due to the weaving. This means
that if the unit cell is stretched in one fiber direction, the tows in that direc-
tion must straighten out, and at the same time, the tows in the other direc-
tion must be compacted. This behavior is known as fiber straightening and is
sketched to the left in Fig. 1.8. As a result, the tensile response of the fab-
ric is different from that of a single tow. In the unit cells, the tows can also
move relative to each other. These movements include rotation at the cross-
over points which is known as shearing as well as slipping of the cross-over
points (Fig. 1.8 center and right). Ultimately, the deformation modes of the
fabric facilitates the draping process without damaging the fibers. To this
end, shearing is the dominant deformation mechanism when the initially flat
fabric conforms to a double curved surface (Boisse et al., 2018).

8
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1.4. Fabric Test Methods

Shear Tow slipFiber straightening

Fig. 1.8: Some deformation modes of woven fabric at the meso/unit-cell level. The blue dashed
lines indicate the undeformed configuration.

The fabric is impregnated with a resin in which the hardener is present.
This means that curing is invariably in progress, and that the prepreg has a
limited lifetime. To extend this lifetime, prepregs are stored in a freezer to
slow down the curing reaction (Pansart, 2013). Apart from complicating the
handling of the prepreg material, the resin also causes the plies to behave
viscoelastically, i.e. a combination of elastic and viscous behavior. The resin
will somewhat stabilize the fabric, i.e. diminish some of the deformations at
micro and meso levels compared to dry fabrics. Specifically, the slippage of
the tows in the unit cells is reduced (Laroche and Vu-Khanh, 1994).

1.4 Fabric Test Methods

As discussed in the previous section, a woven fabric has numerous deforma-
tion modes at different length scales, and thus all of these modes can be char-
acterized. The motivation for experimental testing is often to provide input to
a simulation model, which thereby will dictate the appropriate experimental
setup. Common to the tests applied to prepreg material is that the rate of de-
formation should be considered due to the viscoelasticity. Here, the focus is
three major deformation modes on the macroscopic level, i.e. fiber direction
tension, in-plane shear and out-of-plane bending. The section will conclude
with an introduction to image processing as a tool to measure deformation
in the test samples.

1.4.1 Fiber Direction Tension

The force vs. elongation characteristic of the fabric in the fiber direction can
be measured by means of a uniaxial tensile test. A strip of the ply is mounted
between the grips of a universal testing machine and extended. The fibers
must be oriented along the loading direction. Recall from Section 1.3 that
a tensile force applied in the fiber direction of a woven fabric will result in
straightening of the crimped tows with an accompanied compaction of the
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Chapter 1. Introduction to Characterization and Modeling of Fabrics

(a) Bias-extension test during deformation.
The red dashed line enclose the pure shear
zone.

(b) Picture-frame test in the undeformed configuration. The
red arrow indicate the displacement of the upper joint dur-
ing deformation.

Fig. 1.9: Test methods for shear characterization of fabric. White crosses indicate the tow direc-
tions of the sample.

tows in the other direction. As a consequence, the force response is nonlinear
in the deformation. In addition, because of the tow interaction in the unit
cells, the tensile state of one fiber direction in fact couples with the tensile
state of the other direction. For this reason, a biaxial tensile test gives a more
accurate characteristic of the fiber direction tension (Gereke et al., 2013). Bi-
axial testing is discussed in Section 2.1.1.

1.4.2 In-Plane Shearing

As previously noted, shearing is the dominant deformation mechanism dur-
ing draping, and thus its characterization has received considerable attention.
Two methods that are commonly applied for shear characterization are de-
picted in Fig. 1.9: the bias-extension test and the picture-frame test (Cao et al.,
2008).

The bias-extension test involves a rectangular fabric sample cut in the
bias direction, i.e. with the fibers oriented ± 45 degrees to the edges of the
sample. The sample is clamped at the top and bottom using wide grips which
are mounted in a universal testing machine. Extending the sample, a distinct,
heterogeneous deformation field is created where a pure shear zone will exist
in the center of the sample. A number of conditions must be satisfied for the
test to be valid. Most importantly, because the tows shearing in the center of

10
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α
Overhang sectionClamped section

Inclined plane

Cantilever Test

Kawabata Bending Test
(a) Schematics of tests. The blue dashed lines indicate the un-
deformed configuration.

(b) Kawabata bending test machine. Photo by
Kato Tech (www.keskato.co.jp).

Fig. 1.10: Standard bending tests for fabrics.

the sample are unclamped, slipping must be negligible (Boisse et al., 2017).
The picture-frame test relies on a square frame hinged at its corners. A

sample is clamped in the frame with the fibers oriented parallel and per-
pendicular to the frame arms, respectively. By means of a universal testing
machine, the lower joint is fixed in position, and the upper joint is displaced
upwards. During this displacement, the frame transforms into a rhombus
whereby a pure shear condition is imposed on the sample (Nguyen et al.,
1999).

The picture-frame test requires a more complicated test setup compared to
the bias-extension test, but it also avoids the nonuniform shear deformation
field. Because of this nonuniformity, the data processing of the bias-extension
comes with more uncertainty than the picture-frame test. Other issues, data
processing approaches and modifications to the two tests are discussed in
Sections 2.1.3 and 2.1.4.

1.4.3 Out-Of-Plane Bending

The out-of-plane bending properties are traditionally determined with one
of two simple standardized tests (de Bilbao et al., 2010): The cantilever test
first due to Peirce (1930) and the Kawabata evaluation system (KES) bending test
(Kawabata, 1980) illustrated in Fig. 1.10(a). These tests were originally devel-
oped to measure the “feel” of textiles for the garment industry. Currently,
they serve as the basis for more advanced bending tests recently developed

11
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Fig. 1.11: Edge detection using a global threshold value of 191, i.e. 75% of the grayscale range.
Photo by Senior Airman Alexander Cook, U.S. Air Force (www.dvidshub.net).

which are discussed in Section 2.1.5.
In the cantilever test, a horizontal strip of fabric is cantilevered under

the influence of gravity. Based on the overhang length which the deflecting
strip makes on a downwards inclined plane, a bending stiffness constant can
be determined. Thus, the cantilever test assumes linear elastic behavior. The
Kawabata test, Fig. 1.10(b), works by installing the two ends of a fabric strip
in a stationary and moving clamp, respectively. Sliding is possible in the
stationary clamp. The moving clamp describes a circular motion at a fixed
rate whereby the bending moment vs. curvature can be measured. The test,
however, requires a specific test machine which is costly (Lomov et al., 2003).

1.4.4 Measurements using Image Processing

By means of digital images, the test samples can be analyzed for deformation.
In this study, grayscale images are used. A digital grayscale image consists of
a 2D array of picture elements or pixels where each pixel has a specific color.
An 8-bit image is able to represent 256 colors and thereby 256 shades of gray.
Therefore, each pixel in the image has a value in the range between 0 and 255
(Marques, 2011).

12
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Digital image processing involves applications of varying complexity. A
fairly simple example is edge detection of a planar object. If the contrast be-
tween the object and the background is sufficiently high, the object edge can
for instance be detected by means of global thresholding. The method works
by defining a tolerance or threshold of grayscale values. Next, a rounding is
performed such that all values below the threshold are set to 0 (black) while
all values above the threshold are set to 255 (white). Pixels on the edge of
the object are then defined as having a value of 0 while being connected to
at least one pixel with a value of 255. An example of edge detection using
thresholding is provided in Fig. 1.11.

A more advanced example of image processing is that of digital image
correlation (DIC) which has been successfully applied for deformation mea-
surements in textile materials (Lomov et al., 2008). The method relies on a
random speckle pattern on the surface of the sample. A reference image of
the sample is taken before deformation, and subsequently images of the de-
formed sample are taken at intervals during the test. During processing of
the acquired images, the reference image is divided into small subsets. Due
to the random speckle pattern, each subset will have a unique combination
of grayscale values. The idea is now to track each subset in the deformed
images. This tracking is achieved by a correlation criterion, i.e. a criterion that
compares greyscale values. The result is a displacement field for the sample.
By differentiation, the strain field can be obtained (Lomov et al., 2008). The
accuracy of the method can be assessed by taking two reference images and
carrying out the correlation. Any calculated deformation is due to noise.

1.5 Modeling Approaches

The three length scales introduced in Section 1.3, i.e. micro, meso and macro,
also represent three approaches to modeling of fabrics. Models on the mi-
croscale, however, are not suitable to predict the macroscopic ply behavior
due to the high number of fibers and thereby the computational cost required
(Boisse et al., 2008). Therefore, the remaining part of this section will consider
modeling based on the meso- and macroscale which is denoted discrete and
continuous modeling, respectively, as sketched in Fig. 1.12.

Discrete modeling refers to the fact that the discrete constituents or de-
formation modes of the fabric on mesoscale are considered separately. The
idea is that the behavior of each discrete component in the model can be
represented with simple properties. For instance, the most basic approach is
to consider the tows as inextensible straight lines. These lines are connected
at the crossover points in the weave where they are free to rotate, i.e. pin-
jointed. In effect, the shear stiffness becomes zero. This model was proposed
by Mack and Taylor (1956) and is known as the pin-jointed net model. Because
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Fabric

Dis
cret

e

Continuous

Fig. 1.12: Modeling abstractions for woven fabric.

it does not consider the material properties of the ply, it is also referred to as
a kinematic model. Subsequently, discrete models that take the mechanical
properties of the ply into account have been developed and recent advances
are discussed in Section 2.2.2.

Continuous modeling of the ply relies on homogenized material proper-
ties. The idea is to capture only the macromechanical response, i.e. to “smear
out” the response of the underlying length scales. The challenges with re-
gard to the continuous modeling approach are to establish a link between
experimental data and the homogenized formulation as well as update the
instantaneous material properties in the model when the fabric deforms (re-
call the coupling effects discussed in Section 1.3). The benefit of the contin-
uous approach is that the model is usually less time-consuming to evaluate
compared to the discrete approach (Boisse et al., 2008). An example of the
continuous approach is to consider the ply as a thin, flexible plate with lin-
ear elastic orthotropic properties as e.g. done by Kang and Yu (1995). More
advanced continuous models are also discussed in Section 2.2.1.

Mechanical models, both discrete and continuous, are most often solved
using the finite element (FE) method. In this study an explicit dynamic formu-
lation is used, which is briefly introduced in Section 1.5.2. First, the applica-
tion of kinematic models is elaborated.

1.5.1 Kinematic Mapping of Woven Fabric

Kinematic representations in the form of the pin-jointed net idealization are
simple but have traditionally found widespread use to predict the draped
configuration. In that sense, it works as a map from the ply in a flat configu-
ration to the ply draped on the double curved mold (Akkerman et al., 2018).
The ply is first divided into a pin-jointed grid of squares. A starting point or
seed point and the two initial tow directions on the mold surface are chosen to
constrain the first square. The remaining squares are now progressively laid
onto the mold, one joint at the time as sketched in Fig. 1.13. In the simple
case of an analytical mold surface equation specified by F(x, y, z) = 0, the
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s
i-1,j

i,j-1s
i,j

F(x,y,z)  = 0

Fig. 1.13: Mapping of a ply onto a mold using the pin-jointed net model. Adapted from Wang
et al. (1999).

problem of locating the joint i, j is defined by the following set of equations
(Laroche and Vu-Khanh, 1994):

(xi,j − xi−1,j)
2 + (yi,j − yi−1,j)

2 + (zi,j − zi−1,j)
2 = s2 (1.1)

(xi,j − xi,j−1)
2 + (yi,j − yi,j−1)

2 + (zi,j − zi,j−1)
2 = s2 (1.2)

F(xi,j, yi,j, zi,j) = 0 (1.3)

The first two equations state that the distances between the neighboring joints
must be equal to the grid spacing s, which is predefined. The third equation
constrains the joint i, j to be on the mold surface.

Initiating the algorithm from the seed point and the two initial tow direc-
tions does not produce a unique solution. Remedies have been proposed in
the scientific literature and are discussed in Section 2.3.1.

1.5.2 Explicit Dynamic Finite Element Analysis

The FE method is an approximate numerical method for solving field prob-
lems, i.e. the determination of the spatial distribution of some field vari-
able. The method is versatile because it can handle arbitrary geometries and
boundary conditions. It is often applied within the field of structural me-
chanics where the field variable is displacements. The basic idea is to divide
the structure or part into a number of elements which are connected at nodes.
Within each element, the field variable is approximated by interpolation of
the nodal values by means of shape functions. Thus, the field problem can be
converted into a set of algebraic equations in which the unknowns are the
nodal values (Cook et al., 2002). For transient problems, the FE equilibrium
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equation is given as:

[M]D̈ + [C]Ḋ + Rint = Rext (1.4)

Here [M] is the mass matrix, [C] is the damping matrix, and D is a vector of
nodal displacements. An overdot implies the time derivative. The quantities
Rint and Rext are vectors of internal material forces and externally applied
forces, respectively. For linear elastic materials, the internal forces, Rint, can
be calculated based on a stiffness matrix [K]:

Rint = [K]D (1.5)

For nonlinear materials, some constitutive relation will provide the element
stresses, σe, as function of the displacements, based on which the internal
forces can be computed as follows:

Rint = ∑ rint , rint =
∫

V
[B]Tσe dV (1.6)

In the equation, the summation indicates the assembly from element level
to global level. [B] is the strain-displacement matrix, i.e. a matrix containing
derivatives of the element shape functions with respect to the spatial coordi-
nates. By means of direct time integration, the equilibrium equation is solved
at discrete time intervals n∆t:

[M]D̈n + [C]Ḋn + Rint
n = Rext

n (1.7)

Either implicit or explicit time integration can be applied, with this study fo-
cusing on the latter. By means of Taylor series expansions for Dn+1 and Dn−1,
2nd order accurate expressions for the first and second derivatives of Dn are
obtained:

Ḋn ≈
1

2∆t
(Dn+1 −Dn−1) (1.8)

D̈n ≈
1

2∆t2 (Dn+1 − 2Dn + Dn−1) (1.9)

Inserting the approximations from Equations (1.8) and (1.9) into Equation (1.7)
(discrete FE equilibrium), the following is obtained after a minor reordering:

(
1

∆t2 [M] +
1

2∆t
[C]

)
Dn+1 =

Rext
n −Rint

n +
1

∆t2 [M](2Dn −Dn−1) +
1

2∆t
[C]Dn−1 (1.10)
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This is the classical explicit difference equation at time step n in which the
unknown quantity is the vector of nodal displacements at time step n + 1,
i.e. Dn+1. If the mass and damping matrices, [M] and [C], are diagonal, the
system of equations becomes decoupled making it very efficient to solve. A
consistent mass matrix is not diagonal, but different “lumping” schemes exist
that will yield an approximate diagonal matrix. Usually, the damping matrix
is taken as the mass matrix multiplied by some constant α, i.e. [C] = α[M].
This is known as mass proportional Rayleigh damping.

The explicit method is only conditionally stable, and it requires that ∆t ≤
2/ωmax, with ωmax being the highest eigenfrequency of the model. The time
step can somewhat be related to wave propagation through the elements
which is approximated by the CFL condition:

∆t ≤ L
c

(1.11)

In the equation, L is the effective element length, and c is the speed of sound
in the material which for linear elastic materials can be calculated using
Young’s Modulus, E, and the density, ρ, as c =

√
E/ρ (Cook et al., 2002).

Thus, it is evident that the stable time increment can be increased by increas-
ing the element sizes or artificially increasing the density (mass scaling).

The explicit approach has both advantages and disadvantages compared
to implicit time integration. It is very robust and handles nonlinearities well.
It is also algorithmically simple, i.e. easy to apply when implementing new
formulations. Finally, the memory requirements are lower. The issue is the
conditional stability leading to small time steps which causes long solution
times. The aforementioned robustness, however, means, that convergence is-
sues are less frequent than with implicit time integration which can also add
to the time spent with an analysis. A final issue is the accuracy, which can
be affected by both round-off error due to many time steps and also force
unbalances due to the fact that the method uses only historical information
(Cook et al., 2002).

1.6 Robot Motion Planning

As mentioned in Section 1.2, an essential part of the FlexDraper research
project is to generate feasible draping sequences. More specifically, to deter-
mine the trajectories of the grippers in the robot tool such that the fiber plies
are draped in a manner which satisfies the quality requirements. A robot
can for instance be programmed by manual teaching. This way of program-
ming can be achieved by moving the robot along the desired trajectory, e.g.
by means of a joystick. The manual approach is, however, time-consuming
and inhibits the use of the robot system during programming which is why
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offline programming, relying on a process model, is more suitable. Here, the
trajectories can be calculated on a computer and subsequently transferred to
the robot control software.

In this study, optimization is utilized to generate the gripper trajectories
offline. For this reason, a brief introduction to the topic is provided in the
following section.

1.6.1 Optimization Methods

Optimization is a mathematical discipline concerned with finding the opti-
mal set of parameters, i.e. design variables, that minimize or maximize some
objective function while satisfying a set of constraints (Arora, 2012). An example
of application within the field of mechanical engineering could be a fighter
plane. Here, the design engineers want the plane to be as light as possible
while ensuring the structural integrity. The first step is to build a represen-
tative simulation model of the plane. Next, the objective function to be min-
imized is chosen as the mass of the plane subject to structural constraints,
such as stresses evaluated at various critical locations in the structure. This
minimization is achieved by altering the design variables which control the
thicknesses of the composite panels in the simulation model.

An optimization problem with design variables stored in the vector x can
be written in the following standard form:

minimize
x

f (x)

subject to gi(x) ≤ 0 , i = 1, ..., p (1.12)

hj(x) = 0 , j = 1, ..., m

Here f (x) is the objective function, and gi(x) and hj(x) are inequality and
equality constraints, respectively. The criterion functions, i.e. f (x), gi(x) and
hj(x) can be anything from simple linear, analytical expressions to implicit
results from a complex simulation model. The latter would be the case in the
above example with the fighter plane.

The choice of algorithm to solve the optimization problem in Eq. (1.12)
depends, among others, on the nature of the criterion functions and the num-
ber of constraints. One family of algorithms rely on gradients of the criterion
functions. A gradient is a vector of partial derivatives, which thereby contains
information about how a criterion function changes if a given design variable
is changed. By way of example, for a function of one variable, the gradient is
equal to the slope of the function. Naturally, to decrease the value of the ob-
jective function, the design variables must change according to the gradient
of the objective function, ∇ f (x).

For gradient-based algorithms, an important part of the implementation
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is the design sensitivity analysis, i.e. the calculation of derivatives. Depending
on the nature of the criterion functions it can be implemented more or less
analytically or approximated numerically using finite differences. The latter is
sometimes necessary with implicit criterion functions. For a function of one
variable, the first order accurate finite difference approximation is given as:

∇ f (x) ≈ f (x + h)− f (x)
h

(1.13)

Here h is the perturbation which must be chosen. The finite difference ap-
proximation involves multiple function evaluations, and the results are de-
pendent on the chosen value of h. Therefore, analytical or semi-analytical
gradients are usually faster to evaluate and more robust (Arora, 2012).

1.7 Objectives of the PhD Project

The preceding sections of this chapter have discussed the challenges related
to automated draping processes for woven carbon fiber prepreg plies and
also outlined some relevant methods and tools. This discussion leads to the
following overall research hypothesis:

“Numerical analysis can provide quantitative information about automated drap-
ing of prepreg plies in terms of predicting possible defects as well as feasible draping
sequences”.

The motivation for a numerical simulation model is that it can be evaluated
and also reconfigured more easily than by operating the physical robot sys-
tem. The research hypothesis suggests two purposes of the numerical sim-
ulation. The first purpose is to be able to predict possible defects such as
wrinkles or bridging. The idea is that some generated draping sequence can
be simulated before being executed on the robot system. This approach al-
lows to detect possible flaws with the draping sequence at an early stage.
Such a high fidelity model must include important physical effects of the ply
material and the tool, and therefore it relies on material characterization.

The second purpose is to predict a drape pattern or draping sequence that
will meet the quality requirements. Due to the high number of possible - but
not necessarily feasible - gripper paths, the prediction of draping sequences
will require a large amount of model evaluations with different gripper con-
figurations, for instance by means of optimization. Therefore, a simulation
model used for draping sequence prediction must be computationally inex-
pensive to evaluate.

Specific objectives in the form of research questions are formulated below:
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1. Which experimental test methods are suitable to characterize the defor-
mation mechanisms of prepreg ply?

2. How can the ply material behavior and the kinematics of the FlexDraper
tool be captured in a high fidelity predictive simulation model?

3. What are the important ply deformation mechanisms to account for in
an approximate model?

4. How can gradient-based optimization be utilized for determining robot
draping sequences?

To ensure that the most relevant and up-to-date methods are applied for
finding answers to the research questions, the state-of-the-art literature is
reviewed in the next chapter.
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2
State-of-the-Art Literature

Review

“ Nevertheless wrinkling is a global phenomenon and
there is no simple relation between the shear angle and
the wrinkles. Wrinkles are due to all strains and rigidi-
ties of the fabric (tension, in-plane shear and bending)
and to boundary conditions. ”

– Boisse et al. (2011)

Wrinkles and their prediction is a critical topic in the context of composite
draping. Therefore, wrinkles also play an important role in the many scien-
tific publications on the topic characterization and modeling of fabrics. This
chapter presents a review of some relevant publications and is divided into
sections covering experimental characterization, mechanical modeling and
approximate modeling. The emphasis is placed on methods and approaches
applicable to simulation of woven prepreg fabric draping. The chapter is con-
cluded with a brief summary.

2.1 Experimental Characterization

Many studies based on the test methods introduced in Section 1.4 have been
conducted and reported. The test methods in question can characterize the
tensile, in-plane shear and out-of-plane bending response of fabrics.
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Fig. 2.1: Displacement field of tows during shearing obtained using DIC. Left: before locking
angle. Middle: at onset of locking. Right: After locking angle. Reprinted from Zouari et al. (2006)
with permission from Elsevier ©.

2.1.1 The Biaxial Tension Test

The uniaxial tensile test for evaluating the fiber direction tension is a fairly
common test and will not be treated further. Instead, the focus is on the
biaxial tensile test. Bassett et al. (1999) reviewed and discussed various ap-
proaches for the test setup. A major concern is how to allow the fabric to
undergo tensile strain in a direction along the clamps. Two remedies have
been applied. The first remedy is to design the clamps such that the fab-
ric can move freely parallel to the gripped edge. The second remedy is to
use a cruciform sample, and Bassett et al. (1999) additionally suggested to
remove the transverse tows. This sample configuration was used by Boisse
et al. (2001) for their biaxial tensile tests on dry fabrics. A specially designed
test rig was applied in which the ratio between weft and warp strains can be
adjusted. Based on the tests, the authors generated a surface of fabric load vs.
the strain in the weft and warp directions. Using Digital Image Correlation
(DIC), Lomov et al. (2008) showed that the removing of the transverse tows
in the arms of their tested samples did not affect the uniformity of the strain
field, and that the shear induced in the sample was negligible.

2.1.2 In-Plane Shear Characterization

As previously noted, in-plane fabric shear is the dominant deformation mech-
anism during draping. Shearing of the fabric at a macroscopic level corre-
sponds to rigid tow rotations at the cross-over points, i.e. at mesoscopic level.
The tows can rotate until they come in contact with the neighboring tows
which inhibits further tow rotation. This phenomenon is generally referred
to as jamming and the corresponding degree of shear as the locking angle
(Lindberg et al., 1961; Grosberg and Park, 1966). Using DIC on a unit cell of
a dry woven fabric, Zouari et al. (2006) verified, as shown in Fig. 2.1, that
shearing corresponds to rigid body rotation of the tows followed by a lateral
compression when the locking angle is reached.

Many researchers have applied the bias-extension test and the picture-
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Fig. 2.2: Bias-extension sample before and after deformation. Adapted from Lebrun et al. (2003).

frame test to characterize this shear behavior. It can be mentioned that a
third common test exists as part of the Kawabata evaluation system (KES)
(Kawabata, 1980) which originates from the garment industry. In this test, a
rectangular sample is clamped in the top and bottom. The lower clamp is
fixed while the upper clamp is displaced horizontally, thus imposing a con-
dition of simple shear. As with the Kawabata bending test, it only considers
fairly small deformations, and in addition the shear state in the sample is not
uniform (Hu and Zhang, 1997). The test was applied by Lomov et al. (2003)
whose focus was the low-load regime.

2.1.3 The Bias-Extension Test

The bias-extension test has been developed since the 1960’s (Boisse et al.,
2017). An important requirement is that the height H of the rectangular sam-
ple is at least twice the width W (Wang et al., 1998). If this aspect ratio is
fulfilled, three distinct deformation zones develop in the test sample during
deformation (Lebrun et al., 2003) as sketched in Fig. 2.2.

In zone A all tow ends are fixed by the clamping and thus no shear de-
formation takes place. In zone C both families of tows have free ends and
theoretically, a pure shear zone will exist with the shear angle being denoted
γ. In zone B one family of tow ends is fixed, and the other family is free
whereby shearing with half the value of γ occurs.

To process the force vs. elongation output from the universal testing ma-
chine, two relations are necessary: a relation between the elongation and the
shear angle, and a relation between the crosshead force and the shear force
on the gage area. Assuming that the tows are inextensible, that no slipping
occurs and that the in-plane tow bending stiffness is zero, the shear angle
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relation can be derived from Fig. 2.2 using trigonometry (Lebrun et al., 2003):

cos θ =
L0 + δ

2L0 cos θ0
=

L0 + δ√
2L0

(2.1)

γ = 90◦ − 2θ (2.2)

Here, δ is the elongation of zone C which corresponds to the elongation of
the sample because zone A remains undeformed.

Next, for the shear force relation, the shear deformation in zone B must
be taken into account as well, because it also contributes to the measured
crosshead force. By considering the power dissipated in shearing zones C
and B and equating that to the power generated by the moving crosshead, a
rate-independent expression for the shear force per unit width, Fsh,norm was
derived (Launay et al., 2008; Cao et al., 2008):

Fsh,norm(γ) =
1

(2H − 3W) cos γ

[(
H
W
− 1
)

F
(

cos
γ

2
− sin

γ

2

)
−

WFsh

(γ

2

)
cos

γ

2

]
(2.3)

In the formula F is the crosshead force. The expression gives Fsh(γ) incre-
mentally since the shear force at a shear angle γ depends on the shear force
evaluated at γ/2. A viscous alternative was developed by Harrison et al. (2004)
assuming Newtonian fluid behavior:

Fsh,norm =
H
W − 1

2 H
W − 3 + 2X

F
√

2
2 W

, X =
1
4

[
cos2 γ

(
1 + 3 sin2 γ

2
)

cos2 γ
2
(
1 + 3 sin2 γ

)
]

(2.4)

A Newtonian fluid has a constant viscosity independent of strain rate. There-
fore, this assumption also introduces errors because material systems with a
viscous matrix material in general exhibit a rate-dependency (Harrison et al.,
2004; Machado et al., 2016b).

The above assumptions regarding the shear angle calculation in (2.1) and
(2.2) have been tested by a number of authors. Slipping of tows in dry fabrics
was for instance investigated by Wang et al. (1998). They concluded that slip-
ping in zone C is negligible before the locking angle is reached. However, this
observation did not apply to the whole sample. Slipping was observed at the
boundaries between the deformation zones of the samples - predominantly
in carbon fiber fabrics - which led the authors to the conclusion that the in-
plane bending stiffness could influence the slipping mechanism. Usually, tow
slipping does not become significant until a certain shear angle. For the ther-
mosetting prepreg tested at room temperature by Harrison et al. (2004), the
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limiting shear angle was approximately 40◦.
To take the possible tow slip into account, the shear angles of the samples

can also be determined optically. One simple approach is manual measure-
ments on images taken during the test (Harrison et al., 2004), or by using DIC
(Zouari et al., 2003; Lomov et al., 2008). Recently, Pasco et al. (2019) proposed
a shear angle measurement algorithm based on tracking of dots painted on
the sample. It proved useful up to high shear angles for which DIC can fail
due to the compaction of tows and thereby the speckle pattern. Also, ad-
vanced commercial laser measurement systems exist, as e.g. employed in the
study by Krieger et al. (2015).

Wrinkling in the gage area is common in the bias-extension test, but as
demonstrated by Alsayednoor et al. (2017) it can lead to overestimations of
up to 20% of the actual shear angle when using 2D optical measurement
techniques. The same authors also investigated the effect of pre-shearing, i.e.
unintended shearing of the sample prior to testing. This effect can also lead
to severe inaccuracies during the calculation of the shear force vs. shear an-
gle. To circumvent wrinkling, Harrison et al. (2018) investigated the use of
so-called anti-wrinkle plates mounted in the front and in the back of dry fab-
ric samples with a gap of 2 mm between them. The authors reported that
the plates significantly improved the repeatability and accuracy of kinematic
measurements with only a slight increase in the crosshead force due to fric-
tion. While the technique in its current form is unsuitable for prepregs due to
the adhesion, the authors did discuss possible extensions, such as lubrication
of the plates.

Modifications of the bias-extension sample geometry has also been stud-
ied. In an effort to limit the slipping of tows, Wang et al. (1998) suggested
to use samples with the width extending beyond the clamps. Thereby the
free tows in the sample will have a higher frictional restraint and greater re-
sistance to slippage. See also the study by Potluri et al. (2006) in which the
authors concluded that the use of the wide samples yielded better results
compared to the conventional samples. A biaxial bias-extension test has also
been suggested to study the influence of tensions during shear (Sharma et al.,
2003). Harrison et al. (2012) conducted a number of such tests on plain woven
glass fabric and concluded that the increase in tow tensions delays the onset
of wrinkling as well as leads to a significant increase in shear load.

2.1.4 The Picture-Frame Test

Apart from the bias-extension test, the application of the picture-frame test
shown in Fig. 2.3 has also received attention in the literature. Analytical
formulas have been developed to relate the crosshead displacement, δ, and
crosshead force, F, to the frame angle, θ, and the shear force, Fsh, on the
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Fig. 2.3: The picture-frame test before and after deformation.

sample (Cao et al., 2008):

cos θ =

√
2LF + δ

2LF
(2.5)

Fsh =
F

2 cos θ
(2.6)

Here, the frame angle θ is related to the theoretical shear angle of the sam-
ple, γ, according to Equation (2.2). The mass of the frame contributes to the
measured crosshead force, and for this reason the force measurement of an
empty frame should be subtracted before application of Equation (2.6). The
shear angles can - like in the bias-extension test - be measured optically. Lo-
mov et al. (2008) conducted such measurements on a range of fabrics and
concluded that the shear strain field was reasonably homogeneous, and that
the average of shear angles was within a couple of degrees of the theoretical
shear angle from the frame kinematics.

The sample is square but typically the corners are cut (see Fig. 2.3) to
allow free deformation of the frame without inducing wrinkles in the fabric
(Liu et al., 2005). In effect, the sample shape becomes cruciform. The gage
region is normally considered the central square of the cruciform. These con-
siderations regarding the sample geometry come into play when discussing
normalization of the shear force. That is, to obtain the normalized shear force,
Fsh,norm, which is independent of the dimensions of the sample and the frame.
Harrison et al. (2004) proposed to divide the shear force by the side length of
the frame. This expression was based on energy considerations but also that
the fabric was of the same side length as the frame. Another normalization,
also based on energy, was proposed by Peng et al. (2004) taking the possible
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difference of frame and sample into account:

Fsh,norm = Fsh
LF

L2
f

(2.7)

Here LF and L f are the length of the frame and the fabric, respectively as in-
dicated in Fig. 2.3. A final remark is that the normalization scheme in Equa-
tion (2.7) was developed assuming no contributions from the arms of the
cruciform. For dry fabrics, some researchers target this condition by remov-
ing the cross tows (Cao et al., 2008).

In the picture-frame test, the boundary conditions of the sample are im-
portant. Unlike the bias-extension test, the ends of the shearing tows are
clamped which can affect the tension in the tows as well as their rotations.
Basically, if the tension is too low, the sample will not shear to the same ex-
tent as the frame, but a high tension will increase the shear load. The latter
is especially true in the case of misalignments of the fiber directions with re-
spect to the frame (Harrison et al., 2004). These issues have led researchers to
experiment with alternative clamping designs. Launay et al. (2008) developed
a clamping device for a picture-frame test rig which allowed them to adjust
and measure tensions along the fiber directions. The authors confirmed that
for the tested dry plain-weave samples, the shear load increased with increas-
ing initial tow tension which is due to the increase in friction. Surprisingly,
the authors also showed that for a zero initial tension, nonzero tensions could
still be measured during the test. See also the study by Nosrat-Nezami et al.
(2014) who, in addition to the controlled tensions, used needles to pin the
fabric tows to the frame. Milani et al. (2010) proposed a modified picture-
frame test in which only the corners of a square sample was clamped to the
frame. Using dry fabric, they showed that the modification made the test less
sensitive to misalignments.

2.1.5 Out-of-Plane Bending Test Setups

Early works on draping of fabrics focused on shear locking as the main cause
of wrinkle formation and disregarded bending (Boisse et al., 2011). As the
quote in the beginning of this chapter outlines, the bending behavior of fab-
rics is also important and particularly for the shape of the wrinkles. To this
end, a number of testing procedures have been discussed in the literature.
The basis is the simple bending tests introduced in Section 1.4.3.

de Bilbao et al. (2010) suggested an extension of the classical cantilever
test. To account for nonlinear bending behavior of fabrics, the test is repeated
with a number of different fabric overhang lengths. The outcome is succes-
sive quasi-static measurements obtained for different load cases. An optical
measurement system was used to capture the shape of the deflecting spec-
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Fig. 2.4: Vertical cantilever test setup with heating element used by Dangora et al. (2018).
Reprinted with permission from Springer Nature ©.

imen. Based on the test, a plot of the moment vs. curvature for the fabric
can be generated. Liang et al. (2014) presented a cantilever test in which the
fabric strip can deflect freely, i.e. without the inclined plane. They placed
the test setup in an environmental chamber which allowed them to test the
temperature dependency of their prepreg samples. A possible issue with the
samples deflecting under gravity is twisting which can be alleviated by using
a vertical test (Soteropoulos et al., 2011; Dangora et al., 2015). The sample
is loaded at the end by means of the attachment of a string tied to a mass.
In a later study, shown in Fig. 2.4, the test was expanded to characterize a
thermoplastic cross-ply at elevated temperatures by positioning an infrared
heater behind the test sample (Dangora et al., 2018). The actuation system of
the test setup was refined by Alshahrani and Hojjati (2017) who included an
actuator and a load cell for improved control of the force and deflection. This
addition, for instance allows for measuring stress relaxation.

An advanced test apparatus resembling the Kawabata bending test has
also been developed (Sachs and Akkerman, 2017). The setup relies on a
rotational rheometer by means of which the moment vs. rotation angle is
recorded. See also the study by Poppe et al. (2019) which includes a compar-
ison of the rheometer test and the cantilever test. To this end, discrepancies
are observed and discussed. Also, a buckling test was suggested by Wang
et al. (2010). The advantage of the test is that it can easily be carried out with
a standard universal testing machine.
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2.2 Mechanical Modeling

Advanced predictive simulation models of the draping process are based on
the physics of the ply material and often accomplished using explicit finite el-
ement (FE) analysis. Some models, particularly early works, have disregarded
the bending stiffness of the fabric, which can lead to unphysical buckling as
well as poor wrinkle prediction (Harrison, 2016). As discussed in Section 1.5,
the modeling can be accomplished as either continuous or discrete. The former
concerns a homogenization on macroscopic level whereas the latter is based
on the discrete constituents of the fabric.

2.2.1 Continuous Modeling

A continuous ply model can be implemented in standard finite elements such
as membranes or shells. The difficulty lies in the homogenization theory, i.e.
a constitutive relation that can provide the element stresses based on the
deformation (cf. Section 1.5.2). A major concern is to take the effect of the
changing fiber directions into account (Boisse et al., 2008).

Early continuous models assumed linear elastic material behavior, such as
the work by Dong et al. (2001) which introduced a simple updating scheme to
account for the changing fiber directions. In the model, a rotated orthotropic
stiffness tensor was assigned to each family of tows. A homogenized stiff-
ness tensor was then obtained by simply adding the two individual stiffness
tensors. The rotation angles were updated as shear developed.

Recent developments capture the inherent material nonlinearities of the
fabric. To that end, the constitutive formulations are typically based on either
hypoelasticity or hyperelasticity, i.e. general nonlinear solid mechanics theories.

A hypoelastic or rate-constitutive law takes the following form:

σ∇ = C : D (2.8)

Here, σ∇ and D are the stress and strain rate tensors, respectively. C is the
constitutive tangent tensor, which can depend on the state of stress. The stress
rate, σ∇, must be independent of rigid body rotation. It can be shown that
the time derivative of Cauchy stress does not fulfill this criteria for which
reason so-called objective stress rates are used (Belytschko et al., 2000).

To account for the changing fiber directions, non-orthogonal models were
developed, see e.g. Yu et al. (2002) and Peng and Cao (2005). Here, coordinate
axes follow the changing weft and warp fiber directions. In the latter refer-
ence, a fiber tracking scheme was presented based on the initial fiber direc-
tions, the rigid body rotation and the deformation gradient tensor. Bending
stiffness was considered by Yu et al. (2005) who used an asymmetric modu-
lus to make the compressive stiffness weaker than the tensile counterpart. A
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Fig. 2.5: Hemispherical punch forming of prepreg fabric. Left: numerical simulation using hy-
poelastic model. Right: experimental result. Reprinted from Khan et al. (2015) with permission
from Elsevier ©.

non-orthogonal model was further developed by Lee et al. (2008) to include
the effect of tow tensions on the shear behavior.

Komeili and Milani (2016) implemented shear-tension coupling in the
built-in Abaqus fabric material model using a user subroutine VFABRIC. They
studied press forming with a punch and blank holder on three different ge-
ometries and concluded that the overall shear angle distribution was not no-
tably affected by the coupling mechanism. The stress distribution was, how-
ever, affected which could have an effect on the residual stresses after curing.

The objective stress rates typically employed in FE formulations are based
on the rigid body material rotations. These formulations have proven success-
ful for e.g. sheet metal forming simulations in which the anisotropy does not
change significantly during processing (Boisse et al., 2008). It can, however, be
shown that the conventional objective stress rates can cause spurious stresses
when considering fabric materials (Badel et al., 2008). It was therefore pro-
posed by the authors to use the fiber rotation as the basis for the objective
stress rate. The authors presented simple studies of UD composites to high-
light the issues. The formulation with a stress rate based on fiber rotations
was later extended to two families of fibers by Khan et al. (2010). For the
purpose of simulating prepregs, the model was further developed by super-
imposing to families of membrane elements (Khan et al., 2015). One family
has the fibrous properties whereas the other family can be either elastic or
viscoelastic representing the resin behavior. According to the authors, the ad-
vantage of the proposed model is that the resin content can be accurately con-
trolled. A comparison between simulation and experimental forming from
the paper is shown in Fig. 2.5.

Recently, Machado et al. (2016a) developed a non-orthogonal model for
thermo-plastic composite forming simulations in which the shear stress is
dependent on the rate of deformation. The shear data were input in the model
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as a polynomial surface fit obtained from a number of bias-extension tests.
A challenge with a hypoelastic formulation is that it does not always al-

low complete recovery when the loading follows a closed loop path (Aimene
et al., 2010).

The hyperelastic models are defined from a energy potential ψ. The current
state of stress is the partial derivative of the potential with respect to the
strain:

S = 2
∂ψ

∂C
(2.9)

In the equation, S is the 2nd Piola-Kirchhoff stress, and C is the right Cauchy-
Green deformation tensor. The Cauchy stress can be computed using the
deformation gradient, F, and its Jacobian:

σ = J−1FSFT (2.10)

Because of the energy potential, hyperelastic models are per definition path
independent. Further, the frame-invariance can be taken into account in the
energy potential (Belytschko et al., 2000).

Aimene et al. (2010) developed a hyperelastic model for dry fabrics. The
energy potential is composed of the energies from weft and warp fiber ex-
tensions plus shear. The energies were formulated as function of invariants
of the right Cauchy-Green deformation tensor: fiber stretch in the warp di-
rection, fiber stretch in the weft direction and angle variation between the
fibers. Experimental data expressed as polynomials as a function of the in-
variants was used to calibrate the model. The validity of the model was then
confirmed by checking its ability to fully recover after a closed-loop loading.
Finally, a simulation of a hemispherical forming process was compared to
experimental data with good agreement. See also the hyperelastic model by
Peng et al. (2013).

A hyperelastic model for simulation of prepreg thermoforming was de-
veloped by Gong et al. (2016). Experimental data obtained at the forming
temperature was used for model calibration. An additional term was added
to the energy potential to account for the matrix material.

In the visco-hyperelastic model by Guzman-Maldonado et al. (2015), the
energy potential has the original three in-plane terms related to dry fabrics.
It was extended with a term accounting for out-of-plane bending. Further, a
viscoelastic model was added to the shear deformation.

A special purpose 3-node membrane finite element using the so-called semi-
discrete modeling approach was presented by Hamila and Boisse (2007). It
was later extended to a shell element formulation to account for out-of-plane
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Fig. 2.6: Influence of shear and bending rigidity on the draping process. From left to right:
tensile rigidity only; tensile and shear rigidities; tensile, shear and bending rigidities; isotropic
membrane model. Reprinted from Boisse et al. (2011) with permission from Elsevier ©.

bending (Hamila et al., 2009). The element formulation is derived using the
principle of virtual work, and the energies stem from fiber extensions, shear
and out-of-plane bending of a discrete number of woven unit cells. Calibra-
tion with experimental tests is also simple due to the separation of the defor-
mation modes. The element is numerically efficient because only the physical
quantities related to fabrics are computed, and because rotational degrees of
freedom are omitted. Element curvatures for bending moment calculations
are instead obtained from neighboring elements. The element was used by
Boisse et al. (2011) to analyze the influence of shear and bending rigidities on
the draping of a fabric onto a hemispherical mold. A result from the paper is
reproduced in Fig. 2.6. It was concluded that large shear angles can induce
wrinkles, but that wrinkling in general is a global phenomenon for which the
bending stiffness is important for the wrinkle shapes.

Allaoui et al. (2011) conducted a benchmark study on press forming with
a tetrahedral shape to provoke wrinkling. The process was simulated with
the semi-discrete approach and the built-in Abaqus fabric material model.
The latter performed reasonably compared to the semi-discrete approach
concerning shear angle and wrinkle prediction. Another modeling approach
using internal unit cells was proposed by Kaiser et al. (2019). Here, the el-
ement stresses of the finite elements are computed based on a unit cell of
crossing beam elements.

Most of the models in the literature consider the fabric as elastic, and as
noted by Boisse et al. (2008), the forming process is typically more or less
monotonous. Yet, dissipation does occur which was addressed by Denis et al.
(2018). The dissipation was considered to arise from friction between cross-
ing tows during shearing. Model calibration data was obtained by means of
cyclic picture-frame tests.

Another enhancement of the continuous models concerns the so-called
second-gradient theory (Ferretti et al., 2014). For instance, in a hyperelastic
formulation, the energy potential is a function of the right Cauchy-Green
deformation tensor, C. By including contributions from its gradient, ∇C, the
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local bending stiffness of the fibers can be taken into account. This ensures
a more realistic course of the tows and for instance allows for modeling the
transitions between the different shear zones in the bias-extension test (Boisse
et al., 2017).

A very recent achievement was made by Iwata et al. (2019) who combined
macroscopic and mesoscopic modeling in an “macro-meso zoom” approach.
The draping process is simulated using a traditional continuous approach,
and e.g. in areas of high curvature where defects are prone to occur, a local
mesoscopic model is evaluated using boundary conditions from the contin-
uous model. The mesoscopic model considers each tow individually. This
enabled the authors to model tow slippage and buckling with a high level
of detail which would otherwise not be feasible with a full-scale draping
simulation.

2.2.2 Discrete Modeling

A number of discrete models for predicting the macroscopic ply behavior
have been proposed in the literature. The idea is to use a combination of
structural finite elements, such as beams or trusses, to represent the tows in
combination with for instance springs or membrane elements to account for
the tow interaction and possible resin. The tow elements are initially orga-
nized in an orthogonal grid. The model proposed by Cherouat and Billoët
(2001) for prepreg fabric consists of nonlinear truss elements and isotropic,
viscoelastic membrane elements. The model was validated using in-plane
tensile tests at various fiber orientations with respect to the loading direc-
tion and by draping experiments. In the model by Sidhu et al. (2001) for dry
fabric, a combination of truss and shell elements are used. The two families
of tows are not directly connected to each other, but instead loads are trans-
ferred via the shell elements. This allows for modeling tow interactions, such
as sliding and locking. The model predictions were compared to stamping
tests, and good agreement was found.

Discrete models using only truss elements have also been developed.
Here, diagonal trusses in the grid represent the tow interaction. This ap-
proach was for instance taken for modeling dry fabrics by Sharma and Sut-
cliffe (2004) who used a bias-extension test to calibrate the behavior of the
diagonal truss elements. The model unit cell is shown in Fig. 2.7(a). In the
work by Skordos et al. (2007), a prepreg truss model was developed. A bi-
linear material model was used for the tow trusses, and a rate-dependent,
nonlinear elastic-viscoplastic material model was used for the shear trusses.
Wrinkle formation was taken into account by deactivating tow elements sub-
jected to compression.

The discrete models in the previously mentioned references have disre-
garded the out-of-plane bending stiffness. This effect can be taken into ac-
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(a) Truss model due to Sharma and Sut-
cliffe (2004). Reprinted with permission
from Elsevier ©.

(b) Beam and membrane model due to Harrison (2016). Source li-
censed under CC BY 4.0.

Fig. 2.7: Different approaches to discrete modeling.

count by for instance letting beam elements represent the tows (Jauffrès et al.,
2010; Dangora et al., 2015). A vertical cantilever bending test was used to ob-
tain the bending properties. The model was validated using a compression
test which provided excellent agreement with a simulation. In addition to
the out-of-plane bending, in-plane bending was also studied by D’Agostino
et al. (2015). The two families of tows in the model are connected by fric-
tionless hinges such that shear can take place while keeping C1 continuity
of the beams. This allowed the model to represent the transition between the
different zones in a bias-extension test well. The effect is analogous to the
second-gradient theory for continuous models.

Recently, Harrison (2016) developed a model consisting of beam elements
to represent the tows and membrane elements to represent the shear be-
havior. Likewise, the two families of beam elements were connected by fric-
tionless hinges as shown in Fig. 2.7(b). The approach allowed the author to
independently control the major deformation modes, and in order to do so,
a specific homogenization theory was derived. The model was used to study
the effect of bending stiffness on the deformation field of the bias-extension
test.

The advantage of the discrete approach is that a simpler material model
can be applied to each type of element compared to the continuous approach.
Thus, each deformation mode can be controlled more directly. Also, the effect
of the changing fiber directions is explicitly taken into account. The disadvan-
tage is that a custom mesh is required which further complicates the use of
adaptive meshing as well as application of symmetry (Harrison, 2016). Typi-
cally, the mesh size, i.e. distance between tow elements, follows the unit cell
size of the fabric. Jauffrès et al. (2010) did, however, report that different mesh
sizes would also produce realistic results. In this case, the cross-sectional area
and bending stiffness were changed accordingly. Still, more degrees of free-
dom are necessary in the discrete approach compared to the continuous ap-
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2.3. Approximate Modeling

Fig. 2.8: Mesoscopic modeling using a succession of shell element for the tows. Left: Schematic
side view. Right: FE unit cell. Reprinted from Gatouillat et al. (2013) with permission from
Elsevier ©.

proach which increases the computational cost (Boisse et al., 2008).
A special case of discrete or mesoscopic modeling was presented by Ga-

touillat et al. (2013). Tows are modeled as a succession of shell elements,
and the crimping effect is taken into account in a coarse manner by means
of straight lines (see Fig. 2.8). A contact formulation between the elements
describes the frictional properties but allows slippage. The mechanical and
geometrical parameters in the model were calibrated using the typical uniax-
ial tension, cantilever bending and picture-frame tests. In a simulation of the
bias-extension test, the model’s ability to account for slippage was demon-
strated. The computational cost is, however, high compared to the other mod-
eling approaches.

2.3 Approximate Modeling

The mechanical models discussed in the previous section typically require an
elaborate amount of input data as well as a significant computational effort.
Approximate models have also been the focus of some researchers and are
discussed in the following.

2.3.1 Kinematic Modeling

The predecessor of the mechanical models is a kinematic representation of
the woven fabric. A kinematic model requires little computational effort but
can be used to predict the draped configuration of a fabric. The basic idea
of the pin-jointed net idealization proposed by Mack and Taylor (1956) was
introduced in Section 1.5, and extensions of the method are discussed here.

Basically, a fabric modeled as a grid of pin-jointed cells on a mold can
be considered as a mechanism which needs constraints to yield a unique so-
lution (Bergsma, 1995). The first set of constraints is the seed point and the
fiber directions in the seed point. One typical way of specifying additional
constraints is to determine a weft and warp tow path on the mold before
the fabric grid is laid out on the mold. The tow paths must pass through
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the seed point and can be computed in two ways. The first way is to project
the initial tow directions in the seed point onto the mold. The second way is
to use geodesic lines emanating from the seed point. A geodesic line can be
considered as the straightest possible path on a curved surface. While the for-
mer method is simple and gives good predictions for rotationally symmetric
molds, it is generally inferior to the latter (Wang et al., 1999).

Other approaches were investigated by Bergsma (1995) and denoted “stra-
tegies”. One strategy is an iterative procedure involving the difference in an-
gles between adjacent grid cells. A further extension was the implementation
of the fabric locking angle as a limit. The angle method and the geodesic
line approach were in general found to give good predictions by Wang et al.
(1999). It was noted that situations can occur in which the geodesic lines will
not constrain the entire area of the fabric in which case the angle method can
be applied.

The pin-jointed net model can be implemented using various algorithms.
A selection of algorithms together with predefined geodesic tow paths were
described and benchmarked by Van Der Weeën (1991). It was found that
using linear finite elements and an energy approach based on minimization
of the warp and weft strain energy was the most efficient. The kinematic
mapping method has also been benchmarked against experimental data, e.g.
for draping of prepregs on a cone (Laroche and Vu-Khanh, 1994) and dry and
prepreg fabrics on various industrial geometries (Wang et al., 1999). In both
studies, good agreements were found. The latter study did see some effects
of tow bending with carbon fabrics causing slippage which is not accounted
for in the kinematic model.

In the work by Sharma and Sutcliffe (2003), a model framework was pro-
posed in which a combination of kinematic and FE modeling was employed.
The authors presented an example with deep drawing of a helmet. In the
framework, the fabric was progressively draped in small steps using the kine-
matic model and subsequently adjusted by means of the FE model.

2.3.2 Fast Process Models

Due to the high computational cost associated with the mechanical models,
an effort has also been made to develop faster alternatives that can still take
some physical effects into account. This development is closely related to the
automation of fabric handling and draping.

Newell and Khodabandehloo (1995) studied the placement of a sheet of
prepreg fabric using a robot. It was considered as a 2D problem. For this pur-
pose a large-deflection Bernoulli-Euler beam model was developed to predict
the deformed shape. The model evaluation requires an iterative determina-
tion of two parameters, which the authors reported took 0.1 s on a personal
computer. The overall framework of the research project is described by Buck-
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ingham and Newell (1996) who also discuss some gripping and draping stra-
tegies. The authors suggest that the plies should be draped in a wave-shape
motion away from some initial touch-down point in the middle of the mold.

A type of approximate model often employed for simulating garment
fabric consists of particles, i.e. masses connected by springs. See for instance
the work by Breen et al. (1994) who used the Kawabata Evaluation System to
provide physical input data to their static model. A dynamic particle model
was later developed by Eberhardt et al. (1996).

Ben Boubaker et al. (2007) presented a model consisting of a grid of bars
connected by springs at the cross-over points. The model can account for tool
contact and is evaluated by minimizing the total potential energy. Although
it gives realistic predictions, it is also computationally expensive to evaluate
due to many DOF.

A large-deflection orthotropic plate model for robot manipulation of fab-
rics was evaluated using the finite-difference method in the study by Do et al.
(2006). The model is flexible in terms of boundary conditions from grippers
and the mold. The trade-off between accuracy and computational effort can
be controlled by adjusting the finite difference grid spacing. In the validation,
a rectangular ply was free-hanging from the grippers, and it proved reason-
ably accurate in comparison to experimental data.

Lin et al. (2009) presented a large deflection shell model for real-time
prediction of the ply deformation during robot manipulation. The model is
linear elastic and can be evaluated analytically for some boundary conditions.
A comparison with an FE model showed good agreement for three cases of
boundary conditions.

A force-based robotic framework was developed by Flixeder et al. (2017)
for draping strips of fabric onto single-curved molds. The fabric is gripped
in both ends, and the draping is assisted by means of a consolidation roller.
To this end, the authors applied a catenary model to predict the fabric shape
online. A catenary model was e.g. also employed by Larsen et al. (2017) for
robot motion planning of fabric manipulation.

2.4 Summary of Literature Review

The literature review presented in this chapter has revealed numerous pub-
lications relevant to the characterization and modeling of prepregs for auto-
mated draping processes. Experimental test methods for the major deforma-
tion modes have been investigated, and many studies deal with the issue of
improving the validity of the tests and their associated data treatment proce-
dures. As previously stated, the choice of a particular test is strongly linked to
the simulation model to which it will provide input. Many different model-
ing approaches have been reported. To that end, the advanced state-of-the-art
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mechanical models reviewed can take the following effects into account:
• In-plane extension.

• In-plane shear.

• Out-of-plane bending.

• In-plane bending.

• Rate-dependency or viscoelasticity.

• Shear-tension coupling.

• Plasticity or hysteresis.

• Tow slip or unweaving.

It must, however, be mentioned that all of the above effects have not been
implemented in a single model, which would also increase the computational
cost immensely.

The publications reviewed in this chapter will serve as the foundation to
address the research questions from Section. 1.7, which is the topic of the
following chapter.
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Results and Conclusions of

the PhD Project

“ Both of the simulated draping sequences resulted
in wrinkles but the wave shape strategy performed
slightly better. ”

– Krogh et al. (2019a), Paper A

As an appetizer for the chapter, this quote encapsulates some core keywords
of the PhD project: “simulation”, “wrinkles” and “wave shape strategy”. On
the basis of the project objectives presented in Section. 1.7 and the literature
review in the previous chapter, the results and conclusions of the PhD project
are now presented. First, a description of each journal paper and its contri-
butions are given. This is followed by an overall conclusion of the project.

3.1 Description of Papers

The following sections provide a summary of the three appended journal
papers which constitute the backbone of the thesis. In short, Paper A estab-
lishes the numerical framework for modeling the prepreg plies during drap-
ing, Paper B examines the shear properties of the prepreg ply more closely
and Paper C deals with the concept of draping sequence generation using
optimization.

3.1.1 Paper A

Modeling the robotic manipulation of woven carbon fiber prepreg plies onto double
curved molds: A path-dependent problem
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Chapter 3. Results and Conclusions of the PhD Project

In Krogh et al. (2019a), a numerical framework or Virtual Draping Environ-
ment (VDE) for planing and simulating draping sequences for the FlexDraper
system is established. In the paper, the VDE is used to investigate the path-
dependency of the draping problem. The VDE consists of three stages: In
the first stage, a kinematic mapping method is used to obtain target points
for the grippers on the mold surface. In the second stage, a motion planner
is used to generate the draping sequence, i.e. gripper trajectories, based on
the initial gripper positions and the gripper target points on the mold. In the
third and final stage, the draping sequence is simulated using a transient FE
model of the robot tool, the ply and the mold. The focus of the paper is on
the first and third stage, whereas only a simple motion planning scheme is
employed (the motion planning is the topic of Paper C).

Albeit the kinematic mapping model is simple, it is still applicable in this
context due to the low curvatures of the molds in the project. Thus, the model
can predict where the grippers ideally should be at the end of the draping
sequence. Naturally, the model can not take any information about how the
grippers reach these positions into account. This is the reason for applying
the transient FE model.

The literature review in the previous chapter shed light upon the state-
of-the-art mechanical models developed by different research groups. The
built-in Abaqus fabric phenomenological material model is able to take most
of the relevant physical effects into account and was therefore chosen as the
platform for the mechanical modeling. The scope of the paper is thus not to
develop a new mechanical model because the current state-of-the-art model-
ing, including implementations in commercial software, was found adequate.
The fabric material model is based on a reinforcement fabric with two struc-
tural directions, and the material data is input as nominal stress-strain curves
for each fiber direction and for in-plane shear. To take the rate-dependency
of the prepreg material into account, stress-strain curves at different strain
rates can be input which are then interpolated in the material model. Per-
manent deformation can also be specified in the model, although that was
not considered in the present study. The material model was implemented in
shell elements such that the out-of-plane bending stiffness can be modeled.
The ply-mold interface is described by a Coulomb friction model, and the
ply-gripper interface is tied, i.e. assuming perfect adhesion with the gripper.

Material characterization in the form of uniaxial tension tests in the fiber
directions, bias-extension tests and cantilever tests was conducted. Regarding
the bias-extension test, the data acquisition did not involve an optical mea-
sure of the shear angles which was justified from reports in the literature
concerning bias-extension testing of prepregs. It was further assessed from
the tested samples that slipping of tows was insignificant for the shear an-
gles in consideration (the shear properties of the prepreg ply is revisited in
Paper B). The cantilever test was used to determine the out-of-plane bending
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(a) Force-displacement curves for bias-extension test at 100 mm/min. “FE, Newto-
nian shear eq.” refers to the use of Eq. (2.4) for data processing.
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(b) Shear angles in FE simulation of bias-extension test. The displacement is 37 mm which corre-
sponds to a kinematic shear angle of 34◦ in the center region.

Fig. 3.1: Bias-extension test for verification of FE model from Paper A.

properties of the ply by recording the deflection over time using image pro-
cessing. Based on models reported in the literature, the right bending stiffness
in the shell element model was achieved by adjusting the fiber direction com-
pressive stiffness. This adjustment was achieved using an inverse model and
the bending test results. More specifically, the inverse modeling framework
was able to create a number of compressive stress-strain curves with corre-
sponding strain rates for the fiber directions. Inputting these results to the
fabric material model yielded rate-dependent bending. The material model
was, among others, verified using a simulation of the bias-extension test. This
verification was not presented in the paper but is shown in Fig. 3.1.

In the results section of the paper, the FE model was first validated using a
simple 4-gripper test setup. Next, two different draping sequences were simu-
lated which are both based on a simple linear interpolation in space, between
the initial gripper positions and their corresponding target points. In the first
sequence, all grippers move simultaneously towards the mold, whereas in the
second sequence, the grippers move in groups forming a wave shape motion.
The latter sequence was created based on experience from manual layup. It
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was concluded that the second sequence is superior although it still left wrin-
kles on the mold in the draped configuration. This is the motivation for the
investigation in Paper C.

The contributions of the paper include the Virtual Draping Environment
in which models of different complexity are combined for planning and sim-
ulating draping sequences, and the experimental and numerical framework
for introducing rate-dependent bending in Abaqus fabric by means of com-
pressive stress-strain curves and corresponding strain rates. The comparison
of the two draping sequences and the path-dependency is also a highlight,
although it is only a first step on the way.

Drape Trials at FlexDraper Workshop

The FE model presented in Paper A was tested at a FlexDraper workshop
with drape trials on mold for a generic aerospace part. The FE model pre-
diction of the draped configuration is shown in Fig. 3.2(a) and the predicted
ply-mold difference is visualized as a contour plot in Fig. 3.2(b). The imple-
mented preliminary wave shape draping sequence generated by SDU per-
formed well overall, but resulted in the formation of air pockets, particularly
at the corner of maximum x and y values. The air pockets in this region are
evident from the photo of the draped ply in Fig. 3.2(c) and were also pre-
dicted well by the FE model. After debulking, wrinkles formed in this region
of the ply as shown in Fig. 3.2(d).

3.1.2 Paper B

Picture-Frame Testing of Woven Prepreg Fabric: An Investigation of Sample Geom-
etry and Shear Angle Acquisition

In Krogh et al. (2019c) the picture-frame test is applied to further investigate
the shear properties of the woven prepreg fabric. The investigation serves
two purposes: The first purpose is to explore possible improvements to the
common test practice. The second purpose is to check the validity of the bias-
extension test used for shear characterization in Paper A. The common test
practice of the picture-frame test typically reported in the literature involves
a cruciform sample mounted in the picture-frame rig. The frame is deformed
by means of a constant crosshead rate, and the shear angles of the fabric are
either assumed to follow the frame angle or checked using DIC.

In the study of the paper, the influence of the arms of the cruciform was
checked by modifying the samples. One family of modified samples had cut
slits in the arms, and the other family had the resin dissolved and the trans-
verse tows removed in the arms. The hypothesis was that the sample arms
would contribute to the measured shear load and affect the uniformity of
the shear angles in the gage area. A constant crosshead rate will cause an
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(a) FE model including tool in draped configuration. The contour colors scale with the z coordinate.

(b) FE model prediction of difference between ply and mold in draped configuration. The red
dashed box encloses an area with critical air pockets.

(c) Air pockets in draped ply. The location corresponds to the red
dashed box in Fig. 3.2(b).

(d) Wrinkles developed from air pockets
during debulking.

Fig. 3.2: Numerical and experimental drape trials from FlexDraper workshop.

increasing shear rate of the frame during the course of the test, cf. Eq. (2.5).
It is desirable, e.g. for the purpose of inputting the data to Abaqus fabric,
to obtain the shear characteristic at a constant shear rate. Therefore, a non-
linear expression yielding a constant shear rate was implemented in the test
machine control software by means of approximating linear segments. Fi-
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nally, it was investigated if the shear angles of the sample could be automati-
cally identified directly from the weave texture using image processing. More
specifically, the Hough transform algorithm for identifying straight lines in
images was applied. The benefits of the approach are that no patterning is
necessary, and that shear angles can also be identified in the initial state, i.e.
before frame displacement.

The results of the sample modification showed that a sample with cut
slits had a slightly more uniform distribution of shear angles in the gage
area compared to the standard sample, but a sample with the transverse
tows removed had an inferior shear angle uniformity. The latter result was
among others attributed to the fact that those samples were more difficult to
install properly in the frame. Still, DIC showed that the average shear angles
followed the frame angles well for all sample configurations. The important
conclusions were that wrinkling was diminished, and that the shear load was
reduced with the sample arm modifications.

The image processing approach for obtaining the shear angles showed
promise. Noise was present in the measurements, and therefore a good deal
of filtering was applied. Nevertheless, the results predicted the same trends
as the DIC results, and the average shear angles were very reasonable. Fi-
nally, the picture-frame data were compared to bias-extension data. Good
agreement was found for the picture-frame data with the transverse tows re-
moved. Here, the data was normalized by assuming that only the gage area
contributes to the shear load, cf. Eq. (2.7). An interesting result was that if the
standard sample data was normalized, assuming that the entire sample area
contributes to the shear load, then also good agreement was found.

The contributions of the paper include the sample modification study ap-
plied to woven prepreg fabric. Testing at a constant shear rate is not a new
concept, but the implementation as linear segments is an aid if a high-end
testing machine is not available. Lastly, the application of the Hough trans-
form to identify shear angles from the weave texture during a shear test is
also a scientific contribution.

3.1.3 Paper C

Generation of Feasible Gripper Trajectories in Automated Composite Draping by
means of Optimization

In Krogh et al. (2019b) the motion planning part of the Virtual Draping Envi-
ronment from Paper A is revisited. The study takes as its point of departure
the MiniDraper (Fig. 1.6(b), p. 7) because it allows for direct control of the
translational degrees of freedom. The idea is to generate feasible draping se-
quences for which the ply response during draping is taken into account. The
computational cost of the nonlinear FE model inhibits its use in an optimiza-
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tion framework intended for a reconfigurable robot system. The first step was
therefore to develop a computationally efficient fabric model.

Based on the reports in the scientific literature and the experience from
the previous studies on characterization and modeling, it was decided to
base the model on cables with bending stiffness. The cables are suspended
between the grippers, including diagonally across the grid. Evaluation of the
model requires determination of some parameters such that the right cable
arc lengths are obtained. This determination is achieved in a minimization
scheme using semi-analytical gradients. The contact formulation of the cable
model was implemented such that portions of cable segments inside a contact
tolerance are fixed to the mold. The result is an infinite friction, no-separation
formulation.

Two different parameterizations for the optimization framework were dis-
cussed. In the first approach, the design variables control the complete trajec-
tories for the grippers to their respective target points on the mold. In the sec-
ond approach, which was adopted, the design variables control incremental
movements of the grippers and meticulous choice of the optimization criteria
will ensure a wave shape drape motion. This wave shape motion strategy was
first discussed and tested in Paper A.

The basic idea of the chosen optimization criteria is first to create contact
between the ply and the mold at a seed point. From here, the wave motion
will propagate by minimizing the difference in angle between the ply and
the mold at the contact front (indicated by α in the top part of Fig. 3.3). Con-
straints ensure alignment and prevent the occurrence of multiple, separate
contact regions, which can lead to wrinkling or bridging of the ply.

The numerical results of the paper first showed the applicability of the
method for a simple 2D problem. Next, the 3D cable model was compared to
the nonlinear rate-dependent FE model from Paper A with good agreement.
The results section was concluded with two 3D optimization examples. The
first 3D example used a 2 × 2 grid of grippers and a mostly convex mold. The
second 3D example used a 3 × 2 grid and a mold which has both a convex
and concave region. While the generated draping sequence was successful
for the first 3D example, the concave mold region in the second 3D example
caused some minor ply bridging. The remaining part of the ply was draped
correctly. Remedies to mitigate this bridging was discussed at the end of the
paper.

An intermediate step of the 2nd 3D example (3 × 2 grippers) is shown in
Fig. 3.3 along with the prediction of the FE model described in Paper A. To
match the assumptions of the approximate model, the FE contact formulation
between the mold and the ply has been augmented with a “no separation”
condition which inhibits ply movement normal to the mold surface after con-
tact. The validity of this assumption has to be further investigated, but it is
enforced here for the purpose of comparison. Also, the kinematics of the grip-
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Gripper 1,2

α

Fig. 3.3: Intermediate step in 3D draping example: Approximate cable model used for optimiza-
tion (top) and FE model described in Paper A with added “no separation contact” (bottom).

pers in the FE model has been changed to reflect the MiniDraper hardware.
A reasonable agreement is seen, except for the region near gripper 1,2 where
the two models predict different gripper rotations. Subsequently, small wrin-
kles develop in the FE model in this ply region and remain in the draped
configuration. The remaining part of the draped configuration matches well
between the two models, including the bridging at the concave mold region.
An experimental validation can provide further insight into the issues and is
discussed in the next chapter in Section 4.3.

The contributions of the paper include the computationally efficient 3D
fabric model based on cables with bending stiffness. The proposed optimiza-
tion framework for trajectory generation for a robot system with controllable
grippers is likewise a contribution to the research within automated compos-
ite draping.
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3.2 Conclusion

The fruitful results of the papers, which were summarized in this chapter,
support the validity of the project research hypothesis: Numerical analysis,
with input from material characterization, is indeed a valuable tool for pre-
dicting potential defects in automated composite draping as well as generat-
ing feasible draping sequences. The research questions are now addressed:

3.2.1 Which experimental test methods are suitable to char-
acterize the deformation mechanisms of prepreg ply?

As previously stated, the choice of test method is strongly linked to the sim-
ulation model to which it provides input. This study has focused on fiber
tension, in-plane shear and out-of-plane bending for a continuous formula-
tion. The automated draping process with the gripper grid is not expected
to induce large tensions in the fiber directions of the ply. In fact, ply slid-
ing on a gripper is more likely to occur and is discussed in the next chapter
in Section 4.1. For this reason, it can be assumed that fiber tensions in the
weft and warp directions can be decoupled. Likewise, the shear-tension cou-
pling can be neglected. Under these assumptions, the uniaxial tension test is
considered adequate.

For shear characterization with the bias-extension test, tow slipping can
be an issue, and in addition, the data processing is subject to some uncer-
tainty. For draping onto mold surfaces of low curvature, the shear locking
angle is not reached, and therefore the requirements to the test are lowered.
To that end, it was found that tow slipping appeared to be insignificant for
the tested shear angles, which is probably due to the resin. In fact, it is the
same phenomenon that necessitated the dissolving of the resin to facilitate
the removing of the transverse tows in Paper B. Likewise, the data processing
was found to yield realistic results, e.g. when simulating the bias-extension
test. Furthermore, in the comparison between the picture-frame test and the
bias-extension test in Paper B, good agreement between the results was seen.
Thus, for the present purpose, the bias-extension test yields adequate results.
In Paper B, it was further shown that a test machine can be programmed
using linear segments to yield a constant shear rate which is applicable for
input to Abaqus fabric.

Out-of-plane bending was characterized using a free-hanging horizontal
cantilever test. The test setup is simple but also yielded some scatter in the
data. The results, i.e. rate-dependent bending input in the FE model, were,
however, satisfying. Yet, a vertical cantilever test with an actuator and a load
cell is easy to construct and would probably be a good improvement.
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3.2.2 How can the ply material behavior and the kinematics
of the FlexDraper tool be captured in a high fidelity pre-
dictive simulation model?

There is a great amount of publications regarding different modeling ap-
proaches in the scientific literature. A majority of the mechanical models ap-
ply the FE method implemented in various commercial softwares. The bene-
fits are that the FE method is well-proven, and that the commercial softwares
have interfaces that facilitate pre- and post-processing of data. Scripting is
also a convenient option with e.g. Abaqus. The pre-processing allows to eas-
ily import mold and ply geometries. Likewise, modeling of the gripper grid
as well as the ply-mold and ply-gripper interfaces can be accomplished using
built-in components.

Researchers often implement self-developed routines for the material be-
havior. Yet, for this project, the built-in material model fabric was found ad-
equate. Implemented in shell elements, the model is able to account for in-
plane fiber tension, rate-dependent shear and rate-dependent out-of-plane
bending. Input to the material model was obtained using the material char-
acterization discussed in Section 3.2.1. Further, the model has the option of
accounting for permanent deformation. Such a model is state-of-the-art.

Post-processing allows to evaluate the ply-mold difference, i.e. wrinkling
and bridging. Likewise, the ply boundary can be evaluated and compared to
its prescribed value. Finally, local fiber angles can be checked, although that
was not investigated in this study.

3.2.3 What are the important ply deformation mechanisms to
account for in an approximate model?

The main requirement to an approximate model is that it is able to represent
the displacement field of the ply between the grippers of the grid. Operating
the robot system in displacement control, an accurate force prediction is not
critical. Therefore, the high fiber-direction stiffness of the plies entails that
the fiber direction can be considered inextensible in an approximate model.
The model must be able to shear, but as previously noted, shear locking is
not expected to be a cause of wrinkling. It was for instance shown in the
results of Paper A that wrinkling can occur without shear locking. Thus, the
most important deformation mode to account for is out-of-plane bending,
which, in the literature, is considered important for the shape of wrinkles.
Rate-dependency can be circumvented in the model, for instance by inputting
values of a constant-rate bending stiffness and targeting this rate when gener-
ating the robot trajectories. Another important aspect is that the model must
be able to account for varying boundary conditions, i.e. from the grippers
and the mold.

48



i
i

“master” — 2019/10/3 — 11:35 — page 49 — #61 i
i

i
i

i
i

3.2. Conclusion

The above discussion was the motivation for basing the approximate model
on cables with bending stiffness. A small-sag assumption together with a lin-
ear curvature definition was used. A possible improvement to these restraints
is discussed in the next chapter in Section 4.2.

3.2.4 How can gradient-based optimization be utilized for
determining robot draping sequences?

Two different parameterizations were discussed in Paper C. The idea of the
first parameterization is to let controllable splines define the trajectories and
simulate an entire draping sequence. The idea of the second parameteriza-
tion is to control the grippers incrementally based on the ply response. The
second parameterization was adopted and implemented. It proved successful
as seen with the numerical results. The main drawback is the specification of
optimization settings and parameters required for the criteria. All of these
parameters have a physical meaning, and therefore the parameters could for
instance be changed adaptively as suggested in Paper C. However, a revisit to
the spline parameterization could also be interesting. It is believed that fewer
parameters are necessary compared to the incremental movement scheme. In
fact, the optimization problem could maybe be formulated as unconstrained.
The drawback of the spline parameterization is that more design variables
are needed for the spline control points, and that an objective function evalu-
ation would require a simulation of the entire draping sequence after which
the draped result on the mold can be evaluated.

The above discussion basically concerns the computational time, but it
is equally important to limit the need for human interaction in the process.
The former can somewhat be improved with hardware upgrades and parallel
computations. If a hierarchy of ply models with increasing fidelity is estab-
lished, the generation of feasible gripper trajectories along with the validation
could become more efficient and operate more or less automatically.
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4
Future Work

“ Automation offers the greatest possibilities for im-
provement to the manufacturing process, as this gives
higher quality and consistency in the products. In or-
der to achieve this level of skill, an automated system
will need to be able to handle, manipulate and shape
prepreg sheets in a controlled manner. ”

– Newell and Khodabandehloo (1995)

The results presented in the previous chapter show promise but are only a
step on the way towards automated prepreg draping. To be able to improve
handling, manipulation and shaping in a controlled manner, some extensions
of the PhD work are discussed in this chapter. First, some general thoughts
and ideas are presented. Next, three specific topics are addressed in greater
detail: modeling the ply-gripper interface in the finite element (FE) model,
accounting for large deflections in the approximate model, and validation of
the generated draping sequences on the robot system.

As discussed in Section 3.2.4, a hierarchy of models is beneficial for an
effectively automatic process for draping sequence generation. An early de-
velopment of the high fidelity FE model was presented in Krogh et al. (2017)
as a linear elastic, rate-independent FE model. This model is less computa-
tionally expensive than the nonlinear, rate-dependent FE model and could
be included in the hierarchy. Other approaches, such as mass-spring particle
models, could also be investigated.

For monotonous draping problems, dissipation or permanent deforma-
tion can be neglected, but it is not certain that draping sequences for the
robot system will be monotonous. One example could be pre-shearing of the
ply before draping, as discussed in Paper C. To this end, the current high fi-
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Ply Suction cup

Vacuum pressure

Anti-vacuum pressure

Pre-tensioned springs

Kinematic 
constraint

Fictitious
material

Fig. 4.1: Different modeling approaches for ply-gripper interface. Left: application of pressure.
Right: pre-tensioned springs.

delity model can readily be extended with permanent shear deformation. The
behavior must be characterized, e.g. using the bias-extension test including
unloading.

For characterizing unloading of the bias-extension test, an optical measure
of the shear angles is necessary, because the shear angles might not follow
the kinematics. To that end, the Hough transform approach developed in
Paper B is useful. Further developments, to reduce the noise and determine
the optimal algorithm settings is appropriate.

Although a feasible draping sequence should not involve relative move-
ment between the ply and the grippers, and, respectively, the ply and the
mold, these effects should probably be represented better in the high fidelity
model. Experimental testing can clarify if for instance the mold-ply friction
model should include rate-dependency. When draping more than one ply, the
mold surface will be covered with the previous plies which further compli-
cates the interface modeling. A starting point for the friction characterization
could be the benchmark paper by Sachs et al. (2014). The topic of the ply-
gripper interface is considered in the next section.

4.1 Modeling the Ply-Gripper Interface

As discussed in Section 3.2.1, sliding of the ply on the gripper grid is an in-
teresting effect to account for in the high fidelity model. Equally important is
the possibility of separation, i.e. a movement normal to the gripper surface.
Yet, even in the absence of visual relative movement, the ply is likely to de-
form locally at the gripper interface which is inhibited with the current tie
contact. This section presents the results of a preliminary study that was con-
ducted with the purpose of introducing relative movement in the ply-gripper
interface in the FE model.

A difficulty is that the vacuum pressure must move with the suction cup,
but act on the ply. Two different modeling approaches that can readily be
implemented in commercial FE software were developed and are illustrated
in Fig. 4.1. Both of the approaches rely on a rigid representation of the lower
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4.1. Modeling the Ply-Gripper Interface
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Fig. 4.2: Sliding of suction cup on ply. The graph shows the components of the gripper reaction
force over the course of the analysis. The figure embedded in the graph shows a contour plot of
x-direction stresses in the deformed model.

suction cup surface, and a fictitious membrane material with weak properties
between which the ply is clamped. The clamping is achieved either with an
added pressure or with pre-tensioned springs.

In terms of the pressure approach, it is seen in Fig. 4.1, left, that a kine-
matic constraint keeps the fictitious material in place under the suction cup.
A pressure must be added at both the bottom of the fictitious material and
at the top of the suction cup in order to ensure static equilibrium. The draw-
back of this approach is that the pressure remains on the ply after separation,
and thus the results are only valid until the point of separation. This issue
is alleviated in the spring approach shown in Fig. 4.1, right. The character-
istic of the spring is chosen such that the resulting force of all the springs
corresponds to the vacuum pressure, until a certain value of elongation, i.e.
normal separation, is reached. After this point of elongation, the stiffness can
be dropped to an insignificant value to represent separation. The drawback
of the spring approach is that the introduction of springs can affect the stable
time increment and the robustness of the solution.

Different interface models can be applied for the interaction between the
suction cup and the ply, for instance a Coulomb model for sliding friction and
a cohesive zone model for sticky normal separation. The fictitious material
must have frictionless interface properties.
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Fig. 4.3: The influence of bending stiffness and length on the deformation of elastica. The span
between the supports is 135 mm. The left and right edges are fixed at a rotation angle of -40◦

and 30◦, respectively. The weight per unit length, mg, is 12.26 N/m as in Paper C.

A numerical result with the pressure approach is presented in Fig. 4.2.
The setup is a rectangular ply clamped at the edges and with a gripper (40
mm diameter) attached to the surface. A pressure of 0.05 bar is applied which
corresponds to a resulting force of 6.28 N. A Coulomb model with a coeffi-
cient of friction equal to 1.5 is implemented whereby the theoretical sliding
reaction force is 9.4 N. During the analysis, the gripper is displaced across
the ply at 4 mm/s for 2 s. The resulting reaction forces of the gripper are
reported in Fig. 4.2 and the top view of the deformed model is embedded in
the graph. The spikes of the “Rx” force are due to numerical instabilities of
the ply. As is evident from the contour plot, compressive stresses build up in
front of the sliding gripper. This instability issue must be addressed. Still, the
approach is simple to implement, and the preceding discussion works as a
proof of concept. The spring approach yields similar results, hence a further
investigation will clarify which approach is more suitable.

4.2 Large-Deflection Approximate Model

A solution to the small-sag and linear curvature limitations of the cable model
presented in Paper C is introduced in this section. The starting point could
be the nonlinear cable differential equation, but a different formulation is
investigated here. The idea is to divide the curve into a number of segments
and use a minimization of the total potential energy to find the deformed
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4.3. Validation of the Generated Draping Sequences

configuration satisfying the boundary conditions. This kind of model is also
known as a Hencky bar-chain model. The approach using the total potential
energy avoids another drawback of the linear cable model, i.e. the fact that
the unknown variable for the cable arc length determination is the reaction
force. When the cable is in compression, there is a risk of finding a feasible
but not necessarily physical solution as discussed in Paper C. The solution
is likely to depend on the initial guess for the energy minimization routine,
but the relation between displacement field and reaction force is not evident.
As a consequence, it is unlikely to obtain the desired configuration by choice
of the initial guess. This issue is alleviated with the energy approach because
the unknowns and thereby the initial guess involves the displacement field.

The total potential energy is given as Π = U + Ω. Here U is the strain
energy in the material, and Ω is the potential of externally applied loads
(Cook et al., 2002). In the present formulation it is assumed that the cables are
inextensible. The strain energy arises from bending, and the external loads
arise from gravity in the negative z-direction. Hence:

U =
∫ L

0

M2

2 EI
ds , Ω = −

∫ L

0
mg z ds (4.1)

In the formulas, M is the bending moment and EI and mg are the flexural
rigidity and weight per unit length, respectively. In the numerical implemen-
tation, the integrals are replaced by sums of the contributions from each seg-
ment. Some results with the energy approach are presented in Fig. 4.3 and
show the influence of bending stiffness and length on the predicted defor-
mation field. The red dashed curve has the same properties that were used
for determining the cable model material data in Paper C and agrees very
well with the cable solution. The formulation shows robustness even for high
values of the bending stiffness.

In addition to the introduction of large-deflection cables, another enhance-
ment in the approximate model could be to account for the physical dimen-
sions of the grippers, which was neglected in Paper C. The refinement of the
model must always be assessed with regard to the increase in solution time.
This evaluation will ensure acceptable reconfiguration times for the flexible
robot system. Another critical point is the accuracy of the approximate model
and thereby the validity of the generated gripper trajectories. This validation
is addressed in the next section.

4.3 Validation of the Generated Draping Sequences

An experimental evaluation of the generated draping sequences will serve to
validate or indicate improvements to both the approximate model and the
high fidelity model. Recently, a working prototype of the MiniDraper tool
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(a) Experimental draping results.

(b) Approximate model predictions. The contour colors of the ply scale with the absolute z-coordinate (height).

Fig. 4.4: Preliminary validation using MiniDraper prototype: intermediate step (left) and draped
configuration (right).

(Fig. 1.6(b), p. 7) with a grid of 2 × 2 grippers was completed and it allows
for a preliminary validation. The trajectory optimization program presented
in Paper C was adapted to account for the hardware and a draping sequence
was generated for the setup used in the first 3D example of Paper C. An in-
termediate result and the draped configuration is shown in Fig. 4.4(a) along
with the corresponding predictions of the approximate model in Fig. 4.4(b).
Overall, a good agreement is seen. In the draped configuration of the exper-
iment, a small gap exist between the ply and the mold at two of the edges.
This issue arose due to some minor sliding of the ply on the grippers, but
also due to the provisional manual calibration and manual installation of the
ply on the grippers. The sliding effect does highlight the usefulness of an im-
proved ply-gripper interface representation in the FE model as discussed in
Section 4.1. Nevertheless, in the experiment, a subsequent manual consolida-
tion step caused the the ply to make complete contact with the mold without
introducing wrinkles. This promising result will be the starting point for a
more quantitative validation.
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A.1. Introduction

Abstract

This paper investigates the behavior of woven prepreg plies being placed on a
weakly double curved mold by a robot. It is essential that the draped config-
uration is free from wrinkles. The baseline is a Virtual Draping Environment
(VDE) that can plan and simulate robot draping sequences. It consists of a
kinematic mapping algorithm for obtaining target points for the grippers on
the mold surface. A simple motion planner is used to calculate the trajecto-
ries of the grippers. Here, two conceptually different draping strategies are
employed. Finally, the two generated draping sequences are simulated using
a transient, nonlinear Finite Element (FE) model and compared w.r.t. their
predicted wrinkle formations. Material data is obtained by means of tension,
bias-extension and cantilever tests. The numerical examples show that the
VDE can aid in developing the automatic draping system but that the gener-
ation of feasible draping sequences is highly path dependent and non-trivial.

Keywords Prepregs, draping, finite element modeling, kinematic modeling,
automation

A.1 Introduction

Laminated prepreg composites are widely used in the aerospace industry
because of their superior mechanical properties. A significant amount of the
total cost relates to the manufacturing where e.g. the draping process is ac-
complished by means of manual labor. Draping concerns the placement of the
uncured fabric in a mold. Here, it is essential that the fabric is positioned cor-
rectly and is free from wrinkles. Currently, prepreg reinforcement is draped
automatically in the industry by means of Automated Tape Laying (ATL) and
Automated Fiber Placement (AFP). These methods are, however, restricted to
unidirectional prepreg (Lukaszewicz et al., 2012). For components designed
with woven fabric as is frequently seen in the aerospace industry, it is of
interest to develop an automatic layup solution that can directly substitute
the current manual operation. To this end, an understanding of the fabric
behavior and computer models of the draping process is needed.

Shearing (or trellising), i.e. rigid tow rotations at the cross-over points,
has long been recognized as the most important deformation mechanism
when initially flat fabric is deformed on a double curved mold (Cao et al.,
2008). Here, the stiffness is several orders of magnitudes lower than the fiber
direction stiffness of the fabric. Recently, the out-of-plane bending stiffness
has been identified as important for the formation of wrinkles and their shape
(Boisse et al., 2011).

The fabric response in shear and tension is the baseline for the early fabric
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forming models such as the work by Womersley (1937) and the pin-jointed net
model by Mack and Taylor (1956). Here, the fibers are considered inextensible
while the shear stiffness is zero. The model is quick to evaluate but it is only
an idealization of the draped configuration. This type of model is denoted a
kinematic model as opposed to mechanical models which are often accomplished
using the Finite Element (FE) method whereby the physics of the material can
be taken into account.

One approach within the framework of mechanical models is to con-
sider the fabric as a continuum and use homogenization theory to obtain
anisotropic material properties dependent on the fabric deformation. The
material model is usually implemented in standard finite elements such as
shells. The material properties should preferably be related to experimental
data in some way. This was e.g. neatly accomplished by Aimene et al. (2010)
who used a hyperelastic potential composed of contributions from fiber ten-
sions and shear. The energy contributions were formulated as polynomials
in invariants which were fit to experimental data. The use of invariants facil-
itated easy calculation of the constitutive law. Other continuous models are
also described in the literature (Peng et al., 2013; Yu et al., 2002).

A second mechanical model approach is known as discrete modeling. By
means of structural finite elements such as trusses, beams and membranes
possibly in combination with springs the focus is to model the unit cell of the
fabric. E.g. the prepreg fabric model by Skordos et al. (2007) uses a grid of
truss element with a bilinear material law to model the tows and nonlinear
elastic-viscoplastic diagonal truss elements to model the shear behavior gov-
erned by the resin. Other discrete models can also be found in the literature
(Jauffrès et al., 2010; Harrison, 2016; Cherouat and Billoët, 2001). The main
disadvantage is that a high number of Degrees of Freedom (DOF) usually is
needed. Also, the generation of the mesh requires some attention.

Finally, a semi-discrete model, which can be considered as a hybrid be-
tween continuous and discrete, was introduced by Hamila et al. (2009) in a
self made special purpose finite element. The element was found efficient
and easy to relate to experimental data.

The fabric forming models presented above are in many cases used to
simulate the deep drawing or press forming of fabrics. The present work
takes basis in a newly developed robot system for handling and draping en-
tire prepreg plies onto weakly double curved molds. As it will be shown,
the problem is highly path dependent. That is, the draped configuration in-
cluding possible defects is dependent on the path taken by the robot. De-
termining a feasible draping sequence from the vast solution space of pos-
sible sequences is crucial and relies on modeling. The next section gives an
overview of the robot system and the requirements to the modeling. Then,
the Virtual Draping Environment is presented where kinematic and mechani-
cal based modeling are combined to plan and simulate the draping process.
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A.2. Problem Specification

Fig. A.1: The FlexDraper robot cell. The grid of grippers is in the initial configuration over the
mold after the ply has been picked up.

Hereafter, material characterization is employed to provide material data in-
put, and a model validation and a further numerical exploration of the path
dependency is presented. Finally, the paper is concluded with a discussion.

A.2 Problem Specification

The work presented in this paper is part of the FlexDraper research project,
which is briefly introduced in the following. As described in the previous
section, the scope of the project is to drape entire prepreg plies onto double
curved molds by means of an industrial robot. The project focuses on weakly
double curved molds, i.e. molds without tight corners, where the plies can
be readily draped without the need for post treatment and where the shear
angles remain below the locking angle. The robot cell under development is
depicted in Figure A.1.

The robot end effector (Figure A.2) consists of a grid of vertically actuated
suction cups which will be denoted as grippers. The actuators are mounted
in universal joints meaning that the horizontal degrees of freedom (DOF) are
free. To add constraints, so-called interlinks are mounted between the grip-
pers. These bars, mounted in ball joints, maintain the distance between the
grippers (also mounted in ball joints) while allowing the grid to shear. Notice,
that this setup entails, that only the vertical DOF are controllable.

Measures to evaluate the quality of drapes include a prescribed ply bound-
ary and checks on the fiber angles at certain locations. Naturally, the draped
plies must follow the mold surface within tight tolerances (dependent on the
industry and product) and be free from wrinkles and air pockets. In the robot
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Suction cup

Ball joint

Interlink

Fig. A.2: The design of the robot tool grid with actuated suction cups connected by interlinks.

cell these checks will be carried out by a vision sensor system but ideally the
modeling should detect possible flaws at an earlier stage.

The material system used in this study is a balanced carbon fiber 4-
harness satin weave with a Bismaleimide (BMI) resin. The thickness is 0.3
mm and the areal density is 314 g/m2. The robot system is operated at room
temperature, for which reason the temperature dependency of the prepreg is
neglected. All experimental work is therefore carried out at room tempera-
ture. The resin state could also influence the results. In the present study, the
material was used within the processing window specified by the manufac-
turer.

In this study a self designed 450 mm × 450 mm double curved mold is
used. It has concave and convex parts which will challenge the draping. The
mold surface is defined by a 3rd degree polynomial surface:

z(x, y) = 1.004x + 1.089y− 3.667x2 − 4.4x y−
3.75y2 + 3.086x3 + 8.889x2 y + 4.321y3 (A.1)

Here x ∈ [0, 0.45], y ∈ [0, 0.45]. Using manual layup it was checked that a ply
can be draped onto the mold, see Figure A.3.

If a ply can be draped manually onto a mold, one could think it is a trivial
task to determine the corresponding robot draping sequence. However, the
first attempts with the system under development contradicts this statement.
This is exactly the motivation for studying the problem numerically.

A.3 The Virtual Draping Environment

The Virtual Draping Environment (VDE) consists of three components de-
picted in Figure A.4: A kinematic mapping algorithm for generating gripper
target points on the mold surface, a motion planner to calculate the trajec-
tories from the initial configuration of the grippers to the target points and
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0°

90°

Fig. A.3: The mold used in this study with a manually draped ply on top. The Gaussian curvature
range between -25 m−2 and 23 m−2.

Obtain target
points from

energy mapping

Motion
Planning

V(t)

Transient
Simulation

Fig. A.4: The components of the Virtual Draping Environment.

a transient nonlinear Finite Element (FE) model to simulate the draping se-
quence. The three components are elaborated in the following.

A.3.1 Energy Mapping Algorithm

When the draping process is carried out manually, the boundary of the final
geometry is used to guide the ply, e.g. as a laser projection on the mold. This
is usually given with the part specification. With the new robot tool, the ply
is gripped inside the boundary which is why additional information must be
calculated.
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Geodesic lines

Mapped ply elements

xijmold
yijmold

Fig. A.5: Energy mapping algorithm.

The energy mapping algorithm is a purely kinematic model that can de-
termine the map Ψ from the flat ply in R2 to the draped configuration on the
mold in R3:

{xmold, ymold, zmold} = Ψ(xply, yply) (A.2)

The basic assumptions are that the fiber extensional stiffness is infinite and
the fabric shear stiffness is zero as proposed by Mack and Taylor (1956). From
large deflection shell theory it is known that tensile membrane strains de-
velop when an initially flat sheet undergoes deformations to a finite Gaussian
curvature (Lin et al., 2009). This phenomenon is not accounted for. However,
as the fabric contains voids and the model is an approximation, the approach
is considered valid.

The algorithm used in this study was introduced by Bergsma and Huis-
man (1988) and later benchmarked (Van Der Weeën, 1991). The ply is dis-
cretized into four node quadrilateral elements with a bilinear interpolation.
The ply nodes are treated in the mold coordinate system. The algorithm is
initiated at a chosen starting point along with two geodesic lines on the mold
surface in the direction of weft and warp fiber angles. This will form a start-
ing point from which the ply elements can be mapped The setup is depicted
in Figure A.5. The elements are mapped one at the time. For each element
mapping, three nodes will be constrained and the free node xij

mold, yij
mold, is

located by minimizing the fiber strain energy U which is the equivalent of
minimizing the fiber strain integrated over the element volume:

U(xij
mold, yij

mold) =
∫

V

1
2

(
ε2

xx + ε2
yy

)
dV (A.3)

While this type of model has been superseded by more advanced nonlin-
ear FE models for simulation of industrial draping processes, its application
in this context is still valid. The slippage of crossing tows is small for car-
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bon/epoxy prepregs as reported by Laroche and Vu-Khanh (1994). The same
authors reported fine agreement between the experimental data and the cal-
culations using the pin-jointed net model. Also, the shear angles remain be-
low the locking angle (here ≈ 35◦ shear strain). However, as will become
evident in the paper, shear angles below the locking angle does not necessar-
ily alleviate wrinkles.

Once the map has been determined, the gripper target points on the mold
surface can be calculated. That is, the coordinates of the grippers in the initial
flat configuration can be mapped onto the mold in the final draped configu-
ration.

A.3.2 Motion Planning

With information about the grippers in the initial configuration and in the
final configuration, gripper trajectories can be generated. While there are in-
finitely many ways to construct a trajectory from one point in space to an-
other, a starting point, which is used in this study, is a linear interpolation.
That is, each gripper will move with a constant velocity in a straight line from
the initial point P1 to the final point P2.

The next concern is the pattern in which the grippers are to move. Cer-
tain features in the mold may influence in what order different areas of the
ply preferably should be draped (Hancock and Potter, 2006). From the hand
layup process it is observed that the operators tend to choose some initial
contact point, e.g. a corner, from which the ply is draped in a droplet or
wave pattern. The immediate benefit of this approach is the avoidance of
entrapped air between the mold and the ply. In this study the applicability
of the VDE will be investigated by two different gripper move patterns or
draping strategies:

1. Uniform draping, where all grippers move to the mold simultaneously.

2. Wave shape draping, where groups of grippers with equal distance to
some starting point sequentially move to the mold.

To further improve the draping, a so-called preshape is employed: Before the
draping strategy is executed, the grippers are first moved vertically such that
they have equal distance to their respective target points on the mold. The
principles in the two draping strategies are depicted in Figure A.6 for a 2D
case with three grippers.

Note that the interpolation approach does not include any information
about the ply in the states between the initial configuration and the draped
configuration. The approach is used as a starting point, but as will become
evident in the results section (A.5), it does not necessarily lead to feasible
draping sequences.
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Direction of wave

Preshape

Fig. A.6: Draping strategies. Left: uniform draping, right: wave shape draping.

A.3.3 Transient Nonlinear Finite Element Model

The simulation of the generated draping sequences is carried out using Aba-
qus Explicit. The model comprises the ply, the mold surface and the con-
tact surfaces of the grippers. The mold and the grippers are treated as rigid
whereas the ply is modeled using the Abaqus intrinsic fabric material model
with nonlinear, rate-depedent behavior. The input to the material model is
determined in the next section. The interlinks between the grippers and the
offset rotation point of the grippers are modeled by means of Multi Point
Constraint (MPC) rigid beam elements as seen in Figure A.7. Connector ele-
ments are introduced in the gripper rotation points in order to model a max-
imum and minimum rotation as well as the actuators and their mounting in
the universal joints (two connector elements per gripper).

The phenomenological fabric material model is suitable for woven fabric
materials where the weft and warp direction will change during deforma-
tion such that they are no longer perpendicular. It allows for capturing the
in-plane deformation behaviors, i.e. fiber extension, fiber compression and
shear. It is assumed that all deformation modes are decoupled. The model
uses nominal stress and strain data at different strain rates as the constitutive
law which is convenient to obtain. In the material characterization section
(A.4) it becomes evident that an increasing strain rate in general makes the
ply response stiffer, i.e. a direct effect of the resin viscosity. Naturally, the
model must be used in a geometric nonlinear, finite strain analysis. The out-
puts include the angle between the weft and warp direction, i.e. the fabric

Rigid Gripper Surface

Interlink MPC

Joint Offset MPC

40 mm

17 mm

Connector Element

Fig. A.7: Modeling of interlinks and joint offset using Multi Point Constraint (MPC) elements in
Abaqus. The attachment of connector elements is also shown.
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shear strain (Dassault Systèmes Simulia Corporation, 2014).
The ply is meshed with 4-node shell elements with reduced integration

and hourglass control. The plate theory on which the element formulation is
based, assumes a first order shear deformation through the thickness. Later
in the paper it will be shown, that the shear deformation is an important
part of the out-of-plane response. Another point to note regarding the out-
of-plane behavior is the fact that it is obtained from the in-plane properties.
This is indeed a valid assumption for homogeneous materials, but incorrect
for heterogeneous materials like woven fabric. A number of remedies are
proposed in the literature of which two are considered in the following due
to their ease of implementation.

Döbrich et al. (2014) suggested to introduce three fictitious layers in the
shell. The middle layer accounts for the extensional stiffness while the outer
layers account for the bending stiffness. In this way the extension and bend-
ing are conveniently decoupled and the approach is readily implemented in
commercial FE softwares. This approach is valid as long as the axial stiff-
ness of the outer bending layers is much lower than the axial stiffness of the
middle extension layer. During characterization of the fabric material in this
study, it was found that it exhibits a highly rate dependent behavior in bend-
ing. At high strain rates, the bending stiffness becomes significant, for which
reason the decoupling is not practical.

The second approach involves adjusting the compressive stiffness in order
to get the right bending behavior which causes the effective modulus to be
asymmetric (Yu et al., 2005; Dangora et al., 2015). This approach is justified
by the fact that relative fiber movement is possible within the tows (both in-
plane and out-of-plane). Thus, the compressive stiffness is different and in
general lower than the tensile stiffness of the fibers. The downside is that the
bending stiffness changes if the ply is subjected to tension. In the present
study, however, the bending response is mostly of concern when the ply is
sagging. The asymmetric modulus approach is adopted in the present study
and details are presented in section A.4.3.

The interface between the grippers and the ply involves the effects of the
suction and the frictional resistance which is highly governed by the tacki-
ness of the resin. During the initial testing on the robot system, it was found
that the frictional resistance is substantial since grippers push into the ply
when picking it up. With the suction on, the ply is kept fixated. Therefore,
the grippers in this study are tied to the ply, i.e. modeled as having infinite
friction. This approach will constrain the ply material and in reality some
deformation underneath the grippers is expected.

In the interface between the ply and the mold, sliding is much more likely
to occur. Here, the frictional resistance is approximated by an experimentally
determined coefficient of friction of 1.50. The experimental setup was analo-
gous to ASTM Standard D 1894.
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By default, the transient FE model is undamped for which reason damp-
ing needs to be introduced. In this study, viscous Rayleigh damping is ap-
plied due to its numerical advantages. This means, that the damping matrix
equals the mass matrix scaled by some constant α. To this end, a value of α
that will critically damp the system is desired, i.e. with ζ = 1 in the following
formula (Cook et al., 2002):

α = 2ζω1 (A.4)

Here ω1 is the fundamental eigenfrequency of the system. In the following,
the damping behavior is studied by means of a cantilever specimen. The
setup is analogous to what will be presented in section A.4.3 where the out-
of-plane properties of the prepreg is characterized. Here, the idea is to get an
approximate value of α to be used in the FE models.

The frequency ω1 of the cantilever specimen can e.g. be found by con-
ducting an FE analysis with an undamped ply or approximated from the
analytical solution to the dynamic differential equation of the beam. Here,
the latter is considered. For linear elastic, isotropic materials, the fundamen-
tal eigenfrequency of a beam is given as (Cook et al., 2002):

ω1 = 1.8752

√
Estatic I

mL3 (A.5)

In the formula Estatic is Young’s modulus, I is the moment of inertia, m is the
mass of the beam and L is the length. Naturally, this formula can only approx-
imate the fundamental eigenfrequency of a prepreg specimen, as the material
cannot be considered linear elastic and isotropic. The unknown quantity in
Eq. (A.5), Estatic is determined as follows. From the experimental results in
section A.4.3, the static deflection of a prepreg cantilever specimen is found.
Next, an isotropic, large deflection beam is fitted to the experimental static
deflection by adjusting Young’s Modulus. The resulting value of Young’s
Modulus is equal to Estatic. Inserting the values in equation (A.5) the result is
ω1 = 11 s−1 and by using equation (A.4) the damping factor becomes α = 22.
This value is obviously highly model dependent but it will used as a starting
point for other analyses.

In the analyses, dynamic effects are small and thus mass scaling is ap-
plied to reduce the computation time. The mass is scaled with a factor up to
20. To this end it is checked that the kinetic energy is low compared to the
strain energy in the model and that mass scaling does not alter the end result
significantly for this kind of problem.
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A.4 Material Characterization

This section presents the experimental tests carried out to obtain material
data for the Finite Element (FE) model. These encompass tension tests for
the fiber direction response, bias-extension tests for the shear response and
cantilever tests for the bending response.

All tests were conducted at room temperature on a single ply with the
material defrosted accordingly. Tension and bias-extension tests were con-
ducted on an Instron 5568 electromechanical tensile test machine. A source
of error which applies to all the tests is the fact that the specimens were cut
to fixed dimensions which potentially involves cutting into the tows.

A.4.1 Tension Test

Strips of prepreg material with a width of 25 mm were cut in the fiber di-
rection. The desired gage length is 150 mm. The strips were mounted in
the grippers of the tensile test machine which was operated in displacement
control until a maximum load of 500 N. Two different crosshead rates were
tested: 2 mm/min and 0.5 mm/min.

The specimen deformation should ideally be obtained from a direct mea-
surement, e.g. an extensometer or strain gage, but due to the inhomogeneity
of the material this is not practical. Multiple authors have reported success-
ful use of an optical measuring technique, such as Digital Image Correlation
(DIC) (Willems et al., 2009; Zhu et al., 2008). The use of DIC was found chal-
lenging due to gaps between tows opening and closing during deformation
which inhibits the correlation process. To overcome the issues it was decided
to use a compliance compensation procedure for the tension tests. The system
compliance of the tensile test machine was measured by conducting three
tests on a steel specimen (grade S355) with a rectangular cross section of 25
mm × 5 mm and a gage length of 50 mm. This specimen has a stiffness sev-
eral orders of magnitude higher than the prepreg strips. The specimen was
mounted in the same grippers as were used for the prepreg material. At an
applied load of 500 N, the theoretical elongation of the steel specimen is:

δ =
FL
EA

= 0.0012 mm (A.6)

Here the value of Young’s Modulus is assumed to be E = 200 GPa. In turn,
the maximum displacement of the cross head was 0.1 mm. Thus, the elonga-
tion of the steel specimen can be neglected and the response is a measure of
the test machine compliance. For reference, the maximum elongations mea-
sured during testing of the prepreg were in the order of 1 mm.

The force-displacement data of the steel specimen are subtracted from the
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Fig. A.8: Nominal stress-strain response of prepreg material in the 0◦ direction.

force-displacement data of the prepreg. Next, the compliance compensated
prepreg data are converted to nominal stress and strain as follows:

σ =
F

A0
, ε =

∆L
L0

(A.7)

Here the subscript 0 indicates a quantity in the initial undeformed state. The
results are presented in Figure A.8.

From the figure it is seen that the prepreg material shows a non-linear
stress-strain behavior. This is expected since the tows are crimped in the
unloaded state and will gradually de-crimp during loading. It is also ev-
ident that the response is rate dependent which can be accredited to the
presence of the resin and its straining during decrimping of the tows. As a
simplification in the FE model, it is assumed that the fiber response is rate-
independent. This is justified by the fact that shearing is the predominant
deformation mechanism during forming. For the FE model input, the stress-
strain response obtained at 2 mm/min is used.

A.4.2 Bias-extension Test

The bias-extension test is a common method for measuring the shear re-
sponse of fabric. Various authors have benchmarked this test against another
method, the picture frame test (Lebrun et al., 2003; Harrison et al., 2004). The
bias-extension test was chosen based on the aforementioned benchmarks due
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Fig. A.9: Force vs. crosshead displacement for bias-extension tests.

to its simplicity and ease of application.
In the test, a wide sample of the prepreg material with fibers in ±45◦ is

clamped in grippers at the top and bottom. When the height is at least twice
the width, a pure shear zone will theoretically exist in the middle. For this
study the width is 120 mm and the desired gage length is 270 mm. The tensile
test machine is operated in displacement control at three different cross head
rates: 2 mm/min, 10 mm/min and 100 mm/min. The results are presented
in Figure A.9.

The figure shows families of curves with three distinct parts: First, a steep
part (≈ 0-10 mm in 100 mm/min test), then a plateau (≈ 10-35 mm in 100
mm/min test) and finally another steep part (≈ 35-50 mm in 100 mm/min
test). The first steep part corresponds to in-plane fiber bending where the
tows remain fixed at the cross-over points (Grosberg and Park, 1966). When
the frictional resistance at the cross-over points is exceeded, the tows begin
to rotate and thus, the response is governed by friction effects. This corre-
sponds to the plateau part. When neighboring tows come in contact and
change cross-sectional shape, the force increases and the locking angle is even-
tually reached (Nguyen et al., 1999). This is evident as the final steep part.
Throughout the entire deformation intra-ply slippage is possible. As previ-
ously noted, the resin helps to keep the tows in place. Also, reports in the
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Fig. A.10: Kinematics of the bias-extension test (Lebrun et al., 2003).

literature show that slippage is small below 40◦ shear (Boisse et al., 2017;
Harrison et al., 2005). Assuming three distinct shear zones in the sample (see
Figure A.10), a relation between the cross head movement δ and the shear
angle γ in the pure shear zone, C can be derived (Lebrun et al., 2003):

γ = 90◦ − 2 cos−1
(

L0 + δ√
2L0

)
(A.8)

Here the original length of zone C is given as L0 = H −W. Equation (A.8)
assumes that no intra-ply slippage occurs and thus, ideally the shear strain
should be measured using e.g. DIC. The shear strain rate is found by differ-
entiating equation (A.8) w.r.t. time:

γ̇ =

√
2

L0 sin θ
δ̇ (A.9)

So while δ̇ is constant within a test, γ̇ will increase with increasing shear
strain due to sin θ entering the equation. In order to obtain constant rate
curves, a C1 continuous interpolated surface of the form F = F(γ, γ̇) is cre-
ated, where F is the cross head force. One representative set of data from
each of the three testing rates (2, 10 and 100 mm/min) are used as input
in the interpolation. Now, slices of the surface are taken at the initial strain
rates of the tests yielding three constant rate cross head force vs shear angle
curves.
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Fig. A.11: Shear stress vs shear strain for bias-extension tests.

Using energy equilibrium the normalized shear force per unit length is
derived to (Cao et al., 2008):

Fsh(γ) =
1

(2H − 3W) cos γ

[(
H
W
− 1
)

F
(

cos
γ

2
− sin

γ

2

)

−WFsh

(γ

2

)
cos

γ

2

]
(A.10)

Notice how the force evaluated at a shear angle γ depends on the force eval-
uated at the half shear angle γ

2 . Thus, the expression must be evaluated it-
eratively. The nominal shear stress τ is found by division with the initial
thickness.

A shear stress vs shear angle curve for each cross head rate is presented in
Figure A.11. In the figure, black dotted lines are drawn in the plateau-region.
These lines correspond to the actual calculated shear stresses which are seen
to exhibit negative stiffnesses. To avoid instability during the FE solution, the
corrected curves with a flat plateau region are used.

In Figure A.9 the force drop in the plateau region is also visible. One pos-
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Fig. A.12: Method to obtain stress-strain curve and strain rate from cantilever test.

sible explanation for the drop is relaxation of the material, but this is not
investigated further. It must also be pointed out that equation (A.10) was de-
rived for rate-independent materials. Harrison et al. (2004) proposed another
formula for rate-dependent materials assuming Newtonian fluid behavior.
This approach avoids the negative stiffness, but the Newtonian assumption
also introduces errors. Because the material exhibits a rate-dependency, it fol-
lows that it has non-Newtonian behavior. In this study, the rate-independent
results with negative stiffness correction in Fig. A.11 will be used. This deci-
sion is made based on Finite Element simulations of the bias-extension test
using the two approaches.

A.4.3 Cantilever Test

As introduced previously, the bending behavior of the material model is con-
trolled by the compressive stiffness. Thus, this section presents the method-
ology to measure the out-of-plane deformation of the prepreg material and
calculate a number of compression stress-strain curves with corresponding
strain rates. The end result is introduction of rate-dependent bending in the
FE-model. The cantilever test is chosen due to its simple setup and the fact
that the loading from gravity is well known. See e.g. Alshahrani and Hojjati
(2017) for an overview of the various bending test methods.

The basic idea is to capture the deflection of the specimen over time. Based
on the deflection, the strain rate as function of time is obtained. Then by using
an inverse model approach and the tip deflection of the specimen at different
time stamps, compression stress-strain curves are obtained. These steps are
outlined in the flowchart in Figure A.12 and elaborated in the following.

In the test, the specimen are cut to a width of 25 mm and clamped at one
end such that the free length is 150 mm. The free part is held horizontal by a
support, which is removed upon start of the test. The experiment is run for 6
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Fig. A.13: Image processing of cantilever test. Top: grayscale image, bottom: binarized and
eroded image.

minutes until no further deformation is visible. Four samples of 0◦ and five
samples of 90◦ specimens are tested.

For the data processing, the method used by Liang et al. (2017) (see also
Dangora et al. (2015)) makes up the baseline. It consists of taking a still im-
age of the deflecting specimen, using image processing to extract the midline
and fitting a continuous smooth function from which it is possible to obtain
the moment-curvature relation. Here, slight modifications are introduced. In-
stead of still images, a video of the deflecting specimen is recorded whereby
the time aspect is taken into account.

The recorded video is handled using MATLAB’s Image Processing Tool-
box. For each chosen frame, the image is binarized using a global gray level
threshold value. Small areas less than some pixel tolerance are removed.
Next, the image is eroded, i.e. shrunk to a single pixel in thickness. Prac-
tically it is achieved by averaging the nonzero indices for each horizontal
coordinate. These steps are depicted in Figure A.13. Given the eroded image
and the spatial resolution, x and y coordinates of the deflected specimen can
be calculated. Next, a polynomial P(x) of order 4 is fitted to the x and y
coordinates of the deflected specimen with the constraint that it must pass
through the origin.

Using the polynomial, the tip deflection as function of time is found and
presented for all the tested specimen in Figure A.14. Quite a lot of scatter in
the data are observed but it is worth to note that six of the nine recorded
deflections are within 5 mm after 13 s. No trends can be seen regarding the
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Fig. A.14: Cantilever tests of 150 mm specimen presented as tip deflection vs time.

orientation of the specimens. Especially the initial conditions, i.e. releasing
of the specimen from horizontal is believed to cause the scatter. Other test
methods could give better control of the test parameters (Alshahrani and
Hojjati, 2017).

In the following, 0◦ test 3 will be considered since it represents the average
behavior of the tests. The curvature of the specimen is found as follows:

κ =
P′′(x)

(1 + P′(x)2)
3
2

(A.11)

From which it is possible to calculate the strain using the thickness T of the
specimen:

εxx = −0.5 T κ (A.12)

In this formula it is assumed that the neutral axis is located in the geometric
center of the beam. This is not the case when the effective moduli are different
in tension and compression. Also the weave style influences the location of
the neutral axis. However, since the desired quantity is the strain rate, it is
believed that the calculation is valid. This is also justified from Figure A.15
which depicts the strain vs. time at different percentages of the beam length.
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Fig. A.15: Strain vs. time at different percentages of the beam lengths for cantilever specimen.

The slopes of the curves, i.e. the strain rates, are seen to be very similar over
the course of the test, especially near the root end. The solid lines arise from
a least squares fit of a double power law on the following form (used for
analytical differentiation):

εxx(t) = atb + ctd (A.13)

During the tests it was observed that the specimen mostly deforms near the
root end (see also Figure A.13). Therefore, the 0.1% beam length curve is used
for strain rate calculation for the FE model.

The final information that is derived from the cantilever test is the out-
of-plane shear modulus. From Timoshenko beam theory for a linear elastic,
small deformation cantilever beam with a uniform load q (gravity) the slope
at x = 0 is:

v′(x = 0) =
qL

KsGA
(A.14)

Here Ks is the shear correction factor which, in lack of better, assumes the
familiar value of 5/6 for solid homogeneous materials. Based on the root
end slope of the experiment, the value of G can be estimated. As expected,
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Fig. A.16: Scalable compression stress-strain curve with break caused by meso-level buckling.

it decays with time. In the current FE material model, however, it must be a
constant. A value of G13 = G23 = 2 · 105 Pa is chosen by manual fitting such
that also a physically sensible response is obtained when the ply is subjected
to compression.

With the link between the deflection and the strain rate established, the
task is now to determine a compression stress-strain curve, that will give the
desired deflection. One could in principle calculate the moment and then the
stress in the beam from beam theory. However, the uncertainty of the neu-
tral axis location in addition to the nonlinear tension response (Figure A.8)
complicates the operation. Thus, a more robust choice is the inverse model
approach.

First, a compression master curve is chosen. The idea is to define the
shape of the curve and use a single parameter to scale the curve such that
different bending responses are obtained. The chosen master curve resem-
bles a buckling curve where the break of the curve is assumed to arise from
meso-level buckling, i.e. buckling of the tows in the unit cell. The curve fol-
lows the initial slope of the tension response until 0.1 % strain after which
the slope decreases to 5 · 108 Pa. Notice, however, that these slopes were cho-
sen rather arbitrarily. The curve is depicted in Figure A.16. A total of 12 FE
simulations of a deflecting cantilever beam are then conducted with the com-
pression curve scaled in the range from 0.02 to 10. For each FE simulation the
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static tip deflection is extracted. Now, interpolating using smooth splines, an
expression for the tip deflection of the FE model as function of the scaling
factor is obtained.

The only task remaining is to output the desired compression stress-strain
curves and corresponding strain rates for the material model. The first curve
is generated from data at time equal to 0.4 s in the experiment. The last
curve is generated from data where the prepreg specimen has reached a static
deflection of 95 mm. Here the strain rate should be effectively zero and is
input as ε̇ = 10−15. Four curves with equidistant scaling factor are generated
in between. Note, that no extrapolation was used in the determination of the
stress-strain curves.

A.5 Results

This section presents results with the Virtual Draping Environment (VDE).

A.5.1 Simulation of Cantilever Test

As a verification of the cantilever test data processing described in the pre-
vious section, two cantilever tests are simulated in Abaqus. This includes a
model with the same dimensions as used for the data processing (25 mm ×
150 mm) and a shorter model (25 mm × 70 mm). For the latter, two can-
tilever experiments are conducted for comparison. The results are presented
in Fig A.17. From the figure it is evident that there is fine agreement between
the test and simulation of the 150 mm strip. A small offset of maximum 2
mm or 4 % is seen. For the 70 mm strip there is also good agreement between
test and simulation. With the rather large uncertainties of the experiment the
bending part of the material model is considered adequate. Regarding the
damping, which was described in section A.3.3, the calculated value is seen
to almost critically damp the system. Some initial deflection oscillation is seen
in the experimental data and is also captured by the FE simulation as seen in
the zoomed-in rectangle. Notice that this is a physical dynamic effect of the
test.

A.5.2 Model Validation

In the following, a simple test case with 4 grippers (120 mm spacing) and
a 160 mm × 160 mm ply is considered. The ply is draped onto the lower
left corner of the test mold (see Figure A.3). A test rig where the grippers
are controllable in x, y and z directions is used to obtain experimental data.
The grippers are mounted in ball joints but no interlinks are used. With these
controllable DOF, the system is more deterministic which facilitates the vali-
dation. A manually created draping sequence that purposely produces wrin-
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Fig. A.17: Comparison of experiments and FE simulations of cantilever test. The FE model uses
data from 150 mm test 3 as input.

kles is executed and afterwards the draped ply on the mold is recorded using
a PrimeSense Carmine 1.09 3D scanner. The same draping sequence is sim-
ulated using the transient model in Abaqus. The starting position of the
grippers is such that they all have the same vertical distance to their target
points on the mold surface. The draping sequence consists of two parts: a
sequential in-plane movement of three grippers to the x and y coordinates
of the target points, followed by a collective vertical movement to the mold
surface. To enforce the infinite friction assumption in the model, the grippers
(solid nylon discs) are glued onto the ply.

The ply after in-plane deformation and in the final configuration on the
mold is depicted in Figure A.18. During the in-plane movement of the grip-
pers a large wrinkle is formed in the direction of shearing. This is maintained
in the draped configuration. Notice, that this is not due to the fabric reaching
the locking angle (≈ 35◦) since the maximum shearing angle on the mold is
about 20◦ (according to the kinematic mapping algorithm). In addition, be-
cause of the mold-ply friction, the grippers are not completely tangent to the
mold surface in the final configuration.

The simulation results of the transient FE model are shown in Figure A.19
in the same two states (See the appendix for the velocities used). In general,
the FE model is seen to predict the tendencies in both states well. The largest
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Fig. A.18: The model validation drape experiment in two different states: Top: After in-plane
movement (free hanging). Bottom: Final configuration on the mold.
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Fig. A.19: The model validation FE simulation in two different states: Top: After in-plane move-
ment (free hanging). Bottom: Final configuration on the mold. The colors represent fabric shear
strain.
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Fig. A.20: Difference between ply and mold for both experimental (error bars indicate resolution)
and FE simulation.

discrepancies are seen in the draped configuration near the grippers where
also some small penetrations through the mold surface occur. This indicates
that the constant Coulomb friction model is a simplification of the actual
interface behavior. This may be due to the viscous properties of the prepreg.

Figure A.20 presents a plot of the difference between the ply and the
mold for both the experiment and the FE model. The data are sampled at a
line of constant x-values halfway across the ply. The spatial resolution of the
3D scanner used to record the experimental result is about 0.5 mm which is
indicated with error bars in the plot.

The main peak in the plot corresponds to the large diagonal wrinkle,
which is predicted well by the FE model. This is mostly related to the ma-
terial model as the wrinkle is formed before mold contact as seen in Fig-
ure A.19. There is a discrepancy of about 1 mm on the right side of the peak
at y-distances 80 mm to 110 mm which again is believed to be due to the
friction model. At y-distances 110 mm to 160 mm a fair agreement is seen.
This wrinkling is partly created before mold contact. Obviously there are a
some uncertainties associated with both the FE model and the experiment,
so a result of this kind is considered acceptable.

Overall, the comparisons between the FE models and experiments in this
and in the previous section indicate that the material model is appropriate
while the ply-mold interface model with the simple constant Coulomb fric-
tion could be improved. However, the discrepancies in the present example
are mostly caused by the grippers when they make contact with the mold at
an angle, i.e. they are not tangent to the mold surface. As seen, the friction
causes the grippers to halt in these configurations which of course should be
avoided already in the planning of the draping sequence. However, as will
become evident in the following, the use of interlinks greatly reduces the
issue with gripper rotations.
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Fig. A.21: The FE model in the initial configuration. The numbers indicate the groups of grippers
in the wave shape draping sequence.

A.5.3 Simulation of Robot System Draping

Consider next a 405 mm × 405 mm ply being draped onto the test mold by
the robot system. The interlinks are used in the model and therefore only the
z DOF are controllable. The 5 × 5 grid has a spacing of 100 mm. A vertical
spring is introduced in the connector elements (see Figure A.7) to model
the maximum actuator force. This helps prevent mold penetrations since the
grippers are displacement controlled. If some grippers are not completely on
the mold surface after draping, they will be moved accordingly.

The energy mapping algorithm is used to find the draped configuration.
A starting point in the center of the mold is selected and geodesic lines from
mid-side to mid-side of the mold edges are created on the mold surface. Since
the starting point is in the center of the mold, gripper 3,3, i.e. the one in the
center, is fixed in-plane. The initial configuration in the FE model is shown in
Figure A.21. During draping, the grippers are first moved into the preshape
(5 s duration) which is seen in Figure A.22. Next, the two different strate-
gies previously outlined in section A.3.2 are executed: The uniform draping
sequence and the wave shape draping sequence. Results from both are pre-
sented in the following. It is expected that the wave shape draping sequence
performs better than the uniform draping sequence because it resembles the
current manual operation closer.

A.5.4 Result with Uniform Draping Sequence

As described previously, the uniform draping sequence implicates that all
the grippers move towards the mold simultaneously (5 s duration). The re-
sult is shown in Fig A.23 as a contour plot of the ply-mold difference. The
figure shows, that the draped configuration has wrinkles. Especially, the up-
per left corner has a maximum ply-mold separation of 12.2 mm. The figure
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Fig. A.22: The robot system FE model after preshaping. The colors represent shear strain.

also shows the prescribed boundary (red line with circles), i.e. the boundary
obtained from the mapping algorithm. Here, it is evident that the upper and
lower edges of the ply are far off the boundary - as much as 28 mm in the up-
per right corner. So while the grippers in principle should make contact with
the mold simultaneously using this draping sequence, the steep gradients of
the mold in areas with high curvature causes some grippers to make contact
with the mold before others. Thereby, some grippers do not reach their target
points. From Figure A.22 it is seen that the sag of the ply before mold contact
is small but even the free-hanging ply can make contact with the mold at the
wrong x and y coordinates. Since the in-plane displacements are controlled
by the interlinks the error propagates throughout the ply.

A.5.5 Result with Wave Shape Draping Sequence

Next, a wave shape is simulated originating from the center of the mold.
The numbers in Figure A.21 indicate the order in which the grippers move.
Grippers with the same number move to the mold simultaneously in 3.5
seconds. After a delay of 0.8 seconds the next group follows. The last grippers
to make contact with the mold are consequently the group 3 grippers. The
result is shown in Figure A.24. From the figure it is evident that there are
still wrinkles in the draped configuration, however, the result is improved
compared to the uniform draping sequence. The wrinkles are located in the
same areas of the mold but now the maximum ply-mold difference is reduced
to 10.1 mm (12.2 mm previously) and the boundary offset of the upper right
corner is reduced to about 20 mm (28 mm previously). The middle part of
the ply from where the wave originates as well as the lower left corner is now
completely free from wrinkles. Thus, the wave shape draping sequence is an
improvement but the issues in the areas of high mold curvature as described
in the previous section persist. A 3D view of the draped configuration is

96



i
i

“master” — 2019/10/3 — 11:35 — page 97 — #109 i
i

i
i

i
i

A.5. Results

Fig. A.23: Contour plot of ply-mold difference for uniform draping sequence. The red line with
circles indicates the prescribed boundary.

Fig. A.24: Contour plot of ply-mold difference for wave shape draping sequence. The red line
with circles indicates the prescribed boundary. The arrows show the wave direction.

presented in Figure A.25.
Please note, that both of the results presented in Figures A.23 and A.24

are inconsistent with the requirements of no wrinkles and placement within
the boundary and thus cannot be accepted in an industrial context.
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Fig. A.25: The draped configuration of the wave shape draping sequence. The colors indicate
fabric shear strain.

A.6 Conclusions

This paper has introduced a Virtual Draping Environment (VDE) for planing
and simulating draping sequences for the robot system under development.
The z-velocity of each gripper in the array must be determined such that the
draped configuration is free from wrinkles. Here, the emphasis has been on
setting up the transient non-linear Finite Element (FE) model and using it for
simulation of the draping process. To this end, material characterization was
employed which consists of tension tests, bias-extension tests, and cantilever
tests. Especially the shear and bending response showed a high degree of
rate-dependency. This was expected since the ply is a prepreg.

The bending response of the FE model is achieved by adjusting the com-
pressive stiffness in the fiber direction. By means of video recording of the
cantilever test and image processing, the experimental deflection was deter-
mined. Additionally, the strain rate was calculated in order to include the
rate-dependency in the FE model. Using an inverse modeling approach, the
bending response of the FE model was adjusted to match that of a cantilever
test. This approach showed good agreement - also when comparing to a can-
tilever test of a shorter specimen.

To test the FE model in its entirety, a simple 4-gripper experimental ar-
rangement was used. When comparing the subsequent FE simulation with
the experiment, the material model seemed to be appropriate while the sim-
ple Coulomb friction interface could be improved. It was, however, noted that
the lack of interlinks (see Figure A.2) in the validation setup caused some par-
ticular difficult interface conditions which are avoided when simulating the
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robot drape tool.
Finally, the FE model was used to evaluate two different gripper move pat-

terns or draping strategies. The first was a uniform strategy where all grippers
move towards the mold simultaneously. The second is a wave shape strategy
where grippers move in a droplet or wave originating from the center of the
mold. Both of the simulated draping sequences resulted in wrinkles but the
wave shape strategy performed slightly better.

To this end it is interesting to note that both simulations used the same z-
displacements of the grippers but executed in different ways. The grippers do
not terminate at the same locations in the two simulations so it cannot directly
be concluded that it is a path dependent problem. However, the fact that the
differences result from mold-ply friction which itself is a path dependent
phenomenon and that wrinkles can be formed already in the free hanging
configuration (see Figure A.18) is strong evidence.

The work presented in this paper is only a small step towards modeling of
automated manipulation of prepregs. The griper-ply interface which was ne-
glected in this study, should be investigated carefully. Although the frictional
resistance appears high, it should be checked that it is sufficient when the
ply is sheared. The current tie contact probably also overconstrains the ply
which could lead to unphysical wrinkling. Feasible draping sequences where
the ply border matches the prescribed boundary should be generated. To this
end it could be interesting to investigate whether optimization techniques can
be employed. Wrinkles should also be avoided but another approach would
be to investigate what wrinkle sizes and shapes that can be removed during
debulking of the layup.

By continuing the study of robotic draping it is hoped that the cost of
carbon fiber parts for the aerospace industry eventually can be lowered.
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Appendix: 4-Gripper FE Prescribed Velocities

Table A.1 presents the 4-gripper FE model velocity boundary conditions,
which were obtained from the grippers in the experiment. The initial co-
ordinate of gripper 2 is {39.8, 40.1, 137.0} mm with the other grippers placed
such that they form a square grid with side lengths 120 mm.

Table A.1: Velocities prescribed in the 4-gripper FE model. Non-active grippers are prescribed a
zero velocity.

Step Grp. Velocity [mm/s] Time [s]

1 1 { 0.0, 0.0, −0.93 } 3
1 2 { 0.0, 0.0, −9.53 } 3
1 4 { 0.0, 0.0, −4.27 } 3
2 1 { -2.9, 4.0, 0.0 } 2
3 3 { 4.1, -0.22, 0.0 } 2
4 4 { 0.67, 0.74, 0.0 } 18
5 1,2,3,4 { 0.0, 0.0, −5.1 } 6
6 1 { -1.0, -3.0, 0.0 } 1
6 2 { -0.75, -0.75, 0.0 } 1
6 3 { -1.0, 1.0, 0.0 } 1
6 4 { -2.0, -3.0, 0.0 } 1
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B.1. Introduction

Abstract

This paper examines different concepts in relation to the picture-frame test
for shear characterization of a woven prepreg fabric. The influence of the sam-
ple arms is investigated by means of cut slits as well as removed transverse
tows. Shear angles are obtained using Digital Image Correlation (DIC) and
also from images taken during the test which are processed for fiber angles
directly from the weave texture. The image processing relies on the Hough
transform in MATLAB. The concept of constant shear strain rate is discussed
and implemented in the test software by a multi-linear crosshead velocity
profile. Finally, bias-extension data are obtained and used for comparison. It
is found that the sample arm modifications have a pronounced effect on the
measured shear load whereas the uniformness of the shear strain field in the
samples is not improved considerably.

Keywords Woven carbon fiber prepreg, Shear characterization, Picture frame
testing, Image Analysis

B.1 Introduction

During the forming of woven fabrics, a significant amount of shear or trel-
lising occurs. This deformation mechanism has long been recognized as the
most important when an initially flat piece of fabric undergoes deformation
to a double-curved shape (Nguyen et al., 1999). Naturally, the shear prop-
erties of the fabric must be characterized if the forming behavior is to be
accurately predicted in a simulation code. To this end it is common practice
to use either the picture-frame test or the bias-extension test to do this charac-
terization.

The picture-frame test uses a square frame with hinged corners. A test
sample is clamped in the frame with the fibers oriented parallel and perpen-
dicular to the frame edges. One frame corner is held stationary while the
opposite corner is displaced such that the sample theoretically is subjected
to uniform shear. The test has been applied to a number of different materi-
als such as thermoplastic woven glass fibers (Peng and Cao, 2005), dry woven
carbon fibers (Nguyen et al., 1999), woven carbon fiber prepreg (Mohan et al.,
2016), Uni-Directional (UD) carbon fiber prepreg (Harrison et al., 2002), and
thermoplastic cross-ply polyethylene fiber sheets (Dangora et al., 2015).

There are a number of known issues in regard to the picture-frame test.
First, the test is sensitive to the clamping boundary conditions as discussed
by Harrison et al. (2004). If fiber tension across the sample is too low, the
sample might not shear to the same extent as the frame. On the other hand,
if the tension is too high, then the results might be compromised - especially
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if the sample is misaligned in the frame. Second, because of the frame design
with the clamping area and the hinges, the samples are in general not square
but cruciform. Therefore, the “arms” of the sample could also influence the
measurements in the gage area in the center of the sample.

To avoid the contributions from the sample arms when testing woven ma-
terials, some researchers remove the transverse tows from the arms before
testing, see e.g. Lussier (2000), Zhu et al. (2007), and Peng and Cao (2005).
However, based on a benchmark study with contributions from several re-
search groups (Cao et al., 2008) there exist no general practice regarding the
sample arms. The results from the paper do in fact not suggest differences
between samples with and without transverse tows in the sample arms. How-
ever, due to the many variations in test setups and practices among the par-
ticipating research groups, this conclusion is not decisive. In the paper, it was
discussed how one should be careful not to alter the sample tightness or local
fiber orientations when removing the transverse tows.

For some materials, the transverse fibers are not so easily removed. Dan-
gora et al. (2015) studied the effect of sample arms in the picture-frame test
with thermoplastic preconsolidated UD cross-ply. Slits were cut in varying
widths and also the polyurethane matrix was dissolved to achieve a condi-
tion of “infinite slits”. A significant influence of the sample arms was found
and only the infinite-slit condition test data provided good agreement in a
finite element (FE) simulation.

In the picture-frame test, it is often assumed that the shear strains are
uniform in the gage area such that a global shear force and shear strain can
be obtained from a kinematic and static analysis of the frame. It is, however,
common practice to use either Digital Image Correlation (DIC) measurements
or to manually check the fiber angles from pictures of the test as a validation
(Cao et al., 2008).

The manual identification of fiber angles from pictures can be alleviated
by using image processing techniques. Harrison et al. (2008) presented a pro-
gram that uses lines drawn on the samples before testing to identify the
shear angles. However, the authors noted that the finite thickness and the
varying contrast of the lines would introduce noise into the measurements.
Arumugam et al. (2016) conducted picture-frame tests of 3D textiles with a
grid drawn on the test samples. Pictures taken during the test were analyzed
using a Hough transform to recognize straight lines. Other researchers have
obtained fiber angles directly from the weave texture. See for instance the
study by Olson et al. (2017) on parachute suspension lines. Lastly, it should
be noted that advanced commercial laser measurement systems exist, which
was e.g. applied by Krieger et al. (2015) for the bias-extension test of NCF.

A final point regarding the picture frame is, that it does not produce a
constant shear angle rate when displaced at a constant crosshead rate. Rather,
the shear angle rate is a nonlinear function of the crosshead movement. This
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statement is evident from the aforementioned kinematic relations between
the crosshead displacement and the shear angle. The behavior must be taken
into account when testing rate-dependent materials such as prepregs and e.g.
comparing the test data to bias-extension data.

A number of remedies to the non-constant shear angle rate have been
discussed in the literature. Harrison et al. (2002) used the picture-frame kine-
matics to generate a nonlinear crosshead vs. time expression that yields a con-
stant shear rate. It was implemented on a standard universal test machine.
However, additional control software was needed to achieve the nonlinear
crosshead movement. It was reported that the use of a constant shear rate
resulted in less variability in the data. In the study by Lebrun et al. (2003),
picture-frame and bias-extension data were compared. The shear angle rate
was taken into account by using a calculated ratio between the two crosshead
speeds which ensured an equal (but varying) shear angle rate. Harrison et al.
(2004) developed normalization equations for the picture-frame test and the
bias-extension test that allows for comparison. By normalizing the two types
of test data by their respective crosshead rates, good agreement was found in
the comparison.

The overall goal of this paper is to investigate the shear characterization
of a woven prepreg fabric using the picture-frame test. This investigation in-
volves the influence of the cruciform sample arms on the gage area and how
fabric shear angles can be acquired. Regarding the sample arms, the trans-
verse tows are not easily removed due to the resin, and an approach similar
to that of Dangora et al. (2015) will be taken, which involves cut slits and
dissolved resin. The details hereof are presented in Section 2. The influence
of the sample arms is inspected by considering the load required to shear the
sample as well as the distribution of shear angles in the sample. Regarding
the latter, the kinematic analysis does not suffice, for which reason a full-field
method is needed. Here, the well-proven DIC is employed and it is also inves-
tigated if the fabric angles can be acquired based on the weave texture from
images taken during the test. More specifically, the Hough transform is ap-
plied in this analysis. The data acquisition methods are presented in Section 3.
The rate-dependency of the prepreg fabric is taken into account by testing at
a constant shear rate. A nonlinear expression for the crosshead is generated
and approximated using linear segments. The segments are readily imple-
mented as ramps in the standard Instron® Bluehill software. The procedure
is elaborated in Section 4. The results of the paper are presented in Section 5.
It is shown that the sample arm modification mainly influences the measured
shear load. To address potential issues with the clamping boundary condi-
tions, the picture-frame data are compared to results from a bias-extension
test. While this test has a number of drawbacks, the tows are always unten-
sioned, and thus the test can be used to verify picture-frame data as suggested
by Harrison et al. (2004). Good agreement between the two tests is found pro-
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Fig. B.1: The picture frame with a mounted sample. The frame has an amplifying linkage mech-
anism.

vided that the proper sample area-normalization is carried out. The paper is
ended with a discussion in Section 6 and a conclusion.

B.2 Test Samples

The material used in this study is a 4-harness satin-weave carbon-fiber prepreg
with a bismaleimide (BMI) resin. The thickness is 0.3 mm and the areal den-
sity is 314 g/m2. The resin causes the material to exhibit viscoelasticity. As a
consequence, the shear force required to shear the material depends on the
rate of shear. This rate-dependency was verified in a previous study with
the prepreg material using the bias-extension test (Krogh et al., 2019). The
viscoelasticity makes the shear response different from that of dry fabrics.
The testing temperature is also a factor because the viscosity of the resin is
dependent on temperature. In this study, all tests were carried out at room
temperature.

Figure B.1 shows the picture frame including the amplifying linkage mech-
anism with a mounted sample. The amplifying linkage mechanism respec-
tively increases the displacement and decreases the force on the frame by a
factor of 4.25 in comparison to the crosshead values. The basic sample type
is a cruciform with an arm width equal to 62 tows or approximately 136 mm,
i.e. the maximum width that fits in the frame. The test sample is cut from the
stock material by means of a utility knife and a ruler. The basic sample type
serves as the reference and will be referred to as having full arm geometry.
To investigate the influence of arm geometry, the basic sample is modified in
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Fig. B.2: Transverse tows removed from sample with comb and tweezers after submersion in
ethanol.

two ways: By cutting slits and by removing the transverse tows.
The cutting of slits is likewise carried out with the utility knife and the

ruler. The slits are cut with a distance increment of 3 tows, and thus, the total
number of slits in each arm is 20.

To remove the transverse tows, the resin must be dissolved. For this pur-
pose ethanol was selected because it dissolves the uncured BMI resin with-
out damaging the carbon fibers according to chemical resistance charts. Each
sample arm was submerged in a tray with ethanol for a few seconds af-
ter which excess ethanol was wiped off. Care was exercised not to get any
ethanol on the gage area of the sample. Next, the sample was placed on a cut-
ting board, and a ruler was placed on top on the boundary between the gage
area and the arm. A comb was used to remove the transverse tows. Only a
few tows were removed at a time, starting from the free edge. Near the gage
area, tweezers were used to remove the final transverse tows. The end result
is depicted in Fig. B.2.

Using the approach outlined above, it was found, that the remaining tows
would still be coated with resin. For the sake of easier mounting in the frame,
it was decided not to remove that resin and thereby keep the fibers bundled.
Also, in relation to the mounting of the sample in the frame, it was found
preferable to comb the samples while on the cutting board and wrap the arm
ends in masking tape before transferring the sample to the frame.

Both the cutting of slits and removing of transverse tows are cumbersome
tasks that take about 10 - 15 minutes per sample. This time must be added to
the cutting of the basic cruciform sample. If DIC is used, (see Section B.3.2)
then even more time must be added for sample preparation.

A wooden fixture was made to keep the frame stable while mounting the
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sample. The fixture has a surface to support the sample which is flush with
the frame. In this way, the effect of varying fiber tensions was diminished.

B.3 Data Acquisition and Processing

In this section, the different methods of data acquisition that were employed
in the study are presented and discussed, i.e. data from the crosshead, DIC
and image processing using Hough transform.

B.3.1 Crosshead Force and Displacement

Crosshead force and displacement were recorded in the picture-frame tests
with the Instron Bluehill Universal Testing software. The load cell used had a
capacity of 5 kN and an accuracy of 0.1 %. The formulas used to calculate the
shear strain and shear force are typical for picture-frame analyses (Harrison
et al., 2004; Cao et al., 2008; Launay et al., 2008; Jauffrès et al., 2010). The
global shear angle, γ, of the sample is geometrically related to the length of
the frame, LF, and the crosshead displacement, δ through the equation:

γ =
π

2
− 2 arccos

(
1√
2
+

δ

2LF

)
(B.1)

The shear force, Fsh, on the fabric is also a function of the global shear angle
and the crosshead force, F:

Fsh =
F

2 cos
(

π
4 −

γ
2
) (B.2)

Peng et al. (2004) used a method of normalization for cruciform sample test-
ing based on energy conservation through work done per volume. Using an
assumption of zero contribution of load from the arms and uniform shear de-
formation in the gage area, the shear force can be normalized over the gage
area with side length L f , while also taking the frame length into account.
Combining these into a single expression yields (Jauffrès et al., 2010):

Fsh,norm_gage =
LF

L2
f

F
2 cos

(
π
4 −

γ
2
) (B.3)

B.3.2 Digital Image Correlation

For digital image correlation, a sequence of digital images is compared to an
initial reference image. A displacement field can be calculated from the local
deformation of the isotropic pattern within a subset window or facet. Differ-
entiation of the displacement field will yield the local strain of the sample. A
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Fig. B.3: Slitted arm sample with DIC pattern mounted in the frame.

strain window is used by the differentiation algorithm, defining the number
of neighboring facets. A large strain field will yield less noise, but also less
spacial resolution. Two cameras, installed at different angles with respect to
the sample, are required for 3D DIC. Strains are calculated in the tangential
plane of the object (Lomov et al., 2008).

Digital image correlation was performed with an Aramis 3D digital imag-
ing setup. The specifications of the setup are found in Table B.1. The analysis
was performed with a facet size of 10 × 10, an 8-pixel step and linear shape
function. The strain window was set to 3 points with the strain resolution be-
ing 0.05◦. The samples were patterned by first applying a thin coat of white
spray paint to reduce glare. A uniform dot pattern was then applied using
lightly sprayed black paint with a stencil. The holes of the stencil were ap-
proximately 3 mm in diameter, spaced 5 mm center-to-center on the diagonal.
The use of the stencil helped to achieve an even ratio of white and black paint
as well as the right speckle size. Notice, that the size and spacing of the holes
in the stencil are not a direct measure of the spatial resolution because the
pattern is still considered random. The patterning of the sample mounted in
the frame is shown in Fig. B.3.

The previous discussion of DIC has illustrated, that the method relies on
an applied pattern which enables the correlation between the deformed and
the undeformed samples. The first question is whether the paint affects the
measurements. This point is up for debate as some authors have reported
that the paint applied for DIC does affect the results (Harrison et al., 2018)
while others have reported that there is no influence (Jauffrès et al., 2010).
In a comparison between different samples, it can be assumed that the paint
affects all the samples equally (Dangora et al., 2015). Next, because the ref-
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Table B.1: DIC setup in Aramis. The shear strain resolution is computed as the standard devia-
tion of two still image strain maps.

Technique used 3D DIC

Sensor and Digitization 1624 × 1236, 8 bit
Lens and Imaging Distance 8.5 mm, 0.6 m
Recording frequency 10 Hz

Facet, step 10 × 10, 8
Shape functions Linear
Interpolation of 3D points Max. 3 points
Filtering Median 5 × 5, 3 runs

Strain window 3 points
Shear strain resolution 0.05◦

erence configuration is recorded after the sample has been mounted in the
frame, it does not contain information about any possible unintended pre-
deformation. That is, the fiber directions could be different from ±45◦ before
the test is started. Lastly, the selection and application of a proper pattern can
be a time consuming task. These issues are the motivation for looking into
alternatives.

B.3.3 Image Processing using Hough Transform

The idea of the image processing setup is to identify the fiber angles directly
from the weave texture which alleviates the issues discussed above. The tows
will appear as straight lines in the images which can be detected using the
Hough transform algorithm. The method is useful for finding lines in im-
ages, even if the input image contains sparse or broken lines (Marques, 2011).
Figure B.4 depicts the principle of the algorithm in Cartesian coordinates.
The figure shows two coordinate systems, namely the Cartesian space and the
Transform domain. In the Cartesian space, two points, (x1, y1) and (x2, y2), are
located, which represent two points in a recorded image. The Transform do-
main represent possible lines in the image, i.e. on the form y = ax + b. Many
lines passing through the point (x1, y1) can be generated and vice versa for
the the point (x2, y2). Each of those lines map to a point in the transform
domain. However, only one line passes through both points and that line is
exactly given by the intersection point in the transform domain.

In practice, the algorithm operates in polar coordinates with the param-
eters ρ (perpendicular distance from the line to the origin) and θ (the angle
between the line’s perpendicular and the horizontal axis) to avoid infinite
gradients of vertical lines.

The implementation of the fiber angle detection in MATLAB is now ex-
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Fig. B.4: The principle of the Hough transform in Cartesian coordinates with two points.

(a) (b) (c)

Fig. B.5: Steps in the fiber angle detection using Hough transform. (a) Binary image from edge
detection, (b) lines detected for Fiber 1 family (c) lines detected for Fiber 2 family.

plained. The first step is to crop the image to the Region of Interest (ROI), i.e.
the gage area. To ensure an even distribution of detected fiber angles through-
out the ROI, the image is divided into a grid of cells, which shall be referred
to as Hough cells. The idea is to detect a small number of lines (i.e. angles)
within each Hough cell as shown in Fig. B.5. The steps in the figure are elab-
orated in the following. First, in each Hough cell, Contrast-limited adaptive
histogram equlization (CLAHE) is applied to make sure that the image uti-
lizes the entire range of gray-scale values. Hereafter, the image is sharpened
using unsharp masking. Then, the cell is ready for the edge detection using
the Canny algorithm followed by the Hough transform. The Hough trans-
form is carried out for each family of fibers where the distinction is achieved
by careful choice of the θ-values to search for: Using the frame angle asso-
ciated with the current image and a specified tolerance, a desired range of
θ-values can be calculated. Upon completing the analysis of all Hough cells,
tows in the entire sample will have been detected.

To obtain a contour plot of the shear angle distribution, a grid of so-called
Contour cells is introduced. Notice, that these are different from the Hough
cells. The following is repeated for each family of fibers. For each contour
cell, the detected fiber tows enclosed by the Contour cell are found, and the
median value of the fiber angles together with the coordinates of the Con-
tour cell center are stored in arrays. The array of Contour cell shear angles is
then filtered using a 2D median filter. Next, a C1 continuous surface is inter-
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polated based on the coordinates and angles. Finally, the fabric shear angle
distribution surface is obtained as the difference between the two interpo-
lated surfaces.

B.4 Constant Shear Strain Rate Data

It is well established that prepreg fabric exhibits a rate-dependent behavior
due to the presence of the viscous resin. To this end, constant shear rate data
are of interest for two reasons: 1) For comparison with bias-extension test
data at the same constant rate and 2) For use in forming simulation codes
where test data can be input directly as the constitutive law. For instance,
with the Abaqus fabric material model (Dassault Systèmes Simulia Corpora-
tion, 2014), stress-strain curves of constant strain rates can be input. Then by
using interpolation, other strain rates are achieved in the material model. The
testing at a constant shear rate is explained in the following.

B.4.1 Testing at a Constant Shear Rate

The approach for testing at a constant shear rate is as follows. First, a constant
shear rate expression for the crosshead movement vs time is obtained. Next,
this expression is approximated using linear segments such that it can be
implemented in standard test machine software. In this study, the TestProfiler
module in Bluehill 3 by Instron® is utilized.

For this study, the test shear rate was chosen such that it corresponds to
the initial shear rate when testing at a crosshead rate of 100 mm/min. The
shear rate is equal to 0.046 rad/s or 2.66 ◦/s.

The kinematic picture-frame relations were presented in Section B.3.1. Us-
ing these equations, the following differential equation can be obtained (see
also Harrison et al. (2002)):

δ̇(t) =
LFγ̇

2

√√√√√4−

(
δ(t) + LF

√
2
)2

L2
F

(B.4)

Using the initial condition δ(0) = 0, a closed form solution to Eq. (B.4) can
be obtained. The expression, δ(t), is rather long and is not presented here. It
is instead visualized in Fig. B.6 which consists of a crosshead movement vs.
time graph and a shear-strain rate vs. time graph. The solution to Eq. (B.4),
δ(t), (red dashed line) is compared to a constant crosshead rate (solid black
line with circles) and the multi-linear approximation to the constant shear
rate expression consisting of 20 segments (solid blue line). From Fig. B.6,
right graph, it is seen that the constant crosshead rate results in an increas-

116



i
i

“master” — 2019/10/3 — 11:35 — page 117 — #129 i
i

i
i

i
i

B.5. Results

0 5 10 15 20
Time [s]

3

4

5

6

Sh
ea

r S
tra

in
 R

at
e 

[d
eg

/s
]

Constant crosshead rate Constant shear rate Multi-linear approximation (20 seg.)

0 5 10 15 20
Time [s]

0

5

10

15

20

25

C
ro

ss
he

ad
 M

ov
em

en
t [

m
m

]

Fig. B.6: Constant crosshead rate vs constant shear rate and a multi-linear approximation.

ing shear-strain rate over time. In fact, the rate increases by a factor of 2.4
over the course of the test. The constant shear-rate crosshead movement and
its multi-linear approximation are indistinguishable in the graph to the left
whereas differences can be observed on the graph to the right where the
rate is considered. Still, the multi-linear approximation is seen to provide a
good approximation of the constant shear-strain rate. The slopes of the linear
segments are obtained by dividing the nonlinear expression into 20 evenly
spaced time intervals and computing secants using the start and end points
of each interval. All three curves displace the crosshead 25.4 mm (1 inch)
which results in a frame displacement of 108 mm due to amplification link-
age.

The 20 linear segments can readily be implemented as ramp segments in
the TestProfiler module in Bluehill. In the first step, the crosshead is moved
until the empty frame plateau load of 100 N is reached. Notice that this rather
high load is an effect of the amplifying linkage mechanism. Hereafter is the
actual 20 segment ramp program executed.

B.5 Results

This section presents the results from the sample arm geometry study using
DIC and Hough transform and finally the comparison to bias-extension data.

B.5.1 The Influence of Sample Arm Geometry

The influence of the sample arm geometry is evaluated by two different ap-
proaches. First, the influence on the measured shear load is examined. Next,
it is investigated how the different sample arm geometries affect the state of
the shear strain field in the gage area. Figure B.7 presents the crosshead force
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Fig. B.7: Crosshead force vs. displacement curves for samples with full arms, slitted arms and
arms with transverse tows removed respectively. Notice that these crosshead values are different
from the frame values due to the amplifying linkage mechanism.

vs crosshead displacement for all the tested samples. First of all, a lot of scat-
ter is noticeable in the figure. As previously mentioned, the picture-frame test
is sensitive to misalignments and differences in fiber tension. These sensitivi-
ties are believed to be the main causes of the scatter. Consider for instance the
“Full arm” curve with the highest load in Fig. B.7. During testing, this sample
had very little wrinkling in the arms compared to the three other “Full arm”
curves. This difference could be an indication of higher tension in the tows,
but because the tow tension cannot be quantified with the setup in this study,
a definitive conclusion cannot be drawn. It is worth noting that none of the
“3 tow slits” or “Transverse tows removed” samples wrinkled during testing.
In fact, this lack of wrinkling is a strong indication that the arm geometry
does influence the samples during shearing. Fig. B.8 depicts some typical de-
formed samples. In the figure it can be seen how the arm tows in the sample
with the transverse tows removed tend to deform into S-shapes. This defor-
mation is also sketched in Fig. B.9. The boundary conditions are the same
for the other sample configurations, but the resulting deformations are dif-
ferent. The phenomenon can be considered as instability, i.e. shear buckling
of the arm regions. For the slitted samples, out-of-plane twisting of the tows
between the slits can be observed. The wrinkling observed with the full-arm
samples is likewise believed to arise from the clamping boundary conditions.

In general, Fig. B.7 demonstrates a trend that the crosshead force de-
creases the more the sample arms are modified, i.e. from full arm to slitted
arms and further to transverse tows removed. In Fig. B.10 the crosshead data
have been converted to normalized shear force vs shear angle data using
Eq. (B.1) and (B.3). Each family of curves has been averaged and the standard
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Fig. B.8: Deformed samples. From left to right: Full arm, 3 tow slits and Transverse tows re-
moved.

Gage area

Clamping

Tows

Shear

Fig. B.9: Effect of in-plane tow bending stiffness on the deformation in the arm regions. Lower,
blue tow has zero bending stiffness, i.e. follows kinematic assumption, whereas the upper, red
tow has a finite bending stiffness.

deviation is indicated with error bars. The trend from Fig. B.7 is replicated
with the addition that the curves also become flatter with increasing sample
arm modification.

In the following, the full-field DIC data are used to further analyze the
different sample arm geometries. For the samples with modified arms, no
useful DIC data are available in the arms due to the discontinuity of the
sample surface. These discontinuities are visible in Fig. B.8.

To verify that the fabric shear angles follow the frame angles, all shear
angles from each stage of the DIC data have been averaged. The averaged
or global shear angles are plotted against the frame angle in Fig. B.11. In the

119



i
i

“master” — 2019/10/3 — 11:35 — page 120 — #132 i
i

i
i

i
i

Paper B

0 5 10 15 20 25 30 35
Shear Angle [deg]

0

50

100

150

200

250

300

350

Av
g.

 N
or

m
al

iz
ed

 S
he

ar
 F

or
ce

 [N
/m

]

Full arm
3 tow slit
Transverse tows removed

Fig. B.10: Averaged values of normalized shear force vs shear angle for samples with full arms,
slitted arms and arms with transverse tows removed respectively. The error bars indicate the
standard deviation.

figure, it is seen that all of the shear angles measured in the gage area follow
the frame angle well, but the difference increases with increasing frame angle.
The full-arm and the 3-tow slit curves are almost indistinguishable whereas
the transverse tows removed is slightly lower. It is interesting though, that
the closest results are observed for the full-arm geometry with shear angles
measured over the entire area of the sample.

The question is next, how the distribution of shear angles changes with
the different sample-arm geometries in the study. For reference, consider the
full arm geometry sample in Fig. B.12. The contours covering the entire sam-
ple area indicate the distribution of the fabric shear angles at a picture-frame
angle of 24◦. In the gage area, the shear angles appear to be in the vicinity
of 24◦ with some lower values near the boundaries. The arms of the sample,
however, are exhibiting higher shear angles than the frame angle. This dif-
ference in the shear angles between these two regions on the test samples,
explains the observations made regarding Fig. B.11: The shear angles are in
general up to 2◦ behind the frame angle when considering the gage area, but
the higher angles observed in the arms counteract this lag when the entire
sample area is used for calculating the global shear angle.

Another interesting observation can be made from Fig. B.12 by looking
closely at the gage area: Diagonal bands of slightly higher shear angles extend
from one toggle clamp to another. These bands indicate that the clamping
design does not provide a uniform amount of clamping force across the width
of the sample.

Due to the aforementioned availability of the DIC data, the compari-
son between the shear angle distribution for the different arm geometries
in Fig. B.13 only concerns the gage area. In the comparison, the frame angle
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Fig. B.11: DIC fabric angles vs frame angles from the gage area of full arm geometry, 3-tow slits
and transverse tows removed. Also from entire sample with full arm geometry. The theoretical
1:1 line is shown as black dots.
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Fig. B.12: Distribution of the shear angles in sample with full-arm geometry at a picture-frame
angle of 24◦.

is 18◦.
In Fig. B.13, each of the contour scales has been set to the same maximum

and minimum values. With aid from the histogram next to each colorbar,
the following remarks can be made: The full-arm geometry and 3-tow slits
samples both have a fairly uniform distribution of shear angles although the
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Fig. B.13: Comparison of DIC shear angles in gage area for full arm geometry (left), 3 tow slits
(middle) and transverse tows removed (right). The frame angle is 18◦.

3-tow slits sample has fewer boundary effects. In the sample with transverse
tows removed, the distribution of shear angles is less uniform. The contours
show the effect of uneven tension in the tows which results in shear angles
that are both significantly higher and lower than the frame angle.

It must be pointed out that the DIC results only represent one sample
within each configuration of arm geometry. However, because the average
fabric angles follow the frame angle well, it is believed that the results from
Fig. B.13 are generally applicable to the the tested material system.

In general, it can be stated that the samples with transverse tows removed
require a significantly lower force to be sheared compared to the full-arm
samples. The DIC results indicate that the distribution of shear angles is more
scattered in samples with transverse tows removed in comparison to the other
sample geometries, but the average shear angle in the gage area shows only
a minor lag.

B.5.2 Shear Angles from Hough Transform

In this paragraph, the Hough transform approach for obtaining the shear an-
gles is evaluated. Full-field shear-angle data from 3-tow slits and transverse-
tows-removed samples are presented for comparison of the Hough transform
approach with the DIC results. Notice, however, that the speckle pattern on
the DIC samples inhibits the detection of fiber angles from the weave texture.
Further, both acquisition methods are sensitive to the right lighting condi-
tions and thus, the same sample cannot conveniently be analyzed using both
DIC and Hough transform during testing. For this reason, the Hough trans-
form results were validated by means of manual measurements on the im-
ages acquired during the test. The Hough transform settings used are listed
in Table B.2.

The full-field results from the Hough transform are presented in Fig. B.14
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Table B.2: Parameters used for Hough transform. Some settings are different for the fibers fam-
ilies due to fiber family 2 being more visible in the weave pattern. †The Hough cell vertical size
is determined based on the horizontal size and the image aspect ratio. The image size is 3456 ×
5184 pixels.

Parameter Fiber 1 Fiber 2

θ tolerance rel. to frame ±10◦ ±10◦

Number of Hough peaks 5 7
Min. length in line extraction 21 pix 25 pix
Fill gap value in line extraction 10 pix 12 pix
Hough Cell horizontal size† 165 pix
Hough Cell overlap 50 %
Contour Cell size 130 pix
Contour Cell overlap 50 %
Median filter size 5 × 5

(initial configuration, i.e. undisplaced frame) and Fig. B.15 (18◦ frame angle).
It was found that the initial configuration did not have perfectly 90◦ tow an-
gles as seen in Fig. B.14. This pre-shear was likely induced during mounting
in the frame as the figure suggests the effects of clamping. The pre-shear
could also occur during preparation of the sample or even at an earlier stage.
Regardless, it should receive more attention in future studies. For the pur-
pose of comparison with the DIC results, the average shear angle from the
initial configuration was subtracted from the deformed full-field data. The
average initial shear angles were 1.35◦ (3 tow slits) and 0.46◦ (transverse tows
removed) respectively. Pre-shear is not a new concept and was for instance
investigated by Alsayednoor et al. (2017) in relation to the bias-extension test.

The Hough transform results obtained with an 18◦ frame angle in Fig. B.15
show the same trends as observed with the DIC results in Fig. B.13. The 3-
tow-slits sample has a fairly uniform distribution of shear angles with some
boundary effects whereas the transverse-tows-removed sample has a lot less
uniform distribution. Due to noise in the results, the spatial resolution is low
compared to the DIC results and a considerable amount of filtering was ap-
plied. For this reason, the present Hough transform results are only suitable
for exploring the trend or for obtaining a global shear angle. Hence, by av-
eraging the shear angles for the two contour plots in Fig. B.15 respectively,
global shear angles of 16.88◦ (3-tow slits) and 17.96◦ (transverse tows re-
moved) are obtained. These values compare well with the global shear angles
from DIC in Fig. B.11.
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Fig. B.14: Shear angles in the gage area for the undisplaced frame obtained using Hough trans-
form. Sample configurations: 3-tow-slits (left) and transverse-tows-removed (right). The color-
bars are centered around the mean and span ±3 standard deviations.

Fig. B.15: Shear angles in the gage area for 18◦ frame angle obtained using Hough transform.
Sample configurations: 3-tow-slits (left) and transverse-tows-removed (right).

B.5.3 Comparison to Bias-Extension Data

In this section the picture-frame test results are compared to results obtained
with the bias-extension test. The question is, however, what test configuration
of picture-frame results should be used for the comparison. The normalized
shear force curves in Fig. B.10 along with the DIC results indicate that re-
sults obtained from the samples with the transverse tows removed provide
the best representation of the material’s shear characteristic. Recall though,
that Eq. (B.3) from Peng et al. (2004), which was used for normalization of
the picture-frame crosshead force data, assumes that only the gage area con-
tributes to the shear force. In the same paper, the authors present a normal-
ization equation based on the assumption that the entire sample contributes
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Fig. B.16: Comparison between picture frame and bias-extension results.

to the shear force:

Fsh,norm_entire =
LF

L2
f + 2(LF − L f )L f

Fsh (B.5)

The assumption of shear force contributions from the entire sample can be
justified using Fig. B.12. This figure shows, that the arms of the standard
cruciform sample do indeed experience shearing to the same extent as the
gage area. Thus, in the following, the picture-frame data used for comparison
are the transverse-tows-removed data from Fig. B.10 and the averaged full-
arm crosshead data normalized with Eq. (B.5).

Regarding the bias-extension data, a sequence of linear ramps have been
implemented in the test machine control software analogous to Sec. B.4.1.
Thereby the same constant shear rate of 0.046 rad/s can be achieved. Three
samples of 120 mm × 270 mm were tested. The load cell used had a capacity
of 2 kN (0.4 % accuracy). The data processing, i.e. calculation of shear an-
gle and normalized shear force, follows the description in Cao et al. (2008).
Videos of the specimens during testing were analyzed using Hough trans-
form to extract the average fabric shear angle in the center zone and to cor-
rect the calculated angle. The Hough transform results were again validated
using manual measurements.

The comparison between picture-frame and bias-extension results is pre-
sented in Fig. B.16. Regarding the bias-extension data in the figure, it is seen
that the three test results are very close to each other with a maximum ab-
solute deviation between the curves of only 10 N/m. Thus, the issue with
uneven fiber tension between different samples in the picture frame test is
avoided with the bias-extension test. Regarding the two sets of picture frame
data, it is remarkable how the different normalization methods manage to
bring the curves close to each other. Finally, comparing the picture frame
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Fig. B.17: Measured vs. kinematic shear angles in center region of bias-extension samples.

data with the bias-extension data, a fairly close resemblance is observed. It
must be noted that the shear force from the bias-extension test is calculated
using a formula derived for dry fabrics. Thus, it naturally introduces errors.

For reference, a result from the Hough transform image analysis of the
bias-extension test is presented in Fig. B.17 as the average fabric shear angle
vs. the kinematic shear angle. The former is the average of the measured shear
angles in the center region of the specimen and the latter is obtained based
on the distance between the grippers. It is seen that the measured angles
follow the kinematic angles until around 20◦ after which they start to deviate
to higher values. It is believed that this phenomenon arises from so-called
2nd gradient effects (Ferretti et al., 2014): At the boundaries between the
shear zones in the sample, the in-plane bending stiffness of the tows inhibits
a sharp shear angle transition. This violates the pin-jointed net assumption
behind the bias-extension kinematics. The same phenomenon was e.g. also
observed in the data presented in Alsayednoor et al. (2017).

B.6 Discussion

The work presented in this paper enables the drawing of many conclusions,
but some points are up for discussion. Consider, for instance, the reason for
testing the fabric at a constant shear rate and in a manner which provides a
uniform shear-angle distribution in the sample: The idea is to get a more ac-
curate shear characteristic compared to the usual test procedure. However, as
was demonstrated, the modification of the sample arms resulted in more scat-
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ter in the data because the samples were more difficult to mount properly in
the frame than the baseline configuration samples. The current picture-frame
design with toggle clamps also caused issues in terms of the uniformity of
the shear-angle field - especially with the modified samples. To this end, var-
ious design improvements of the picture frame can be found in the literature
(Launay et al., 2008; Milani et al., 2010; Nosrat-Nezami et al., 2014).

Steps could of course be taken to alleviate the issues mentioned above,
e.g. by keeping the fabric material intact in the part of the sample arm that
is clamped. Effectively, that would mean to remove only the transverse tows
in some part of the arm. However, the sample preparation used in this study
was already cumbersome. Thus, the best recommendation for picture-frame
testing of the prepreg fabric used in this study would be to use the origi-
nal cruciform sample and normalize the shear force assuming that the en-
tire sample area contributes to the shear force. As was seen in Fig. B.16,
this approach yielded a good agreement with the modified-sample and bias-
extension data.

The image processing results using the Hough transform were able to
replicate the trends observed with the DIC results. A lot of noise was present
in the located fiber angles which was reduced by means of filtering. One issue
was glare effects due to the resin on the prepreg material. Thus, the measure-
ment signal could maybe be improved by testing with polarized light in com-
bination with a polarizing filter on the camera lens. Another option would
be to paint a grid on the sample as utilized by Arumugam et al. (2016). Here,
the grid lines should preferably be centered on the tows which could be ac-
complished with a stencil. However, as previously discussed, one important
benefit of the present approach is that the samples are completely unaffected
by the shear angle measurement.

The Hough transform method also has its limitations. In fact, it concerns a
general issue for 2D measurement techniques as investigated by Alsayednoor
et al. (2017): If the bias-extension sample wrinkles, the out-of-plane displace-
ments can cause the angle-measurements to be 20% higher than the true
value. In this case, a 3D technique needs to be employed. When the sam-
ple shears, the two families of tows cross over each other. Thus, the best
measurements are obtained in the initial configuration. With this in mind,
another possible application of the Hough transform would be only to in-
spect the sample in the picture frame before the start of the test. If the frame
is also identified in the image, the fiber angles relative to the frame could be
obtained.

Another interesting point is the influence of the modified sample arms
when comparing to the similar study by Dangora et al. (2015) using pre-
consolidated UD cross-ply. In that study, similar decreases in the magnitude
of the crosshead force were observed with increasing arm modification but in
contrast to this study, a pronounced and critical effect on the uniformness of
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the shear strain field in the gage area was observed. One explanation for this
result is that the UD cross-ply has much less interaction between the two fiber
directions which could mitigate the effects of uneven clamping forces. This
underlines that one should be careful to draw general conclusions based on
one material study. To this end it would be interesting to test more material
systems, e.g. with different fiber architectures, different fiber materials and
different matrix materials.

B.7 Conclusion

This paper has presented the results of an investigation concerning the shear
characterization of woven prepreg fabric using the picture-frame test. In par-
ticular, the influence of the cruciform-sample arms, methods for acquiring
shear angles and the concept of testing at constant shear-strain rates were
examined.

Testing at a constant shear-strain rate was achieved by considering the
kinematics of the picture frame whereby a nonlinear expression for the cross-
head displacement vs. time was obtained. The nonlinear expression was im-
plemented in the control software of the tensile-test machine by means of a
series of ramp segments. Using this approach, picture-frame data can be ob-
jectively compared to bias-extension data, when the test rate is of importance.

The investigation of the influence of the sample arm geometry involved
modifications to the original cruciform sample. The first modification was
cutting of slits in the arms while the second was dissolving the resin and
removing the transverse tows in the arms. Using DIC, it was first established
that a slitted sample had a slight improvement on the uniformity of the shear-
strain field compared to an original cruciform sample, whereas a sample
with transverse tows removed had a less uniform distribution. The latter
observation was ascribed to the fact that the sample was more difficult to
mount correctly in the frame such that the tow tension was even. For all
three kinds of samples the average shear angles were close to the calculated
angles from the kinematics of the picture frame.

Comparing the measured crosshead forces between the three different
sample geometries, a large difference was observed. Namely, the forces mea-
sured from the original sample geometries were approximately twice of those
from the samples with the transverse tows removed. This difference clearly
indicates that the arms of the cruciform sample influence the measured re-
sults.

Next, it was investigated if shear angles could be obtained directly from
images taken during the test by using image processing. In particular, whether
a Hough transform could locate the fiber directions using only the weave
structure. With the setup used in this study, the approach managed to cap-
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ture the trend in the shear-angle distribution when comparing to DIC and to
predict the average shear angle well. There is potential for improvement, but
the present results work as a proof of concept for further development.

Finally, comparing the data of the normalized shear force vs. shear angle
from the picture-frame test with bias-extension test results obtained at the
same constant shear-angle rate, good agreement was found. Here, different
normalization schemes for the picture-frame test shear force were employed.
Namely, the original cruciform sample data were normalized assuming con-
tributions from the gage area and the arms, whereas the transverse-tows-
removed data were normalized assuming only contributions from the gage
area. The two normalization schemes brought the shear force curves remark-
ably close to each other. Thus, the recommendation regarding picture frame
testing of the prepreg material in this study, is to test the original cruciform
sample and normalize assuming contributions from the entire sample.
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C.1. Introduction

Abstract

Prepreg composites find great applicability in e.g. the automotive and aero-
space industries. A major challenge with this class of material systems is the
accurate placement of a fabric that can be very tacky and hence sticks to the
mold surface. In this study, automatic draping of entire plies of woven pre-
pregs is considered. A robot end effector with a grid of actuated grippers
is under development and it has the ability to position the plies onto dou-
ble-curved mold surfaces of low curvature. The key issue is how the grip-
pers of the end effector should move to achieve successful drapings of the
plies that meet the quality requirements of the industry. In this study, an ap-
proximate ply model based on cables with bending stiffness is applied in an
optimization framework where the gripper movements constitute the design
variables. The optimization framework has taken inspiration from manual
layup procedures. The numerical draping results indicate the usefulness of
the cable model used in connection with the optimization framework. The
next step is to implement the generated gripper trajectories on the physical
robot system.

Keywords Woven prepreg, Forming, Trajectory Optimization, Offline Motion
Planning, Automation

C.1 Introduction

Although composites exhibit properties that are very desirable from a me-
chanical point of view, a major drawback is the cost associated with their
manufacturing, which is dominated by manual steps, e.g. hand placement
of plies. To this end, significant research efforts are being pursued for low-
ering the manufacturing cost by utilizing robots (Björnsson et al., 2017). In
the FlexDraper research project, a robot end effector with an array of actuated
grippers is employed to manipulate entire woven prepreg plies onto dou-
ble-curved mold surfaces of low curvatures. Prepreg plies comprise a fabric
which is pre-impregnated with resin. This operation constitutes an automatic
draping process that can directly replace the manual hand layup.

A key issue related to the automation of the draping process, is the con-
cept of draping strategies which for the robot system translates to its gripper
trajectories. Handling of the prepreg ply by the FlexDraper robot system was
previously studied by means of a nonlinear, rate-dependent finite element
(FE) model (Krogh et al., 2019a). It was found that the end result is highly
dependent on the gripper paths and that wrinkles can easily form during
draping. In an industrial context, it is essential to avoid wrinkling.

The manufacturing of composite preforms with a punch, die and blank
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holder is a common operation in e.g. the automotive industry. To this end,
the pressure distribution created by the blank holder over the course of the
process cycle has been subject to optimization with the purpose of avoid-
ing wrinkling (Lin et al., 2007; Zhu et al., 2008). Recently, the concept of a
multi-punch tool with individually controllable segments has also been in-
vestigated (Coutandin et al., 2018).

Concerning composite layup on a mold surface, a number of research
groups have been studying automation of the process and the concept of
draping sequences. Eischen and Kim (1993) considered the automatic place-
ment of a strip of apparel fabric on a flat surface. By means of optimization
the authors generated manipulator paths that minimized the reaction force.
In the work by Reinhart and Ehinger (2013), a robot end effector in the form
of an elastic roller with suction was used to drape carbon-fiber preforms for
subsequent resin infusion. The authors discussed different draping strategies
for a number of molds, i.e. rolling motions of the tool in different directions.
Molfino et al. (2014) outlined a handling strategy for use with a robot system
which relies on a 3D laser scanner. The laser scanner was used to identify
placing strategies on the mold for dry fabric. Nagele et al. (2015) presented a
backward-oriented approach for offline programming of the draping process of
dry fabrics for a system with a grid of grippers. The idea is to start from the
draped configuration and then determine robot sequences to some starting
point. It is, however, not clear how well the approach can take the path-de-
pendency of the prepreg ply into account.

Catenary models have been explored by some researchers for represent-
ing the ply behavior. Flixeder et al. (2017) developed a force-based control
system for handling of dry 2D fabrics, where the manipulator movements
are generated online using a catenary model. A catenary model was also
used by Eckardt et al. (2016) for the purpose of finding the inclination of the
grippers which will not induce any unnecessary bending in the dry fabric.
In their paper, the authors also discussed the use of a seed point or seed curve
from where the draping can start, which originates from manual layup. They
investigated three manually created draping strategies on a single-curved
demonstrator part. The first two draping strategies were rejected due to in-
duction of defects while the third was successful.

Brinker et al. (2017) discussed drape paths and presented a figure with dis-
crete gripper trajectories arising from a kinematic drape simulation. Newell
and Khodabandehloo (1995) presented a large deflection beam model for
draping automation and experimentally validated it against a strip of pre-
preg. Also, a large-deflection shell model was introduced by Lin et al. (2009)
for real time ply prediction under certain pre-defined boundary conditions.

The references mentioned above all provide inspiration for the work pre-
sented in this paper but the methods are not directly applicable to draping of
prepreg fabric on arbitrary 3D molds with the particular robot tool consid-
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Fig. C.1: The major steps in the production of prepreg composites. This paper concerns the
draping step.

ered in this study. The goal of the current study is to generate feasible drap-
ing sequences, i.e. off-line gripper trajectories, for the robot of the FlexDraper
project. The generation must be done automatically. Here, a computation-
ally efficient fabric model based on cables with bending stiffness is employed
to predict the mechanical behavior of the prepreg ply during draping. The
trajectories are generated by means of an optimization scheme which incre-
mentally moves the grippers based on the predicted ply response. The rest
of the paper is organized as follows: Section C.2 provides a detailed descrip-
tion of the problem to be solved and the robot tool. Section C.3 introduces
the cable fabric model and discusses its properties. Section C.4 presents the
optimization scheme and Section C.5 presents numerical results. Finally, a
discussion and a conclusion complete the paper.

C.2 Problem Description

The draping process is only one step in the production of prepreg composites
as outlined in Figure C.1. The draping process consists of picking up a flat ply
and conforming it to a mold surface. The governing deformation mode that
allows the ply to undergo a deformation from flat to double curved is known
as trellising or fabric shearing. This shearing entails, as seen in Figure C.2,
that the fiber tows in the weave rotate at their crossover points such that
the angles change from the initially 90◦. Notice, therefore, that the draping
process is not simply a pick-and-place operation.

The amount of shearing necessary for a given draping process mainly
depends on the curvature of the mold. The amount of shearing that can be
realized with the fabric depends on several factors, of which the fabric archi-
tecture, e.g. weave pattern and tow spacing, is highly important. At a certain
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Fig. C.2: Fabric shear involving fiber tows rotating at the cross-over points. γ is the shear angle.

degree of shear, known as the locking-angle, the neighboring tows start to
make contact which usually entails wrinkling. Notice though, that wrinkling
is a complex phenomenon that does not solely depend on the shear angle.
This study focuses on low-curvature molds without sharp corners which en-
ables the plies to be readily draped without post-treatment and without the
fabric reaching the locking angle. The Gaussian curvature of the mold in this
study ranges between -25 m−2 and 23 m−2.

There are certain quality requirements to the draping process. The draped
ply must conform to the mold surface without wrinkles and air pockets. Also,
the boundary of the ply must follow a prescribed boundary on the mold. The
tolerances on the ply-mold alignment and boundary depend on the industry
and the specific part but are usually in the order of a few millimeters.

The ply material used in this study is a woven fabric which is pre-impreg-
nated with the resin - a prepreg. The resin influences the ply behavior in two
ways. First, the bending stiffness of the otherwise limp fabric increases. Sec-
ond, the tackiness causes the interface friction to become significant. Notice
though, that the general methodology is not restricted to a particular material
system.

C.2.1 The Robot System

The concept of the new robot end effector under development is shown in
Figure C.3. The tool consists of an array of suction cups or grippers with a
diameter of 40 mm. The grid in Figure C.3 is 2 × 2, and this grid size along
with a 3× 2 grid is studied in this paper using a numerical approach. The tool
may potentially be expanded to a higher number of grippers. The idea is that
the three translational degrees of freedom for each gripper can be controlled.
The vertical z rotational degree of freedom, i.e. yaw, is locked, whereas the
two remaining rotational degrees of freedom are free to the extent allowed
by the flexible bellow. It is assumed that rotations up to 40◦ are achievable.
The work envelope of the tool is such that a 150-mm initial spacing between
the center of the grippers is appropriate. The fiber directions are parallel to
the edges of the ply.

The hardware design of the tool offers great flexibility in terms of dif-
ferent mold geometries and ply shapes. Thus, the intended use is not mass
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Fig. C.3: The concept of the robot end effector under development with a 2 × 2 grid of x, y, z
controllable suction cups. The prepreg ply is held above the mold.

production but instead small batches. To this end, reconfiguring the auto-
matic draping system for a new mold-ply kit should be reasonably fast.

In a previous study by Krogh et al. (2019a), the prepreg material was char-
acterized experimentally for the in-plane tension and shear and out-of-plane
bending responses. This characterization was used as the basis for a nonlin-
ear rate-dependent finite element (FE) model. While this model gives good
predictions of the ply deformation field during draping it is also computa-
tionally expensive; a typical draping simulation takes in the order of hours
to complete. Thus, its use in an optimization framework would entail very
long computation times. With the flexibility required for the automatic robot
draping system, a faster, approximate model is desired. This need is the mo-
tivation for applying the approximate ply model based on cables to predict
the mechanical behavior of the ply.

C.2.2 Challenges with regard to Automatic Draping

Automatic draping with the robot system poses some challenges. In general,
there are two main issues to address: where the grippers should pick up the
ply and afterwards how the grippers should move during draping, i.e. the
placing of the ply on the mold surface.

With regard to where the grippers should pick up the ply, these locations
could be dependent on both the ply and the mold. It might be beneficial
that the grippers pick the ply at its boundary such that it can be controlled.
Another concern could be to have as much of the suction area as possible
covered by the ply. On the other hand, certain characteristics on the mold,
such as high curvatures or concave regions, might make some gripper touch-
down locations more favorable than others. In this study, a rectangular ply is
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Fig. C.4: Possible parameterization of gripper trajectories (d1 and d2) and velocity profiles (V1
and V2) using splines.

considered and thereby the grippers on the robot system will be arranged in a
rectangular grid during pick-up. The determination of optimal pick locations
in terms of the mold and non-rectangular plies is left for a future study.

The remaining issue is how the grippers should move during draping. As
an aid, the final locations of the grippers on the mold or target points can be
predicted using a kinematic mapping algorithm (Van Der Weeën, 1991). The
basic idea is to preserve the fabric length in the fiber directions on the mold
while allowing shearing. Details of the calculation of the target points can be
found in Krogh et al. (2019a).

With the above challenges in mind, the task is to determine the path from
the initial position of the grippers to their respective target points by means
of optimization. Without making any limiting decisions a priori, one possible
parameterization would be to employ interpolating functions, for instance
splines as shown in Figure C.4. Here, it is envisioned that a number of con-
trol-point design variables define splines which will determine the trajectory
of a gripper together with the corresponding velocity profile. The objective
function to be minimized could be a drape quality measure involving the mold-
ply distance for the draped ply. Hereby, an objective function evaluation ne-
cessitates a simulation of the entire draping sequence. The control points are
updated until the drape quality measure is sufficiently low.

Another idea is to take a more heuristic approach, employing information
from manual layup. Here, the operator tends to choose some initial contact
or seed point from where the ply is draped in an incremental manner. The
contact front thus advances away from the seed point in a manner where the
movement of the ply mimics a wave. This motion is continued until the entire
ply is draped. This drape motion helps to mitigate wrinkles and issues with
entrapped air that occur due to bridging.

A parameterization based on the heuristics of manual layup is depicted
in Figure C.5. The draping of the ply is divided into iterations. In each iter-
ation, an optimization problem is solved where the design variables are the
gripper positions, and the objective is to bring the ply closer and closer to
a draped configuration. Careful choice of optimization criteria will generate
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Fig. C.5: Parameterization using incremental optimization with inspiration from manual layup.
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Fig. C.6: Flowchart of the incremental optimization scheme. “Time Iterations” denote the itera-
tions in which the discrete trajectory points are obtained.

the wave-shaped drape motion. Move limits are imposed to make sure the
grippers travel in small increments. Then, a call to the objective function only
requires an evaluation of the ply model in a single gripper configuration.
When all the grippers eventually make contact with the mold, the process is
terminated, and the locus of the incremental positions of a gripper constitute
its trajectory.

Due to the well-proven wave-shape drape motion and the fact that the
incremental optimization scheme is more computationally efficient than the
spline-interpolation scheme, it is employed in the present study. A flowchart
of the gripper optimization process is presented in Figure C.6.

C.3 The Cable Model

The key concept of the approximate model is to suspend cable curves be-
tween the center points of the grippers. By this simplification, the actual grip-
per geometry is ignored in the model. The material properties are chosen to
be linear elastic for computational efficiency. The following gives an overview
of the model and details can be found in Krogh et al. (2019b).
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Fig. C.7: Free body diagram of cable with bending stiffness (Hsu and Pan, 2014).

C.3.1 2D Cables

The basis of the model is a 2D inextensible cable with bending stiffness or
more generally, an Euler elastica. Accounting for large rotations, the force
equilibrium on the infinitesimal cable segment in Figure C.7 can be used
to set up a nonlinear differential equation (Hsu and Pan, 2014). In the figure,
H is the horizontal component of the cable force T and M and V are the
bending moment and shear force, respectively. EI is the flexural rigidity, and
mg is the weight per unit length.

Assuming small sag (less than 1/4 of the span) such that the gravity load
can be assumed uniformly distributed between the support points and also
a linear curvature definition, a linearization can be carried out (Irvine, 1981).
The linear differential equation becomes:

Hz′′(x)− EIz′′′′(x) =
mg

cos(θ)
(C.1)

Here θ is the tilt angle between the support points. A closed form solution
can be obtained which predicts the z-coordinate of the cable as function of
the x-coordinate, the material properties EI and mg, but also the horizontal
component of the reaction force, H. Thereby, the arc length of the cable does
not explicitly enter into the solution but rather, it depends on H. This matter
is addressed later in this section.

Two different boundary conditions are used for the cable end points de-
pending on the gripper to which it is attached: either a zero moment (z′′ = 0)
or a prescribed slope (z′ = spre). The former is used with grippers attached
to free ends of the ply where the slope is free. The latter is used to ensure C1

continuity when multiple cables attach to the same gripper in the interior of
the ply. Here, the value of spre needs to be determined. The prescribed slope
boundary condition is also used to enforce the maximum gripper rotation of
40◦.
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Fig. C.8: Contact formulation for cable model. Left: segment of cable is within contact tolerance.
Right: contact segment is fixed and two sub cables are created.

The above description leaves two families of unknown variables for the
model to be determined: the horizontal components of the reaction forces
H and the prescribed slopes for shared grippers, spre. This determination is
achieved by a minimization scheme, where the arc lengths of the cables are
constrained to their prescribed lengths and the sum of squares of the reaction
forces are minimized. Details can be found in Krogh et al. (2019b).

An advantage of the cable model is that it can easily be split into segments
as mold contact occurs. The contact formulation employed is outlined in Fig-
ure C.8. A contact tolerance with respect to the mold surface is specified. In
each iteration of the draping process, possible contact is evaluated. That is, if
a portion of a cable is within the specified tolerance, that portion is consid-
ered in contact with the mold. Thereafter, it will be fixed on the mold surface
and two independent sub cables are created. This contact formulation corre-
sponds to an infinite friction condition which can be justified for the current
material system by the tackiness of resin.

C.3.2 A Preliminary Numerical Result Highlighting the
Challenges

By means of a 2D cable model with three grippers, the challenges with regard
to trajectory generation pointed out in Section C.2.2 can be demonstrated.
Consider a 160-mm long ply with the gripper attachment points located at
the left end, halfway and at the right end of the ply. The initial gripper points
have z-coordinates of 60 mm and x-coordinates of 5 mm, 80 mm and 155
mm, respectively. This configuration corresponds to the topmost gray dashed
line (It. 1) in Figure C.9. The mold definition is provided in the appendix to
the paper. The first target point is located at an x-coordinate of 5 mm, i.e.
directly below the starting point of the leftmost gripper. The second and
third target points are located 80 mm and 160 mm away, respectively, along
the arc length of the mold. Notice, that the target points preserve the ply
length on the mold surface. For this 2D example, the material properties are
chosen to be EI = 10−5 Nm2 and mg = 12 N/m as it was found to provide a
reasonable output. Material properties for the 3D cable model are treated in
further detail in Section C.3.4.
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Fig. C.9: Draping of 2D ply onto mold with gripper trajectories prescribed as linear interpola-
tions. The gray dashed lines show the ply in iterations 1, 12 and 24.

The grippers are moved by means of simple trajectories (black dots in
Figure C.9) created as linear interpolations between the initial position and
the target point of each gripper. Thereby, the grippers will in theory reach
their target points, but as is evident from the following, it does not necessarily
lead to an acceptable draped configuration. The ply is shown in iterations 1
(initial), 12 (upon first mold contact) and 24 as gray dashed lines and in the
current iteration 35 in solid red line.

Although the grippers have not yet reached their target points, two issues
can be identified in Figure C.9. First, the ply is not aligned on the mold with
respect to the target points. For example, the distance from the leftmost target
point to the leftmost mold-ply contact front is more than 3 mm larger than
the corresponding free ply length. Second, two separate portions of the ply
are in contact with the mold, i.e. for x ∈ [12; 68] mm and x ∈ [134; 136]
mm, respectively. Because the arc length of the non-draped ply between the
contact segments is larger than the corresponding arc length of the mold, this
situation will eventually lead to a wrinkle. As a consequence, further gripper
movement is meaningless in the absence of ply sliding on the mold. These
defects are small but serve to illustrate the principle of an infeasible draping
sequence.

C.3.3 3D Effects

As of now, only 2D cables has been considered. When modeling a 3D ply,
some extra aspects must be taken into account. The basic idea is still to sus-
pend cables between the grippers and in 3D, diagonal cables are also em-
ployed as sketched in Figure C.10 such that unit cells are created. The pur-
poses of the diagonals are to improve the representation of the ply in the
center of the unit cell and to account for shearing which was introduced in
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Fig. C.10: Assembly of cables into unit cells which can undergo shearing. Grippers are shown
as circles but do not have any physical extent in the model. Fiber angles are indicated at the left
edges.
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Fig. C.11: The postprocessing approach for ensuring continuity with the diagonals. Left: be-
fore postprocessing. Center: after postprocessing (diagonals are coincident). Right: 2D view of
postprocessing.

Figure C.2. It is assumed that a unit cell behaves like a parallelogram, and
the diagonals change their lengths accordingly. This behavior of the diago-
nals can appear counter-intuitive but notice that they do not represent actual
fiber tows (See Figure C.10).

When the two diagonals are suspended across a unit cell, it does not
necessarily follow that they will intersect. To ensure continuity in the model, a
post-processing approach is adopted: the lowest diagonal is split up in two half
segments which are re-evaluated such that the new center point is coincident
with the highest diagonal. This approach is depicted in Figure C.11.

C.3.4 Cable Model Material Data

The ply material has a thickness and areal mass density of 0.3 mm and 314
g/m2, respectively. The force-elongation response in the various deformation
modes, i.e. fiber direction tension, in-plane shear and out-of-plane bending
are nonlinear and rate-dependent. Here, the response is modeled as linear
elastic.

The 2D cable model is based on the physical quantities “flexural rigid-
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Fig. C.12: Different shapes of cable solutions. Left: cable under tension (H > 0). Middle: cable
under compression (1st buckling mode, H < 0). Right: cable under compression with prescribed
slopes (2nd buckling mode, H < 0).

ity” and “weight per unit length”, but it is not obvious what values these
parameters should assume. Both can be related to material properties and
geometrical parameters, but this connection is not clear when the cables are
assembled into 3D unit cells. Therefore, it was decided to use a least squares
approach to match the cable model with a linear elastic FE model which is
based on input from material tests (Krogh et al., 2017). Two compression tests
with different out-of-plane rotation boundary conditions were simulated for
a unit cell which yielded maximum deflections of approximately 29 mm. By
considering the difference in the predicted displacement fields, EI and mg
for the cable model were determined to EI = 9 · 10−5 Nm2 and mg = 12.26
N/m. The norm of the residual vector was 3 · 10−2 mm.

C.3.5 Behavior in Compression

Equation (C.1) is a differential equation of a general nature which allows
the value of H (horizontal component of the reaction force) to assume both
positive and negative values. When H is positive, corresponding to tension,
the cable solution predicts a parabola-shaped sag (see the left of Figure C.12),
where a lower value of H equals more sag. On the other hand, if H goes
towards infinity, the cable solution will approach a straight line between the
supports.

In compression, i.e. with H negative, the response is quite different. In
fact, it corresponds to a buckling problem where multiple solutions, i.e. buck-
ling modes, can have the same cable arc length. Upon comparing Equa-
tion (C.1) to the differential equations that are used to study buckling of
Euler columns and beam-columns, it can be seen that they take the same
form (Timoshenko and Gere, 1961). A cable with multiple solutions yielding
the same length of 150 mm is illustrated in Fig C.13.

The fact that multiple solutions have the same length causes some issues
when evaluating the cable model. In practice, higher modes are not physical
because they correspond to unstable equilibria. Nevertheless, some buckling
modes must be considered in the model. For instance, if slopes are prescribed
as in the right of Figure C.12, the 2nd buckling mode can be a quite physical
configuration.

To limit the number of possible length solutions, the critical loads, i.e.
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Fig. C.13: Cable length vs. horizontal reaction force for cable with 100 mm span and fixed end
point rotations. Four values of the reaction force yield the sought length of 150 mm. The peaks
located at -0.355 N and -1.42 N correspond to the singularities in the differential equation.

reaction forces that produce buckling can be determined and used as the
lower bounds for the reaction forces in the cable model. The first critical load
suffices in many cases but as stated above, the second critical load can also
come into play. If the length of the cable computed with the first critical load
is smaller than the prescribed length, then the second critical load must be
used as the lower bound. This situation would be the case for the configura-
tion to the right in Figure C.12.

For determining the critical loads, the classical Euler solutions are valid
due to the similarity of the differential equations as noted above. The critical
load Hcr depends on the mode number and the boundary conditions, but the
equation takes the general form (Timoshenko and Gere, 1961):

Hcr =
α β π2EI

L2 (C.2)

The values of α (mode number dependent) and β (boundary condition de-
pendent) are given in Table. C.1. The flexural rigidity EI was determined in
Section C.3.4, and the length L, as seen in Figure C.7, is the horizontal length
between the supports. The reason why, the horizontal length must be used
is that the differential equation for column buckling is derived for a straight
column in the undeformed configuration, where the force is likewise parallel
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Table C.1: Parameters α and β used in the Euler buckling Equation (C.2) (Timoshenko and Gere,
1961).

Free-Free Fixed-Fixed Free-Fixed

1st mode α = 12

β = 1
α = 12

β = 4
α = 1
β = 2.046

2nd mode α = 22

β = 1
α = 22

β = 4
α = 2.72
β = 2.046

to the column. By using Equation (C.2) for the problem in Figure C.13, the
critical reaction forces are predicted to be -0.355 N and -1.42 N respectively,
which are identical to the values determined from the graph.

C.4 Optimization Setup

This section presents the optimization setup used for generating gripper tra-
jectories. The criteria used for the incremental optimization approach from
Figure C.5 are elaborated. The algorithm used for the optimization is the
SQP (Sequential Quadratic Programming) from MATLAB’s built-in function
fmincon. This algorithm was chosen for its ease of implementation. In princi-
ple, any gradient-based optimization algorithm would work.

C.4.1 Optimization Criteria

The purpose of the optimization criteria is to guide the ply during draping
in a manner which resembles manual layup as discussed in Section C.2.2.
The observations from the preliminary 2D example in Section C.3.2 provide
useful information as well. In the following, the optimization problem and
criteria are presented in 2D and additions applicable to 3D are explained
afterwards.

The draping sequence is split up into two parts: before mold contact and
after mold contact. The former concerns the proper alignment of the ply using
a seed point such that the ply border will eventually match the boundary.
The latter concerns the wave movement where the ply is draped in directions
away from the seed point.

From the 2D example in Figure C.9, it can be seen that the first mold-ply
contact occurs at the highest point on the mold. This result makes sense
because the ply is sagging. With this result in mind, a natural choice for
the seed point on the mold, Smold, would indeed be the highest mold point.
The corresponding point on the ply, Sply which is to reach the mold seed
point, can then be determined based on preservation of ply arc length on
the mold. Thereby, the first objective is to minimize the distance between the
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Fig. C.14: Graphical representation of objectives and constraints in optimization setup. For ease
of viewing, each criterion is only shown once, but e.g. “Constr. (b)" applies for all target points.

aforementioned points. This criterion is depicted as “Obj. (before contact)" in
Figure C.14. Notice, that any point on the mold could be chosen as the seed
point.

Next, to advance the draping, the portions of the ply near the contact
fronts are considered. Specifically, the angle between the mold and the ply
in the contact fronts, αi, are minimized. This criterion corresponds to “Obj.
(after contact)” in Figure C.14.

The issue highlighted in the 2D example (Figure C.9) was multiple contact
segments of the ply, which in general is likely to result in either wrinkling
or bridging. In the optimization, it is alleviated by forcing the part of the
ply which is not in proximity of the current contact fronts to remain some
distance above the mold. Thereby it can be assured that only one contact
segment will exist during draping. The constraints are implemented at the
grippers, and the minimum distance above the mold is denoted dmin,mold,
which is dependent on the distance to the contact point, dcon (elaborated
later in the section). This condition is shown as “Constr. (a)” in Figure C.14.

To add robustness (and alignment during draping in 3D) an additional
family of constraints is specified. “Constr. (b)” in Figure C.14 forces each
gripper to remain inside an inverted triangle (cone in 3D) with the apex
located at the corresponding target point. The criteria mentioned above serve
to control the draping of the ply. In addition some criteria are implemented
to keep the ply behavior within its physical limits:

• Penalization of mold-ply penetrations added as a term, Φ, to the objec-
tive function. Φ is a sum of all penetration distances.

• Constraints on the maximum and minimum distance between adjacent
edge cable grippers. Because the fabric is virtually inextensible in the
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fiber direction, gripper sliding could occur in practice, if the gripper
distance exceeds the segment length. Also, too small a distance between
grippers will result in excessive sagging which violates the cable model
assumptions. This family of constraints is exemplified as “Constr. (c)”
in Figure C.14.

• Constraints on the maximum inclination angle between adjacent edge
cable grippers as seen in “Constr. (d)” in Figure C.14. These constraints
serve to avoid extreme gripper positions which cannot be achieved by
the robot tool.

The design variables of the problem, i.e. the gripper positions, are collected
in the vector G = {x1, z1, ..., xnGrp, znGrp}T where nGrp denotes the number
of grippers. For convenience, a double index notation is introduced where
the first index (1, ..., nGrp) denotes the gripper number and the second index
(x, z) denotes the coordinate. Thus, G2,x corresponds to the x-coordinate of
the 2nd gripper. On the other hand, if only the first index is specified, e.g.
Gj, the resulting quantity is the vector of coordinates for the jth gripper.
When contact occurs, cables will be suspended between the contact fronts
and the grippers as sketched in Figure C.8. The cable end points are thus
obtained by augmenting G with the contact front points, whereby the vector
P is obtained. Notice that G and P are equivalent before contact. The double
index notation is also applied to P and the vector of target points T. The
optimization problem is formulated as follows:

minimize
G

Before contact︷ ︸︸ ︷

||Smold − Sply|| OR

After contact︷ ︸︸ ︷
nCon

∑
i=1

αi + Φ

s.t. (a) Gj,z − zmold(Gj,x) ≥ dmin,mold,j

(b) |Gj,x − Tj,x| ≤ (Gj,z − Tj,z) tan(β/2) (C.3)

(c) dmin,seg,k ≤ ||Pk+1 − Pk|| ≤ dmax,seg,k

(d) |∠Pk, Pk+1| ≤ γ

∀j , j = 1, ..., nGrp

∀k , k = 1, ..., nSeg

Here nCon, nGrp and nSeg are the number of contact fronts, number of grip-
pers and number of cable segments, respectively, Φ is the mold-ply penetra-
tion penalty, and β and γ are the target point triangle and gripper inclination
constraint angles, respectively (See Figure C.14). The quantity dmin,mold,j from
constraint (a) is calculated as follows:

dmin,mold,j = min
(
dcon,jcdist,mold , csat,mold

)
(C.4)
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Thus, the vertical distance that the jth gripper must keep to the mold is its
distance to the contact front dcon,j (see Figure C.14) scaled by a parameter
cdist,mold. Further, a saturation value of csat,mold is specified. The quantities
dmin,seg,k and dmax,seg,k in constraint (c) are calculated as follows:

dmin,seg,k = cmin,segLseg,k (C.5)

dmax,seg,k = cmax,segLseg,k (C.6)

Thus, the grippers must remain within a distance of each other defined by
the segment arc length Lseg and two scaling parameters cmin,seg and cmax,seg
which naturally must be defined according to 0 ≤ cmin,seg ≤ cmax,seg ≤ 1.

Notice that this formulation of constraints is efficient because it does not
require the evaluation of the ply model. That is, the constraints only operate
on P. Common to all constraints is that they vanish when either the distance
between a particular gripper and its target point or the length of the cable
segment attached to the gripper is less than a tolerance, Ltol. The exception
is constr. (c) where the parameter cmax,seg is relaxed to unity. This unity state
implies, that the corresponding cables are allowed to be fully stretched.

For 3D optimization problems, another horizontal coordinate, y, is in-
cluded. Regarding the choice of seed point, the highest mold point is not a
robust option because the corresponding point on the ply might not be de-
fined. That is, the ply is only defined at the cables. Therefore, in 3D, the grip-
pers and their corresponding target points are considered as possible seed
points. Specifically, the highest target point that is also in a direction of shear
on the mold is chosen. Mold contact of the seed point gripper will mark the
transition to the wave motion draping.

In addition, the 3D alignment of the ply now requires more than just the
seed point. For this purpose, the (up to four) grippers connected to the seed
point gripper by edge cables, will act as “alignment grippers”. Before contact
of the seed point gripper, an alignment term is added to the objective func-
tion. This term is the sum of the horizontal distances between each alignment
gripper and a line connecting the seed point with the target point of the cor-
responding alignment gripper.

Finally, shearing during alignment of the ply is not desired which is why
it is penalized in the objective function before contact of the seed point grip-
per. After contact, a large difference between the diagonal gripper distances
can cause sagging of one diagonal cable, e.g. as shown in Figure C.11. This
sagging is mitigated by a penalization term added to the objective function
when the vertical distance between the diagonal crossover point and the mold
surface is less than a tolerance, cdiag,sag.

This section has presented an elaborate optimization scheme with a num-
ber parameters whose values must be specified. To this end, it should be
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Table C.2: Common optimization settings for all examples in Section C.5. ConTol and GrpTol are
the ply and gripper contact tolerances, respectively.

ConTol GrpTol csat,mold cmax,seg γ
[mm] [mm] [mm] [-] [◦]

0.3 0.35 50 0.99 35

Table C.3: Optimization settings used for 2D example in Figure C.15. ∆G is the move limit per
iteration.

Ltol ∆G cdist,mold cmin,seg β
[mm] [mm] [-] [-] [◦]

10 ±4 0.2 0.93 70

noted that all parameters have a physical meaning and that some parame-
ters, e.g. γ, can be determined based on the specifications of the robot tool.

C.5 Numerical Results

This section presents numerical results with the cable model. Mold defini-
tions can be found in the appendix to the paper. For visualization purposes
in the 3D models, the grippers are drawn as circles, and a surface is interpo-
lated in the unit cells, where the colors scale with the z coordinate. For the
optimization examples, some common settings are given in Table C.2. These
settings are believed to be generally applicable.

C.5.1 2D Optimization Example

Recall the 2D example from Section C.3.2 and Figure C.9 where a linear inter-
polation was employed as the trajectory for each gripper. This simple drap-
ing strategy resulted in multiple contact segments and possibly wrinkling.
Consider now the same setup, but with the difference that the optimization
scheme described previously is used to determine the trajectories of the grip-
pers. The result is shown in Figure C.15. From this figure, it can be seen that
the ply is draped in a wave movement as desired. Only one contact segment
exist throughout the draping and the grippers are within half a millimeter of
their respective target points in the draped configuration. The optimization
settings used for this result are provided in Table C.3.
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Fig. C.15: Draping of 2D ply onto mold with gripper trajectories generated from optimization.
The gray dashed lines show the ply in iterations 1, 4, 9, 14 and 20. The red line shows the ply in
the final iteration 24.

C.5.2 Validation of 3D Cable Model

As a validation of the cable model and in particular its ability to account for
shearing, consider the example in Figure C.16. The example is a compari-
son between the cable model and the non-linear rate-dependent FE model
from Krogh et al. (2019a). The latter will be the baseline for the compari-
son. The setup concerns draping of a 300 mm by 150 mm ply onto a flat
parallelogram-shaped mold where the mold shear angle is 20◦. The gripper
trajectories are prescribed linear interpolations from the initial gripper po-
sitions to the respective target points. The draping time is 10 s, which is a
reasonable time for the robot system. Recall though, that the cable model is
time-independent.

Figures C.16 (a) and (b) show the initial configurations with the ply sus-
pended 40 mm above the mold and with gripper (1,1) located directly above
its target point. The initial grid spacing of the 300 mm by 150 mm ply is 148
mm which is why both models exhibit sag. The deformation field is slightly
different between the two models, and this difference is a result of the dif-
ference between the gripper boundary conditions in the respective models.
However, the maximum vertical displacement is only overpredicted by 2.5
mm by the cable model. Figures C.16 (c) and (d) present the results at 10% of
the draping sequence. The ply is now beginning to shear while there is still
some slack in the fiber directions. This shearing induces the diagonal waves.
Finally, Figures C.16 (e) and (f) present the results at 75% of the draping se-
quence. The diagonal waves are now more distinct than at the 10% state. Due
to these waves, both models predict small diagonal wrinkles in the draped
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(a)

(c)

(e)

(b)

(d)

(f)

Fig. C.16: Draping onto flat parallelogram mold with cable model ((a), (c) and (e)) and FE model
((b), (d) and (f)). The rows correspond to the initial configuration, 10% done and 75% done
respectively.

configuration. Based on the comparison of the two models, it is concluded
that the cable model can give predictions of the displacement field of the ply
during draping that are comparable to the FE approach.

C.5.3 3D Optimization Example 1

The first 3D example is shown in Figure C.17 and involves a grid of 2 × 2
grippers draping a ply onto a region of the mold surface with low and pri-
marily convex curvature. In this region, the minimum positive and negative
radii of curvature are 320 mm and -148 mm, respectively. The initial config-
uration is presented in Figure C.17 (a) where the seed point gripper (1,1) is
located 50 mm above its target point. Contact with the seed point is estab-
lished in Figure C.17 (b) and hereafter the drape movement follows a wave in
a direction towards gripper (2,2) as seen in Figure C.17 (c)-(f). In the draped
configuration the ply is positioned such that the grippers are within 1.8 mm
of their target points. The optimization settings used for this example are
provided in Table C.4.

C.5.4 3D Optimization Example 2

The second 3D example is presented in Figure C.18 and involves a grid of
3 × 2 grippers. In this example, the chosen region of the mold has a higher
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(a) (b)

(c) (d)

(e) (f)

50 mm

(1,1)

(1,2)

(2,1)

(2,2)

Fig. C.17: Draping of ply with a 2 × 2 gripper grid onto mold. Iterations 1, 12, 17, 26, 34 and 56
are presented in (a)-(f). The blue dashed line indicate the prescribed boundary.

Table C.4: Optimization settings used for 3D examples in Figure C.17 and C.18. ∆G is the move
limit per iteration.

Ltol ∆G cdist,mold cmin,seg β cdiag,sag
[mm] [mm] [-] [-] [◦] [mm]

20 ±5 0.25 0.96 35 15

curvature than in 3D Example 1 with the minimum positive and negative
radii of curvature equal to 175 mm and -144 mm, respectively. In addition,
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it is a more difficult problem than 3D Example 1 because it contains convex
and concave regions. In Figure C.18 (a), the ply is in the initial configuration
with the seed point gripper (2,1) located 50 mm above the seed point, and
in Figure C.18 (b) the seed point gripper has reached the mold surface. Fig-
ures C.18 (c)-(e) present three intermediate iterations where the grippers in
the left unit cell progressively make contact with the mold. Figure C.18 (f) is
the final draped configuration where the grippers are located within 2 mm
of their target points. The ply is in contact with the mold surface everywhere
except for the concave region near gripper (3,2). Here the ply is bridging with
a maximum distance to the mold of 3 mm. This issue of bridging is revisited
in the Discussion section. The optimization settings are the same as in the

(a) (b)

(c)

(f)

(d)

(e)

50 mm
(1,1)

(2,1)

(1,2)
(2,2)

(3,2)

(3,1)

Bridging

Fig. C.18: Draping of ply with a 3 × 2 gripper grid onto mold. Iterations 1, 13, 23, 36, 47 and 60
are presented in (a)-(f). The blue dashed line indicate the prescribed boundary.
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previous example, i.e. as given in Table C.4.

C.6 Discussion

The results in the preceding section show promise in terms of generation of
feasible gripper trajectories. The quality requirement of close conformity to
the mold surface was, however, not fulfilled in the second 3D example (Fig-
ure C.18). A number of remedies to this situation exist. Because the bridging
portion of the ply is in a diagonal direction, the ply can be stretched locally
via an increase in shear. Therefore, the bridging portion could maybe be put
onto the mold by means of a push from a gripper subsequent to draping.
Another solution would be to use a smaller grid spacing or, if the grid is
non-rectangular, make sure that a gripper is located in this particular spot on
the mold. A final solution is to pre-shear the ply which could be achieved
either when the ply has been picked by the robot or in a preceding operation.

The optimization approach presented in this study involves some settings
that define the “tightness” of the constraints. To that end, some degree of
tuning could be necessary when considering a new draping problem. Yet,
the settings have a direct physical meaning which aids the process. For in-
stance, if multiple contact segments develop during draping, the parameter
cdist,mold from Equation (C.4) must be increased. In a future study, it could be
investigated if the settings can be changed adaptively during the iterations:
with the occurrence of multiple contact segments, the program can jump back
a few iterations, change settings and then continue.

Other improvements to the present implementation include the use of a
cable model accounting for large displacements and curvatures as well as
having the ability to model non-rectangular ply shapes. For the former, an
increase in computational time is expected which must be assessed with re-
gard to the increase in accuracy. The latter is important for implementation
in an industrial context.

Lastly, an interesting discussion is that of optimal vs. feasible gripper tra-
jectories. Even though optimization is utilized in this study, it is far from
certain that the generated gripper trajectories are optimal. Of course, “opti-
mality” would have to be precisely defined. Nonetheless, because the opti-
mization is merely used to incrementally fulfill the defined criteria and the
problem is path dependent, the combined trajectory is likely not to be opti-
mal.

C.7 Conclusion

This paper has presented an approach to generation of feasible gripper trajec-
tories for an automatic composite draping system. The grippers of the robot
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end effector can be controlled in the three translational degrees of freedom,
and these movements must be determined such that the draped ply conforms
closely to the mold surface and is placed inside a prescribed boundary.

The study takes as its starting point an approximate ply model based
on cables suspended between the grippers. The cable model is able to take
large deflections, mold contact and fabric shearing into account. The cable
model was validated against a non-linear rate-dependent finite element (FE)
model based on material test data. It was concluded that the cable model can
predict the ply displacement field nearly as well as the computationally more
expensive FE model.

The optimization routine is split up into two parts. First, a seed point
on the ply must reach its corresponding point on the mold while ensuring
proper alignment of the ply. Thereby, mold contact is established. Next, the
ply is draped away from the seed point my minimizing the difference in
angles between the ply and the mold in the contact fronts. Constraints are in-
cluded to ensure that only one contact segment exists. This draping strategy
is chosen to mimic manual layup. In addition, a number of optimization cri-
teria are implemented to make sure that the ply is moved within its physical
limits.

The numerical results show that the optimization approach can determine
a draping sequence such that the quality requirements can be met. Minor mis-
alignment and bridging was observed, but it is believed that these matters can
be taken into account when transforming the output from the optimization
routine to actual robot sequences. The latter is necessary when the results
from this study will be validated in practice.
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Appendix: Mold definitions

The 2D mold surface used in Figure C.9, Section C.3.2 and Figure C.15, Sec-
tion C.5.1 is given by the following 5th order polynomial:

zmold(x) = −17113x5 + 5413x4 − 440x3 − 5.45x2 + 1.24x + 0.01 (C.7)

Here x ∈ [0, 0.16]. The 3D mold surface used in 3D Example 1 in Figure C.17,
Section C.5.3 and 3D Example 2 in Figure C.18, Section C.5.4 is defined by a
3rd degree polynomial surface:

zmold(x, y) = 1.004x + 1.089y− 3.667x2 − 4.4x y−
3.75y2 + 3.086x3 + 8.889x2 y + 4.321y3 (C.8)
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Table C.5: Target points for 3D examples.

Example # 1 2

Target Point 1,1 {0.1477, 0.0522, 0.1832} m {0.0956, 0.0504, 0.1755} m
Target Point 2,1 {0.2948, 0.0522, 0.1577} m {0.2440, 0.0528, 0.1720} m
Target Point 1,2 {0.1502, 0.1992, 0.1707} m {0.1081, 0.1967, 0.1800} m
Target Point 2,2 {0.2961, 0.1984, 0.1357} m {0.2539, 0.1979, 0.1450} m
Target Point 3,1 - {0.3877, 0.0608, 0.1303} m
Target Point 3,2 - {0.4017, 0.2084, 0.1270} m

Here x ∈ [0, 0.45], y ∈ [0, 0.45]. The target points used with the mold are
presented in Table C.5. The target points have been calculated using the kine-
matic mapping algorithm.
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