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ABSTRACT: In this study, we investigated the draping behavior of jute woven fabric to study the feasibility of using natural fabrics in
place of synthetic glass-fiber fabrics. Draping behavior describes the in-mold deformation of fabrics, which is vital for the end appear-
ance and performance of polymer composites. The draping coefficient was determined with a common drapemeter for fabrics with
densities of 228-765 g/m* and thread counts under different humidity and static dynamic conditions. The results were compared to
glass-fiber fabrics with close areal densities. Characterization of the jute fabrics was carried out to fill the knowledge gap about natu-
ral-fiber fabrics and to ease their modeling. The tensile and bending stiffnesses and the shear coupling were also characterized for a
plain woven jute fabric with a tensile machine, Shirley bending tester, and picture frame, respectively. As a case study, the draping
and resin-transfer molding of the jute fabric over a complex asymmetric form was performed to measure the geometrical conform-
ance. The adoption of natural fibers as a substitute for synthetic fibers, where the strength requirements are satisfied, would thus
require no special considerations for tool design or common practices. However, the use of natural fibers would lead to weight and
cost reductions. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 1453-1465, 2013
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INTRODUCTION

Natural Fibers as New Materials

The use of natural fibers has found increased interest in the last
decade, especially in the field of fiber-reinforced polymer compo-
sites. In addition to their availability from renewable resources
and their low cost, natural fibers offer further advantages over
synthetic fibers, including a low density (1.4 vs 2.5 g/cm’ for
glass fibers; this leads to a 45% weight reduction), biodegradabil-
ity, less wear during processing, and low energy consumption.'™

As for fiber reinforcements, natural fibers, such as sisal, jute,
and date palm fibers,”> have proven to contribute to the
strengthening of polymer composites. Intensive research has
been conducted on the use of natural-fiber/polymer composites
for thermoplastic matrix extrudates
parts.”” However, large-area components are mostly manufac-
tured by hand layup,*® press-molding,'® or resin-transfer mold-
ing techniques.' In addition to the fiber permeability,
wettability, and resin absorption, the draping behavior of woven
and nonwoven fabrics plays a vital role in aesthetics and the
realization of the final construction. It is thus often of great
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interest to investigate the draping behavior of fabrics in use
before the manufacturing step to prevent wrinkling at deforma-
tion points and ensure the dimensional accuracy.

Draping Measuring

According to Collier,'* draping is defined as a fabric’s ability to
form folds when it is bent under its own weight. The draping
behavior of fabrics was subjectively evaluated by a panel of
judges in the early days. Structured objective investigations of
fabric draping behavior can be traced back to a classic article
authored by Peirce in 1930, as quoted by Kenkare and May-
Plumlee."* Peirce’® developed the cantilever method (commer-
cially known as the Shirley Stiffness Tester) to measure a fabric’s
bending properties and then used the dimensional bending
characteristics as a measure of drape.

Previous research has focused further on the development of
direct quantitative evaluation methods to determine the drape
and the correlation of these drape values with measured fabric
properties thought to influence drape, such as fabric bending
and shearing properties in addition to weight and thickness.
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However, the characterization of the drape with a two-dimen-
sional measurement imposes many limitations on describing the
complex, anisotropic behavior of fabrics. To overcome these prob-
lems, the Fabric Research Laboratories (FRL) developed the FRL
drapemeter,'” as discussed in ref. 14, to measure the drape in three
dimensions. Collier'* described a static drape tester that has often
been used in research and that requires the placement of a circular
fabric specimen between two smaller circular plates, which are
supported above the base of the instrument. The annular ring of
fabric not held between the plates is free to drape over the edge of
the support. Paper tracings of draped patterns were obtained and
compared to undraped patterns to determine a drape coefficient
(DC). Collier'* further developed this method such that the drape
tester uses a bottom surface of photovoltaic cells to determine the
amount of blocked light being absorbed by the photovoltaic cells,
and this is related to the amount of drape of the fabric specimen.

To minimize the tediousness and error of the FRL method, Ken-
kare and May-Plumlee'* proposed the further measurement of
three-dimensional draping with digital technology. Here, a digi-
tal image of each draped sample is captured and further proc-
essed with Adobe Photoshop software to determine the drape
coefficient, which is defined as follows:

DC — Area under the draped sample — Area of the underlying disc

Area of the specimen — Area of the underlying disc
(1)

Draping Description Mechanisms

In recent years, the previous understanding of a fabric’s deforma-
tion mechanisms has further been incorporated into computer
simulations. The simulations start with the component’s surface
geometry and generally assume an initially orthogonal net. An ini-
tial point of contact is specified, and an initial warp and weft yarn
path is generated from the start point over the surface. The woven
cloth is then modeled as a net made up of equally sided cells cor-
responding to a free linkage of four bars of equal length defined
by the warp and weft yarns and constrained by the initial warp
and weft yarns. The surface is then covered in an iterative process,
which brings the cell edges into contact with the surface.'® This is
a typical kinematic solution for a draping problem where the
bending and shear stiffnesses are neglected and only the intraply
shear (trellis) is considered. This type of solution is considered an
approximation and suits the hand-layup processes and not auto-
mated ones.'” This kinematic solution predicts the wrinkling for-
mation onset; a threshold lock angle is reached upon fiber
buckling (out-of-plane deformation). A more realistic solution
deals with the global deformation, where the fabric in-plane ten-
sile properties and bending out-of-plane stiffness are considered.'”
This solution can deal with the different weaving structures of the
fabric textile. The boundary conditions of the blank holder and
the underlying die and consequently the contact friction coeffi-
cient are also considered. The interply shear between the layers of
the fabrics are also considered. Boisse et al.'® reported more deci-
sively that there was no direct relation between the shear angle
and the out-of-plane deformation (wrinkling). Wrinkling takes
place essentially by a whole system of strains, stiffnesses, and
boundary conditions. The bending stiffness plays a major role in
determining the shape of these wrinkles.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39261

WILEYONLINELIBRARY.COM/APP

Applied Polymer

SCIENCE

The modeling of the draping behavior requires the characteriza-
tion of the textile tensile and bending stiffnesses in the warp
and weft directions, in-plane shear, lock angle, compaction, and
interply friction. For the kinematic model, one needs only to
define the lock angle and the fabric compression behavior in
terms of the stress—strain or pressure—fiber volume fraction.
Therefore, it is necessary to define these modeling parameters
for new fabric materials such as jute fabrics.

Fong et al.'"” investigated not only the material effect but also
the role of the draping behavior during the manufacturing
processes, especially for resin-transfer molding techniques. It
has been shown that the drape of fabrics causes the fiber orien-
tation to change and the fiber volume fraction to be inhomoge-
neous throughout the composite.'”” According to Hancock and
Potter,'® these problems become even more apparent when one
deals with unidirectional fabric or natural fibers, which are
characterized by both macroflows and microflows? (flow
through the pores and flow within the fibers, respectively).

Although the specific properties of natural fibers are acceptable
compared to those of glass fibers, drapability characteristics are
rare,”" and hence, designers tend not to use material with unex-
pected deformation behaviors. A solution to this is offered here
in a systematic characterization study of the DCs of selected
natural fibers. A case study is given to ensure the feasibility of
the natural fibers as potential competitors for synthetic ones.
The objectives of this study were as follows:

e To characterize the jute-fabric properties, especially those
related to draping, and to compare them with those of a
matching/similar glass-fiber fabric.

e To test the modeling techniques and determine how it is pos-
sible to predict wrinkle formation and to compare the mod-
eled results with those of an experimental trial.

EXPERIMENTAL

Materials

Two suppliers of jute fibers were used in this investigation. Three
types of jute-fiber wovens (jute fibre Egypt (JFE)) were supplied
by Al-Sharqeya for Jute Productions (Belbeis, Egypt). Jute fibers
in the form of a woven fabric, provided by Jute and More (Augs-
burg, Germany) and of Bangladeshi origin, were also considered
(jute fibre Germany (JFG)). Glass fibers supplied by HP Textiles
were examined for comparative analysis. The nomenclature of
the fabrics is given in Table L.

Characterization of the Natural Fabrics

Physical Properties. Physical characterization tests were required
for the jute woven fabrics because of a lack of knowledge of these
products’ properties in addition to the generally known inconsis-
tency of production. A knowledge of the physical properties is
vital for an analysis and interpretation of the draping behavior of
woven fabrics, especially in cases where nonsymmetric draping is
observed along the orthogonal warp and weft directions.

The fiber diameters were measured with a Helmut Hund
GmbH trinocular microscope at 40 X magnification. Ten meas-
urements were taken in each weft and warp direction. The aver-
age values for each fiber type were then determined. The linear
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Table I. Nomenclature of the Fabrics under Investigation

ARTICLE

Nomenclature Fabric origin

Description

JFEN1 x 1 Al-Shargeya for Jute Productions
JFEN2 x 1 Al-Shargeya for Jute Productions
JFEK1 x 1 Al-Shargeya for Jute Productions
JFGN 1 x 1 Jute and More

GF210 HP Textiles

GF390 HP Textiles

Egyptian woven textile with one thin fibers in both
weft and warp directions

Egyptian woven textile with two thin fibers in the
weft and one thin fiber in the weft direction

Egyptian woven textile with one thick fiber in the
weft and one thin fiber in the warp direction

German woven textile with one thin fibers in both
weft and warp directions

Close planar density to JFEN 1 X 1 for the
sake of comparison

Close planar density to JFGN 1 x 1 for the
sake of comparison

density in terms of Tex number (grams per 1000 meters) was
measured for the various fiber types. Single fibers 50 c¢cm in
length were weighed on a digital balance, and the weight per
unit length was calculated. The planar density was determined
for 30-cm? pieces of fabric.

Chemical Analysis. Fourier transformation infrared (FTIR)
analysis allows one to identify the characteristic molecules of
chemical substances. This method is found to be very beneficial
for the characterization of natural fibers and the identification
of any structural changes occurring because of chemical modifi-
cation processes. This test is carried out to check whether there
is a significant difference between the two fabric supplies with
regard to chemical treatments. FTIR spectroscopy was carried
out on the investigated fibers with a Stepscan FTIR FTS 7000
spectrometer over a wave-number range of 4000-400 cm L.
Mechanical Testing. Single yarns were extracted from each fab-
ric in both the weft and warp directions and were tested for
tensile strength and stiffness according to DIN EN 13895-1:2003
(D), with a free gauge length of 500 = 1 mm tensioned at a
constant speed of 500 mm/min.

Similarly, woven fabric was tested according to DIN EN ISO
13934-1:1999, where the sample dimensions allowed for a free

gauge length equal to 200 mm at a width of 50 * 0.5 mm?

without fringes. The test speed was set at 20 mm/min. All of
the tension tests were performed on a 2-kN Zwick Roell univer-
sal testing machine. Tensile testing of the fabric defined the ten-
sile stiffnesses in the warp and weft directions (E, and E,,
respectively).

Drapability Tests. Drapemeter testing. The drapability describes
the extent to which a fabric will deform when it is allowed to
hang under its own weight. This can be described in terms of
the so-called DC, which is generally defined as a ratio between
the deformed and undeformed fabric as described earlier.
Greater values of DC indicated that the fabric is made of a stiff
material. The characterization of DC is not sufficient to describe
the draping of a fabric. The number of folds and their wave-
length, distribution, and amplitude are all needed to character-
ize the draping behavior.”* However, this test helps to provide a
good prediction of the behavior of the fabric. To model the fab-
ric draping, some properties should be identified, namely, the
stiffness moduli in both the warp and weft directions.

Figure 1 shows the test rig, composed of an 18-cm circular disc,
over which circular fabric samples of 30 and 36 cm, respectively,
were placed and left to bend under their own weights [Figure

The onginal
sample diameter

/ g
The test rig
diameter

The projectionof
the fabric after
draping

Figure 1. (a) Draped sample and (b) image processing of the captured image. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 2. Picture frame test showing the (a) shearing of the jute fabric until wrinkle formation (displacement—force), which was converted to a shear

strain—shear stress relation, (b) frame angle change during testing, and (c) lock angle definition. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

1(a)]. The test setup was composed of a digital camera placed
on a tripod at a constant vertical distance of 62.5 cm from the
upper test rig surface.

An image of the draped fabric was shot with the camera with a
monocolor background (to help with contrast) and at a prede-
fined resolution of 2048 X 1568 pixels. Image transfer to a PC
allowed us to use simple image processing programs for the
manual definition (redrawing) of the draped fabric contour. In
this case, the simple Microsoft Paint was used to define and fill
out the contours, as depicted in Figure 1(b). The image was
then further processed on a PC to determine the area after de-
formation and relate it to the initial area. The picture was first
converted into a binary image (black and white), where it could
be recognized by MATLAB. A code written to calculate the
black area was applied for each picture on the basis of the cal-
culated relation between the captured image distance and the
actual area per digital pixel, as given by the following:'*

DC = Image [pixels/(pixels/cm?)]-Area of the underlying disc (cm?)

" Area of the specimen (cm?)-Area of the underlying disc (cm?)

(2

Each sample was tested three times for each face. The upper
and lower fabric faces of the fabric were named a and b,
respectively.

We investigated the effect of the humidity on the draping
behavior by preparing samples under a dry atmosphere (with
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oven drying at 110°C until a stagnant weight was reached) and
an ambient humid atmosphere with 65% relative humidity
[RH; conditioning under 65% for 24 h]. Only jute fabrics were
exposed to RH conditions to monitor the humidity effect on
the hydrophilic fibers.

The dynamic DC was determined as the change in DC with
respect to time. This test was performed for fabrics 36 ¢cm in di-
ameter, where the digital images were captured in 1-, 2-, 5-, 10-,
30-, and 60-min intervals and were further processed as described
previously to determine a time-dependent DC. The measured
DC/time relationship in this work is not to be confused with the
dynamic drape, which is defined as the change in the draping
shape of fabrics under the influence of a swinging motion.

Shirley stiffness testing. This test was carried out to define the
bending moduli of the fabric in both the warp and weft direc-
tions according to ASTM D 1388-96. A sample 25 mm in
breadth and 300 mm in length along the tested fabric direction
was used. The fabric was moved on an inclination of 41.5 *=
0.5° below the plane of the platform surface until the overhang-
ing fabric touched the inclined indicator surface. The bending
stiffness was defined with egs. (3) and (4):

Flexural rigidity = Fabric areal density X (Bending length)’ (3)

Bending modulus = 12 X Flexural rigidity /Thickness’ (4)

Picture frame testing. We implemented an in-plane shear to
characterize the shear coupling (G) value. The test was

©WILEY i@ ONLINE LIBRARY


www.wileyonlinelibrary.com
http://onlinelibrary.wiley.com/

Applied Polymer
%0 10
— —1 ||
& &}o{ @j v 1.
g o ' i

]

/ he"

J ||

R_rpc S| |G

Unspecifiad Filats are 5 mm

Resin inlet
distribution ‘}38 /

Resin+
hardener

ARTICLE

Plastic Bag sealant tape

Breather

Reinforcement
fabric

Tank for excess
resin (rescue tank)

Figure 3. Asymmetric form used to evaluate the jute fabric drapability: (a) constructional drawing and (b) schematic drawing of a simplified VARI pro-

cess. BST: Bag sealant tape. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

performed on a Zwick 2-kN load cell at room temperature. The
crosshead speed was 50 mm/min, as shown in Figure 2(a). The
first run was always disregarded, and the following three load-
ing—unloading cycles were considered. From the displacement—
force curve and the picture frame geometry, as shown in Figure
2(b), the shear angle—shear force relation as in Figure 2(c) and,
hence, the shear angle—shear stress relation could be determined.
Hence, the shear modulus could be calculated from the deriva-
tive of the data points on the shear stress versus the radian
shear strain plot.

Case Study. Experiment description. Figure 3 shows the asym-
metric form, which was reported previously'®* to be used as a
benchmark for drapability. The mold contained various combi-
nations of three-dimensional complex features, namely, flat and
curved surfaces. The complexity arose from the concave and
convex fillets and the curved surfaces of the internal and exter-
nal radii. Further, the radii had different values and different
centers’ offsets to determine the dimensional effect. The four in-
ternal side curvatures in the mold, denoted by R1, R2, R3, and
R4, had radii of 40, 30, 40, and 30 mm, respectively. The offsets
of these radii centers out of the mold perimeter were 0, 0, 10,
and 10 mm.

It was obvious that the design was not too far from actual prac-
tical work pieces, which are adapted in industry, such as in fixa-
tion basements. The vacuum-assisted resin infusion (VARI)
technique was followed in the sample production, as shown in
the schematic of Figure 3(b). The mold was ground, polished,
and finally waxed to enhance the surface properties and thus

reduce noise induced by the surface roughness. The fibers and
mold were then properly vacuum-bagged for VARI. The epoxy
was smoothly and slowly allowed to wet and infuse the fabric
with the aid of the sucking action of the vacuum. The weight
ratio of the Wela supplied epoxy EP2110 to the hardener mix
(EH2294/EH2995 = 80:20) was taken, according to the sup-
plier data sheet, to be 100:30. The experiments were carried out
on multilayer fabrics, with up to 12 layers, having the same or-
thogonal directions.

Modeling of the case study. We aimed to evaluate the modeling
technique accuracy of the description of the dry fabric draping
and to evaluate the capability of the model to predict the wrinkle
formation. Therefore, the two previously mentioned modeling
methods were carried out to determine the optimum draping
strategy, namely, kinematic modeling with Quickform software,
developed by the ESI Group, and global deformation modeling
with Pamform software. The kinematic concept is based on the
advancing front approach, which restricts the deformation within
the interfiber shear, and hence, less accurate results are obtained
in comparison to the more accurate finite element method
(FEM), which considers the fiber mechanical properties.**

In the kinematic model, it is only required that one define the
initial contact point, direction of draping, preshear of the fabric,
critical shear lock angle, and warp/weft directions at the studied
point. The mold surface was meshed by visual mesh software
with quadrilateral shell elements mostly, except for some mesh-
ing sites. The effect of the starting point was studied. The drap-
ing simulation trials were applied with different orientations,

I

Figure 4. Investigated woven fabrics (from left to right): JFEN 1 X 1, JFEN 2 X 1, JFEK 1 X 1, JEGN 1 X 1, and GFG. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Mak\;’.“liﬂ> WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39261

1457


www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
http://www.materialsviews.com/
http://onlinelibrary.wiley.com/

SCIENCE

Applied Polymer

ARTICLE

YE6ET OSINI NIdg
"T-G68€T NI NIde

"UOIBIABD pJepue)s ‘(S ‘uesw '

v'ez 6'GE (=) 8]BUE %207
900 €9€0°0 (edN) ©
(BdW)
g€e  L6T TT €/T 0T /2T 2T 0€T 60 ¥9T 6¥2 S/T TT G6T €€ 2ZT¥ SSaUYNS B|Isus |
(BdW)
980000 060000 700000 00000 870000 L€000°0 620000 0€000°0 ssaus Bulpusg
o=(Wo B)
00'¥ 0z 02T ov'T 680 SLT Ge'T SY'T ApiBu jenxa|4
068 €86 67 TT T8ET G/'8 SO'¥ 8G'G 00'G J1010€} Jan0D
¥'9¥T 188/ €20€ 9685 TTIST +688 8¥8E 2688 0T0Z 9268 T98 8G/E 08 G¥9T 80F OQTOE ¢N) 82404 Wnuixep
¥20 60T TTO 9€T €0 6TT [LO¥O 28T 620 LT T¥O0 2T €0 8TT ¥T0 62T (%) urenns
TS 92T ST 20T TE L'8 2T S'9 6T 68 22 €ST 2% TOT 9T L¥T  oXxoL/No)ybusag
887 089 T6T 0G9¥ 66 9825 €605 86¥ET 862T 987/, 9GE 8¥0E V/T O0OTve GVl L¥¥e (xe1) ueA
S00 60 T0 0T TO 2€T T0 8T <2T0 G680 €0 G40 TO 990 800 2/0 (wrf) Jerowelq
(ui/spus)
YO 9TT ¥T0 V1T S0 §2T 20 ¥'6 600 8 €T0 86 20 6 20 38 3UNod peauy|
das  uaM as  diem as  Hem as diem as M as  diewm as M as  diepw
(zw/B)
2GS 0vL/E €€ 969/ 0GS 6€TS G'e 6822 Ayisuap |ealy
as W as W as W as N Ayiedoud
adAy olige
T X TNO4r T X TY34r T X 2N3dr T X TN3dr

$159], UOTIBZLINDRIRYY) J) JO SINSAY [EDIUBYIIN Pue [edI1SAYd °IT d[qeL

©WILEY i ONLINE LIBRARY

WILEYONLINELIBRARY.COM/APP

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39261

1458


http://onlinelibrary.wiley.com/

Applied Polymer

CIENCE

ARTICLE

120

Photoacoustic

3900 3400 2900 2400

1800 1400 800 400

Wave number [em™']

Figure 5. FTIR analysis of the Egyptian and German jute fabrics.

namely, the warp and the 45° biased directions. The constraints
with the lowest shear-angle critical zone, especially at the fillets,
which were more likely to have a bridging problem, were fur-
ther used in the practical experiment.

In the global deformation model, the material characterization
of the fabric tensile modulus in both orthogonal directions, the
bending modulus with the Shirley tester, the in-plane G with
the picture frame, and the coefficient of friction in the case of
multiple layers were studied. The coefficient of friction was
roughly estimated from the literature® as 0.4. The underlying
form, blank holder, and stamp geometries were defined.

Afterward, the draped fabric was impregnated by resin in vacuo.
The drapability of the jute fabrics was then evaluated on the basis
of direct measurement for the product geometrical features after
impregnation with resin. The measured dimensions were then
compared with the original underlying dimensions of the mold.
The resin impregnation was not modeled in this study because

the available model deals with the macroflow of resin around the
fibers. This matched the case of synthetic fibers and not the
microflow within the fibers themselves. Modeling was performed
with tension applied by blank holders. The same procedure was
done in the experimental part, where blank holders were used
during draping and resin impregnation until approximate curing.

RESULTS

Physical Properties

Figure 4 shows the investigated woven fabrics, whereas Table II
summarizes the results of the geometrical, physical, and me-
chanical testing. In some cases, measurements in the warp and
weft directions showed that the yarns used significantly varied
around the average diameter. The yarn diameters and Tex num-
bers in both the warp and weft directions were consistent for
jute fibre Egypt thin (JFEN) 1 X 1 and jute fibre germany thin
(JEGN) 1 X 1 (homogeneous 0/90 fabrics); this resulted in
equivalent values of linear density in both directions. The linear

30cm
0.7
0.8 <| Areal density Tpct |
0.5
o T T B0y
e 0.3 4 085% RH.
0.2 1
0.1 4
04
a | b a | b a | b a | b a ‘ b a ‘ b
JFEN 1x1[228) JFEN 2¢1[513) JFEK 1x1 [785) JFGN 1x1[374] GF [210) GF [300)

Figure 6. DC for various jute- and glass-fiber woven fabrics under ambient conditions cut at a diameter of 30 cm (the planar density in grams per

square meter is between brackets).
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Figure 7. DC for various jute-fiber fabrics cut at a diameter of 36 cm and
tested under ambient humidity.

density or Tex number depicts the resistance of the fabric to
bending and conformation to the underlying surface. Similarly,
the areal density is an important property in defining the fabric
type and indicates its suitability for draping. Considering the
results listed in Table III, one can predict that the draping
behavior was best for JFEN 1 X 1, followed by jute fibre Egypt
thick (JFEK) 1 X 1, and further the JFEN 2 X 1 and JFEK 1
X 1 fabrics. Generally, the comparable JFEN 1 X 1 and JFGN
1 X 1 results would denote similar draping characteristics,
although the thread count (number of yarns per unit length)
showed a slight unevenness in the warp and weft directions for
the JFEN 1 X 1 fabrics compared to the JEGN 1 X 1 ones.

With regard to the tensile behavior, we observed that the yarn
strength was not proportional to the textile maximum strength
values, and this was attributed to the difference in the thread
counts among the fabrics. The modeling parameters derived
from the Shirley tester, picture frame, and tensile testing,
namely the flexural rigidity, G, and E; and E,, are also listed in
Table II. The modeling parameters were characterized only for
two types of similar areal density fabrics representing the Egyp-
tian and German fabric supplies.

FTIR Analysis
Figure 5 illustrates the FTIR analysis of both the Egyptian and
German jute fabrics. The main peaks found were as follows. The
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peak at 3350 cm™ "' corresponded to the free hydroxyl group.” The
peak at 1736 cm ™', which corresponded to C=0 stretching vibra-
tions, suggested the existence of carboxylic/ester groups. The pres-
ence of lignin was detected by the peaks at 1450, 1050, 887, and 817
cm . The band at 817 cm™ ' appeared as a shoulder, and it arose
when pectin and fats were removed.” Another change was observed
with the diminishing of the C=C vibration group at 1516 cm '
when instauration in oil traces and fatty substances was removed.
The results indicate that both curves were similar to each other, and
the measured peaks were found in both types of jutes. Hence, no
difference from chemical treatment or preparation was expected.
This eliminated the fiber composition and/or treatment/structure
from as a reason for the deviated draping behavior.

Draping Behavior Characterization

A low DC implies easy deformation, whereas an increase in the
coefficient value describes a more stiff fiber that is less vulnera-
ble to deformation. Applying the aforementioned procedures
for both the jute- and glass-fiber fabrics under ambient humid-
ity conditions rendered the results illustrated in Figure 6 for the
sample 30 cm in diameter.

The most significant result was that JFEN 1 X 1 and GF210
had comparable DC values in addition to their close areal den-
sities; this is a promising result for natural-fiber applications.
Shyr*” tested four natural-fiber fabrics at 65% RH and reported
that the DCs of cotton (148.7 g/m?), flax (189.4 g/m?), silk
(98.9 g/m?), and wool (200.5 g/m?) were around 0.52, 0.43,
0.28, and 0.37, respectively. Because the jute fabric used in this
study had a slightly higher areal density of 229 g/m?, a DC of
0.38 for the JFEN 1 X 1 was comparable to values reported in
the literature under similar conditions; this suggests a good
draping behavior.

Although the areal densities of JEGN 1 X 1 (374 g/m?) was
lower than that of JFEN 2 X 1 (513 g/m?), it had a higher DC
(lower drapability), which could be attributed to the greater
number of threads per unit length, as indicated by the thread
count values (11.4 and 5.8, respectively).

Taking Figures 6 and 7 into consideration, we observed that an
increase in RH decreased DC, and hence, the drapability was

Shear_Angle

0.0133

Figure 8. Effect of the draping direction on the shear angle zones: (a) 0° (middle-point start), (b) 45° (middle-point start), and (c) 45° (the start was
not in the middle). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Shear angle
46.859200
40.165112
33.47027
26.776941
20.082853
13.388768
6.694682
0.000595

Min = 0.000595
Max = 46.859200

Signed displacement

26.244114

. 18.657837

11.071559
3.485282
-4.100995

-11.687272

-19.273550

-26.859827

Min = -26.859827
Max = 26.244114

c- Layer 1 next to mould

Figure 9. Pamform model of the jute fabric: (a) shear angle and (b) signed

which is available at wileyonlinelibrary.com.]

improved by 5-10%. However, the humidity could not be infin-
itely increased during composite processing, where moist fabrics
need to be avoided to prevent bubbles and thus void formation
within the final product, especially where resin curing is
achieved at elevated temperatures.

Figure 7 represents the change in DC with time, where the DC
was observed to decrease slightly with elapsing time. However,
the DC tended to stabilize after around 30-60 min, depending
on the sample areal density and weaving texture. Again, this
was expected because of the longer influence of gravitational
forces accompanied by continuous slippage between the warp
and weft yarns until the yarn stiffness holding the fabric upward
resisted the downward movement of gravity. These observations
were broader than those observed by Jeong,”® where he limited
the test time span to 10 min; this study was prolonged to 60
min. As shown in Figure 7, some fabrics, such as JEGN 1 X 1,
attained their steady-state situation first after 60 min. However,
the logarithmic decrease of DC with time remained similar to
that reported by Jeong.?®

A correlation between the DC values and the bending stiffness
was investigated and found in the literature.” In addition, we
needed to implement the measured DC value in the commercial
modeling software instead of many values considering the ten-
sile, shear, and bending stiffness.
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Shear angle

43.022114
36.876144
30.730175
24.584206
18.438236
12.292267
6.146297

0.000328

Min = 0.000328
Max = 43.022114

b- Layer 4
Signed displacement
27.003956
. 19.083382
11.162808
3.242235
-4.678339
-12.598912
-20.519485
-28.440060
Min = -28.440060
Max = 27.003956
d- Layer 4

kinematic displacement. [Color figure can be viewed in the online issue,

Case Study: Drapability over an Asymmetric Form

Modeling Results. Figure 8 illustrates the shear zones at differ-
ent draping directions and different starting points. Only three
cases are given in Figure 7 for the sake of demonstration. A bi-
ased direction was selected from the simulation trials because
of the lowest value of the critical shear angle zones (Figure 8).
The simulation study showed that the contact point, at the
middle of the upper surface, such as that in Figure 8(a,b),
guaranteed the shortest way for a yarn. On the other side, the
offset from the midpoint, as shown in Figure 8(c), induced
more critical shear zones. According to ref. '®, surfaces with no
concave radii, such as the upper surface and the upper fillets,
should have been the first to drape. Then, the convex radii
sites were draped next because they were characterized with
their out-of-plane curvatures and their greater affinity to have
bridging. The critical shear angle areas were handled with suit-
able tool geometry as advised previously.'® The configuration
shown in Figure 8(c) was disregarded because it was out of the
midpoint. The configuration shown in Figure 8(b) suffered
from high-shear zones at the fillet radii in the inner curva-
tures. Therefore, the configuration shown in Figure 8(a) was
selected for the experimental study. A kinematic approach
helped to provide a rough estimation of the draping strategy.
However, the wrinkles were not detected by this kinematic
approach.
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Figure 10. Case study experiment: (a) VARI system of the mold and (b) measured radii of the dismounted samples. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

With the global deformation modeling, the wrinkling sites could
be estimated. Figure 9 shows the shear angle exceeding the lock
angle of 22.4°. Wrinkles were noticeable after the modeling of
the draping stage. The resin infusion in vacuo was not modeled,
as previously mentioned. The blank holding process was repre-
sented by four stamps located at the four inner curvatures.
Therefore, the fabric draping at the external curvatures was not
considered in the model, although manual draping was applied
in the experimental work. The four stamps applied tensile stress
between every two consequent curvatures. These sites were char-
acterized with high shearing, as shown in Figure 9(a). The max-
imum shearing zone was located between the complete
semicircles more than between the offset circles. The wrinkling
sites could also be depicted through the signed kinematic dis-
placement chart shown in Figure 9(c). The change in color in
Figure 9(c) shows the alteration of the kinematic displacement
sign, which indicated the likely formation of wrinkles at these
sites. The maximum altering was again in the same site of max-
imum shearing.

In a comparison of the behavior of the first layer next to the
mold [Figure 9(a,c)] with respect to the fourth one [Figure
9(b,d)], we found that local wrinkling sites were found at the
middle of the fabric, and these wrinkles were missing on the
fourth one. Shearing was slightly decreased in the fourth layer
[Figure 9(b)] in comparison to that of the layer next to the
mold [Figure 9(a)], similar to the kinematic signed strain, as
shown in Figure 9(b,d). This could be explained in terms of the
friction coefficient between layers. Blank holders applied stretch-
ing tensile stress on the in-contact fourth layer. The stress was
transferred to the first layer next to the mold but after being
reduced from one layer to another because of the friction
coefficient.

Experimental Results. The JEFGN 1 X 1 fabric, which was
characterized by its relatively high DC and thus low drapability,
was selected for this case study. The complex mold, as
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determined from the kinematic model approach, was impreg-
nated with resin from the top center to ensure short path infil-
tration in all directions, as illustrated in Figure 10(a). Vacuum
suction was carried out around the perimeter of the mold. The
draping efficiency was investigated in terms of an accurate
reproduction of the mold dimensions. Thus, radii/fillets were
mechanically measured at the points indicated in Figure 10(b).
The final product was inspected further for any wrinkling sites.

Figure 11 illustrates the composite series produced with the
same setup with various multilayer assemblies of the JFGN 1 X
1 fabric. In all cases, impregnation was found to be complete,
and no resin-starved spots were observed. Generally speaking,
the draping behavior was acceptable, and all geometrical fea-
tures were verified. We noted that with an increased number of
fabric layers (>4), wrinkles were clearly observed, especially at
the upper surfaces of the product. Kinematic modeling failed to
detect the wrinkle formation with the given geometry and fabric
shearing properties. The global deformation predicted the wrin-
kling at any number of layers greater than one layer. This could
be explained according to the following:

e The description of the boundary conditions, given the blank
holders, the vacuum application, and the consequent com-
paction effect on the fabric layers, was insufficient.

e The impregnating resin was believed to induce an upthrust
force between the layers, which reduced the resistance to fab-
ric draping.

However, this gave us the idea that the experimental results
were closer to those of the global deformation model.

Wrinkles were most clearly be depicted, as shown in Figure
12(a), in the case of the composite composed of 12 layers of
jute woven fabric. The zone of wrinkle formation was between
the half-circles, where the blank holders asserted tensile forces
upon the fabric textile. This induced in-plane orthogonal
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Figure 11. Multiple layers draped and resin-infused over the complex mold. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

compressive stress. Because the bending stiffness was much lower
than the in-plane stiffness, as shown in Table II, this compression
stress was converted to an out-of-plane deformation or wrinkle.'®
According to Boisse et al.,'® these wrinkles appeared because of the
lower energy dissipation in comparison to the in-plane dissipation.

Under the same conditions and for the sake of comparing the
jute-fiber draping behavior with the glass-fiber draping behav-
ior, the use of 12 layers of GF390 glass fibers also rendered
clearly identifiable wrinkles at the same position, as shown in
Figure 12(b).

The fillet radii labeled in Figure 10(b) were measured at their
bottom side (which was in direct contact with the mold sur-
face), as shown in Figure 13(a). The fillet radii in the final com-
posite product suffered from a bridging problem, as
schematically illustrated in Figure 13(b). The bridging phenom-
enon primarily took place when the fabric was laid over a con-
cave surface. When the applied vacuum was not sufficient to
tightly force the fabric onto the die, in addition to the fabric

ends being subjected to stretching during the lamination proce-
dure, bridging was highly promoted. Moreover, during resin
transfer, normal stresses developed, and this led to a forcing of
the fiber away from the mold. This further accentuated the
bridging phenomenon. To overcome such a problem, a compro-
mise is required between the blank holder force and the force
generated by the vacuum to make the fabric conform to the
mold concave curvature. A higher stretching force due to blank
holding will overcome the force generated by the vacuum, and
on the other hand, less force may allow the resin to push the
fabric away during the resin flow.

For the undersized edge fillets (i.e., relative to fabric thickness
or multilayered laminates), fillet sizes larger than the nominal
dimensions were observed [Figure 13(c)]; this led to an aspect
to be taken into consideration in product design and a tool for
certain fabric characteristics.

As depicted in Figure 13(d), the deviations from the reference
radius dimensions increased with the application of a greater

|

Figure 12. Draped jute-fiber woven fabric after VARI showing wrinkling sites: (a) JEGN1 X 1 and (b) GF390.
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Figure 13. Measured check radii of the asymmetric form. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

number of fabric layers. The curvatures of greater diameters (R2
and R4) resulted in lower deviations. It is also worth noting
that off-centered curvatures (R2 and R3) were found to affect
the geometrical conformance. As indicated by Figure 13(d), the
deviations were greater with smaller fillets and where there was
an offset in the center.

CONCLUSIONS

The characterization of jute fabrics with different weaving struc-
tures and suppliers was carried out. The required properties
were defined with further modeling. The jute-fiber fabrics had
promising DC values, which were comparable with those of
common glass-fiber fabrics with similar plain woven structures
and areal densities. The DC values were generally proportional
to the fabric areal density but were further affected by the
thread count and yarn stiffness. DC decreased with increased
relative humidity, and this led to improved draping behavior.
Kinematic modeling helped in the quick determination of an
acceptable draping strategy but not in diagnosing problems
such as wrinkle formation. On the other hand, global deforma-
tion modeling helps in the explanation of the wrinkle forma-
tion. The case study of a complex asymmetric form proved
similar behavior in the jute- and glass-fiber fabrics under resin-
transfer processing. In both cases, an increase in the layer num-
ber during composite molding led to greater deviations from
the design/mold dimensions. These were further found to
increase the reduced fillet size and increased center offset.
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