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Protective properties of warp-knitted
spacer fabrics under impact in
hemispherical form. Part I: Impact
behavior analysis of a typical spacer fabric

Yanping Liu, Wai Man Au and Hong Hu

Abstract

This paper presents an experimental study of the protective properties of warp-knitted spacer fabrics developed for
protecting the human body on impact. A drop-weight impact tester was used to test the fabrics in a hemispherical form
to simulate the use of impact protectors in real life. The study consists of two parts. The first part, presented in the
current paper, focuses on the impact behavior of a typical spacer fabric impacted at different levels of energy. The analysis
includes the impact process and the energy absorption and force attenuation properties of the spacer fabric. Frequency
domain analysis is also used, to identify the different deformation and damage modes of the fabric under various levels of
impact energy. The results show that the impact behavior of the fabric under impact in the hemispherical form is different
from that in the planar form. The results also indicate that the curvature of the fabric can reduce energy absorption
during the impact process and therefore reduce the force attenuation properties of the spacer fabric. This study provides
a better understanding of the protective properties of spacer fabrics. The effect of fabric structural parameters and

lamination on the protective properties of spacer fabrics under impact will be presented in Part II.
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Over the past few decades a wide range of personnel
protective equipment (PPE) has been developed to pro-
tect wearers from various types of risks or hazards to
their health and safety."”” Impact protectors, which are
the most commonly used PPE, are normally manufac-
tured to include energy-absorbing material in the form
of pads.®® They are integrated or inserted into protect-
ive clothing or equipment specially designed for pro-
tecting the human body from impact, blows or falls.
A number of different types of impact protectors are
on the market for protecting different areas of the body
in a variety of circumstances.! ™

To ensure adequate protection is provided for the
intended use a series of standard tests have been devel-
oped for evaluating the protective performance of com-
mercial impact protectors for a variety of sporting
applications. For instance, European Standards BS
EN 13546, 13277-1, 13158, 13567, 14120, 13061,
1621-1, 1621-2 and British Standard BS 6183-3 specify
the requirements and test methods for hand, arm, leg,

foot, instep, shin, chest, abdomen, genitals, trunk,
head, breast and shoulder protectors for field hockey,
martial arts, equestrianism, fencing, roller sports, foot-
ball, motorcycling and cricket. In these standards
impact protection is generally measured by the force
transmitted during impact; a striker of specified
shape, size and weight drops freely onto the protector
placed on a hemispherical anvil with the required vel-
ocity and impact energy. The hemispherical anvils have
different curvatures to simulate the areas of the body to
be protected. The radius of the anvils ranges from 12.5
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to 150mm, and the impact energies for the various
types of protector lie between 1 and 60J. Among
these standards the two European Standards for motor-
cyclists’ impact protectors are those most commonly
quoted for evaluating protective performance, one for
limbs and shoulders (BS EN 1621-1:1998) and the
other for back protection (BS EN 1621-2:2003).
Under the European directive on personal protective
equipment any clothing claiming to provide protection
from injury must be tested and labeled that it complies
with the relevant standard.

The use of warp-knitted spacer fabrics in clothing
and equipment providing protection against impact
has attracted great attention in recent years due to
their combination of protection and comfort in use.
The static and dynamic compression behavior of a
series of warp-knitted spacer fabrics has been investi-
gated in our previous studies,'™!' and the energy
absorption performance and force attenuation capabil-
ity of these fabrics under flatwise static and impact
compression has been analyzed in detail. These studies
indicate that these fabrics have the key feature of
behaving as cushioning materials, providing three dis-
tinct stages in static and dynamic compression,
described as linear elasticity, plateau and densification.
However, in order to offer an adequate combination of
protection and comfort, the protective material must
conform to the shape and curvature of the body part
being protected. There is no doubt that the impact
properties of a protective material of curved shape are
different from those of a planar shape, due to the
change in boundary conditions during loading. Most
recently, Guo et al. have reported an experimental
investigation into the impact behavior of warp-knitted
spacer fabrics of hemispherical shape.'? The impact
energy and weight of the striker were kept constant,
and only the contact forces were measured. The tests
were quoted as having been carried out according to
European Standard BS EN 1621-1:1998. However, this
standard specifies that protectors should be impacted
using a striker of 5kg weight at a kinetic energy of 50J,
and the transmitted forces then measured.
Furthermore, their study did not pay attention to the
relationship between energy absorption capacity and
force attenuation properties, which is very important
in designing fabrics to satisfy protective requirements.

The present paper describes our assessment of the
protective properties of warp-knitted spacer fabrics
obtained from impact tests conducted strictly in accord-
ance with European Standard BS EN 1621-1:1998 in
hemispherical form, in order to simulate the realistic
requirements of human body protection. The study is
in two parts. Part I focuses on the analysis of the
impact behavior of a typical spacer fabric in order to
understand the impact process, energy absorption and

force attenuation mechanism of the spacer fabric.
Later, Part IT will discuss the effect of structural par-
ameters and lamination on the impact protective per-
formance of the fabrics. It is expected that this study
will provide a deeper understanding of the impact prop-
erties of warp-knitted spacer fabrics for protection of
the human body.

Experimental details
Spacer fabric

As shown in Figure 1, a typical warp-knitted spacer
fabric sample was used in the analysis of impact behav-
ior. The fabric was knitted on a GE296 (RD6) E18
high-speed double needle bar Raschel machine with
six yarn guide bars (GB). A polyester multifilament of
300 denier and 96 filaments (300D/96F) was used to
create the binding of the structure during the knitting
process, through GB1, GB2 for the top outer layer and
GBS, GB6 for the bottom outer layer with full thread-
ing. A polyester monofilament 0.2mm in diameter
(fineness 400 denier) was used as a spacer yarn to con-
nect the two outer layers through GB3 and GB4 with 1
full and 1 empty threading. The chain notation and the
yarns used for each yarn guide bar are listed in Table 1,
and details of the fabric are summarized in Table 2. The
fabric thickness was measured using a digital thickness
tester (SDL Atlas M034e).

Test method

The impact tests were conducted on a drop-weight
impact tester, specially designed and manufactured by
the King Design Company in Taiwan, in strict accord-
ance with European Standard BS EN 1621-1:1998. As
shown in Figure 2, the striker is released and drops
down a vertically guided path onto the sample located
on the anvil. The center of mass of the falling block lies
above the center of the anvil. The striker is constructed
of polished steel, with a weight of 5kg and a face size
40mm x 80 mm with Smm radius edges. The impact
energy can be controlled by changing the dropping
height of the striker. The anvil is also made of polished
steel, with a total height of 170 mm and a hemispherical
surface of radius 50 mm, to simulate the curvature of
human shoulder, elbow, knee, forearm, tibia or hip.
The hemispherical anvil was mounted on a massive
base (1000kg) through a load cell (1210AF-50KN
from Interface Inc. in USA, with a sensitivity of
4.171mV/V) in line with its sensitivity axis, to measure
the transmitted force. In addition, in order to obtain
more information during the impact process, the accel-
eration of the striker was measured by means of
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2.00 mm

2.00 mm

Figure 1. Photographs of the spacer fabric sample: (a) outer surface view; (b) inner surface view; (c) cross-section view from the

wale direction; (d) cross-section view from the course direction.

Table |. Chain notation and yarns used for the spacer fabric

Layers Guide bars Chain notation Threading Yarn
Top layer GBI 1-0 0-0/3-2 3-3// Full 300D/96F polyester DTY
GB2 2—1 1-1/1-0 0-0// Full 300D/96F polyester DTY
Spacer layer GB3 1-0 3-2/3-2 1-0// | full I empty 0.2 mm polyester monofilament
GB4 3-2 1-0/1-0 3-2// I full I empty 0.2 mm polyester monofilament
Bottom layer GB5 0-0 2—1/1-1 1-0// Full 300D/96F polyester DTY
GBé6 3-3 1-0/0-0 3-2// Full 300D/96F polyester DTY

Table 2. Details of the spacer fabric sample

Thickness (mm) Areal density (g/m?)

2

Bulk density (kg/m®) Stitches per cm

7.52£0.06 1008.29 £ 10.68

134.08 + .42 41.15

accelerometers glued or screwed to it. The acceleration
readings obtained were used for deriving the displace-
ment of the striker (or the compression depth of the fab-
ric) and the contact forces between striker and fabric.
Three accelerometers were used, corresponding to the
degree of the resultant acceleration of the striker. Two
were Isotron accelerometers from Endevco Company
(USA), Model 2250AMI1-10 (sensitivity 9.929mV/g
with a measuring range of £500 g) and Model 25B (sen-
sitivity 4.550mV/g and measuring range +1000g).
These were glued to the striker for the impact
tests. The third was a Model 8704B5000 K-SHEAR
accelerometer (sensitivity 0.976 mV/g and measuring

range £5000g) from Kistler Instrumente, Winterthur,
Switzerland. This was screwed to the striker for the
impact tests. Two identical charge amplifiers (Interface,
Scottsdale, AZ, USA) were used to amplify the voltage
of the impact signals. Signals from the charge amplifiers
were recorded through two channels at 10° Hz, Channel
1 as the triggered channel for the transmitted force, and
Channel 2 for the acceleration. A high-speed data cap-
ture card NI6040E (PCI Bus) was employed to record
both the transmitted force and the acceleration.

The specimens are conformed onto the anvil using a
ring fixture as shown in Figure 3. Elastic straps are
angled downwards around the anvil to pull the
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Figure 2. Drop-weight impact tester according to European Standard BS EN 1621—-1:1998.
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Figure 3. Schematic presentation of the impact test.

sample down to the anvil without significant additional
compression of the sample. The straps are connected to
a flat elastic ring surrounding the impact area without
covering it. Since areas of the human body may in prac-
tice be subjected to different levels of energy impact in
different sports or other activities, impact energies ran-
ging from 1 to 60J are required for testing impact pro-
tectors according to the standards mentioned. In order
to obtain a full picture of the impact behavior of a
typical warp-knitted spacer fabric under different
levels of impact energy 5, 10, 20, 30, and 40J were
selected for the impact tests in the study, in addition
to the 50 J specified in BS EN 1621-1:1998. All the tests
were conducted at 20°C and 65% relative humidity.
For each impact energy level, a total of 10 repeat
tests were carried out to ensure consistency.

Results and discussion
Impact process analysis

Typical acceleration and transmitted force signals
for different levels of impact energy are shown in
Figure 4(a) and (b), respectively. Figure 4(a) shows
that in the initial stage the acceleration gives a lower
value over a relatively longer time, and then rapidly
rises to a peak in the second stage. Under higher
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Figure 4. Impact signals at different energy levels: (a) acceler-
ation, and (b) transmitted force.

energy impact a greater peak in acceleration response is
obtained over a shorter time. According to the theorem
of momentum, a shorter duration of impact will lead to
a higher acceleration and a higher reactive force. In the
absence of fabric the dropping striker is instantan-
eously stopped by the anvil, producing a very high
acceleration and dynamic contact force. However,
with the fabric located on the anvil surface the striker
experiences deceleration as it strikes the fabric. During
the deceleration the fabric first stores and dissipates the
kinetic energy of the impact and then releases the stored
energy over a longer duration, thereby leading to a
reduction in the acceleration of the striker and generat-
ing a smaller contact force between the striker face and
the upper surface of the fabric. It should be noted that
the increase in impact energy will lead to an increase in
the velocity of the striker at the beginning of its contact
with the fabric. Due to the increase in the initial contact
velocity, the time taken by the striker to compress the
fabric to its denser state is shortened. Since the fabric
has higher compression resistance in its densified state it
is able to stop the striker more quickly, and at the peak
point the increase in impact energy will therefore result

by integrating the respective acceleration curves, as
shown in Figure 5. Inset is a magnified view of the
curves. Similar to the acceleration and transmitted
force signals, two clear stages in the contact force can
be observed, the first very slowly increasing and the
second increasing rapidly. The slowly increasing stage
of the curves is generally located in the displacement
range below 5.5mm, corresponding to a compression
strain of 73%. Subsequently, as the displacement
increases, the contact force increases rapidly. Figure 5
also shows that the curves are sensitive to strain rate.
As the impact energy is controlled by the dropping
height of the striker, the change in impact energy
implies a change in initial contact velocity or strain
rate. The spacer fabric is made up of polyester fibers
with strain rate sensitivity, and its impact properties are
therefore also sensitive to strain rate. Figure 5 indicates
that a striker of higher kinetic energy can more quickly
compress the fabric into its densification stage and with
a larger final displacement. This is one of the reasons
why the fabric has a higher peak contact force when it
is impacted at higher kinetic energy.

It is interesting to compare the impact behavior of
the same fabric impacted in different shapes. A previous
study has shown that the force—displacement curve of
the fabric under flatwise impact includes three main
stages, linear elasticity, plateau and densification.'
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Figure 6. Cross-section of the fabric on the anvil.

However, the impact contact force—displacement curves
of the spacer fabric in the hemispherical form show
only two stages, as mentioned above, and no plateau
stage is observed under hemispherical impact. This dif-
ference originates from the different boundary condi-
tions of the spacer fabric in planar and hemispherical
shapes. One reason is that, under flatwise impact, the
contact area between the striker face and the fabric
surface remains constant throughout the entire impact
process. By contrast, the contact area for the fabric in
the hemispherical form is changed during the impact
process and increases with the displacement of the stri-
ker. This can be confirmed by the following geometrical
analysis.

As shown in Figure 6, a cross-section of the fabric
through the central axis of the anvil is used to derive the
contact area between the striker face and the fabric
surface during the impact, based on the axis-symmetri-
cal property of the fabric shape and the anvil
Geometric analysis of Figure 6 gives the following
relationship:

A =na[(R+hy’—(R+h—dy], (1)

where A is the contact area, /1 is the fabric thickness,
R is the anvil radius, and d is the displacement of the
striker. In this study, R and / are equal to 50 mm and
7.52 mm, respectively. Using these values, the variation
in contact area with the displacement of the striker is
plotted in Figure 7. It can be seen that the contact areca
of the fabric with the striker rapidly increases as the
displacement of the striker increases. As the contact
area increases, the contact force cannot remain con-
stant. Therefore, the plateau stage of the contact
force—displacement curves obtained under the flatwise
impact condition is not possible under a hemispherical-
shaped impact.

Another reason for no plateau stage being observed
under hemispherical impact is that the spacer mono-
filaments within the fabric deform in different ways
under flatwise impact and under impact of the fabric

25

20 A

Contact Area, A (cm?)

0 1 2 3 4 5 6 7
Displacement, d (mm)

Figure 7. Variation in contact area with displacement of the
striker.

Figure 8. Different deformations of the spacer monofilaments
within the fabric in the hemispherical form under impact.

in the hemispherical form. Under flatwise impact all the
spacer monofilaments simultaneously withdraw the
impact load and are subjected to the same deformation.
On the other hand, in the hemispherical form the spacer
monofilaments at different positions experience differ-
ent deformations. As shown in Figure 8, when the dis-
placement of the striker is larger than the densification
displacement of the fabric obtained under flatwise
impact, the linear elasticity, plateau and densification
of the spacer monofilaments within the fabric can all be
observed at the same time under the impact of the
fabric in the hemispherical form. It can be seen that
the closer the position of a spacer monofilament to
the central axis of the anvil, the greater the deformation
it experiences.
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(b)

Figure 9. Distribution of strain ¢ with r: (a) for a given displacement of the striker d =5 mm; (b) for varied values of d in the cross-

section of the fabric.

With reference to Figure 6, the strain of a spacer
monofilament ¢ at an arbitrary point Q on the contact
surface for a given displacement of the striker d is deter-
mined by:

e = <R+h—‘/(R+h—d)2+r2)/h, )

where r is the distance between points Q and P on the
central axis of the striker. The distribution of strain &
with r for a given displacement of the striker d
(d=5mm) is shown in Figure 9(a). It can be seen
that ¢ changes with r in a parabolic manner. The max-
imal deformation is located at the central point of the
contact surface. The distribution of strain & with r for
various values of d in a cross-section of the fabric
through the central axis of the anvil is shown in
Figure 9(b). It is clearly seen that all the deformations
on the contact surface increase with increase in d. Since
the spacer monofilaments within the fabric can deform
differently, the plateau stage cannot be observed in the
contact force—displacement curves of the fabric under
impact in the hemispherical form.

Energy absorption and force attenuation properties

The impact process of the spacer fabric in the hemi-
spherical shape is very complicated. During the
impact, the kinetic energy of the striker is transformed
into different energy forms, including the energy
absorbed by the deformation and damage to the
fabric, the energy absorbed by the deformation of the
testing system (striker, anvil and supporting mechan-
ism), and the energy lost due to the propagation of
stress wave. At the point of maximal deflection and
acceleration the total kinetic energy of the striker is

completely transformed into deformation energy and
the dissipated energy, which include the energy stored
by the clastic deformation of the fabric and the testing
system, the energy dissipated by the plastic and damage
to the fabric and the testing system, and the energy
dissipated by the propagation of the stress wave.
After this point, the stored energy will transfer to the
kinetic energy of the striker, causing the striker to
rebound. By neglecting the energy dissipated by the
plastic deformation and damage to the testing system,
and the energy lost due to the propagation of stress
wave, the following energy expressions can be obtained:

Ukinetic = Ublastic + Uclasloplastic + Udamagc + Umachine (3)
Umechanical = U elastic T Uelastoplaslic (4)
Uresidual = Udamage + Umachine (5)

where Uyneric 18 the kinetic energy of the striker, Ugjagic
is the energy stored by elastic deformation of the fabric,
Uclastoplastic 18 the energy absorbed by elastoplastic
deformation of the fabric, Ujamage 15 the energy dissi-
pated by damage to the filaments, Uechanical 1S the
energy absorbed by elastic and elastoplastic deform-
ation of the fabric (the area under the contact force—
displacement curve, shown in Figure 5), Unachine 1S the
energy stored by elastic deformation of the testing
system, and U,egqua 1S the residual kinetic energy of
the striker after being absorbed by the elastic and elas-
toplastic deformations of the fabric, which need to be
dissipated by damage to the fabric (Ugamage), OF trans-
ferred to the testing machine (Upachine)-

Figure 10 shows the energy absorbed by the elas-
tic and elastoplastic deformations of the fabric
(Unmechanical) against the displacement of the striker at
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Figure 10. Energy absorbed by the elastic and elastoplastic
deformations of the fabric against the displacement of the striker
under different impact energies.
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Figure I1. Energy absorbed by the elastic and elastoplastic
deformations of the fabric and residual energy for different levels
of impact energy.

different levels of impact energy. It can be seen that the
absorbed energy increases with increase in impact
energy. Since impact by the striker at a higher level of
kinetic energy can result in a higher final displacement
of the fabric, more energy is absorbed by the fabric due
to its greater deformation. Figure 11 shows the energy
absorbed by the elastic and elastoplastic deformation of
the fabric and the residual energy of the striker. It can
be seen that when the impact energy is below 10J the
kinetic energy of the striker is almost completely
absorbed by the elastic and elastoplastic deformation
of the fabric without heat generation. However, when
the impact energy is greater than 10 J, the kinetic energy
of the striker cannot be totally absorbed by the elastic
and elastoplastic deformation of the fabric, although

the energy absorbed by such deformations of the
fabric increases as the impact energy increases. In this
case, the kinetic energy of the striker not absorbed by
elastic and elastoplastic deformation of the fabric
is transferred to the residual energy. As shown in
Figure 11, the residual energy of the striker also
increases as the impact energy increases. When the
purely elastic and elastoplastic deformations of the
fabric cannot totally absorb the higher kinetic energy
of the striker, damage to the filaments takes place. It
should be noted that while one part of the residual
energy is transformed into heat, the other part together
with Ugpsiic and the elastic deformation energy of
Udlastoplastic makes the striker rebound.

Figure 12 shows the deformation and damage of the
fabric after impact at different levels of impact energy.
Severe plastic deformation of the monofilaments in the
spacer layer can be observed under lower impact ener-
gies (5J and 10J). In this case, the monofilaments
become kinked, distorted or squashed. Some breakage
of the monofilaments is also observed at 10J impact
energy. However, no obvious deformation of the multi-
filaments is observed in the outer fabric layers. When
the impact energy is increased to 20J, in addition to
plastic deformation and breakage of the monofila-
ments, some breakage of the multifilaments in the
outer layers is also observed. When the impact energy
reaches 30 J, a hole in the outer upper layer of the fabric
is produced by the impact, and at the same time a
number of mono- and multifilaments are broken.
When the impact energy is 40 J, both mono- and multi-
filaments are broken and become fused together by the
heat generated. When the impact energy reaches 507,
mono- and multifilaments are broken and become a
rigid plastic through a thermoplastic process.

The above analysis shows that the fabric is deformed
and damaged in different modes when subject to differ-
ent impact energies. When the energy absorption cap-
acity of the fabric due to elastic and elastoplastic
deformations is higher than the kinetic energy of the
striker, the impact energy is totally absorbed by the
fabric. In this case, the contact law is determined by
the stress—strain nature of the spacer fabric. On the
other hand, when the impact energy is higher than the
energy absorption capacity due to the elastic and elas-
toplastic deformations, damage is caused to the fabric
as it absorbs the remainder of the kinetic energy of the
striker. In this case, the contact law between the striker
face and the fabric may change significantly and a very
large contact force could be produced, as the striker
may collide directly with the anvil.

In the present study no direct collisions occurred
between the striker and the anvil, as there were no
perforated holes present in the fabrics after impact, as
shown in Figure 12. The peak contact force is therefore

Downloaded from trj.sagepub.com at UNIV FED DO RIO DE JANEIRO on May 18, 2014


http://trj.sagepub.com/

430

Textile Research Journal 84(4)

—— Coursewise

30J

—— Walewise

Figure 12. Deformation and damage to the fabric after impact at different levels of impact energy.

determined by the contact stiffness of the compressed
fabric at the rebounding point. There is no doubt that a
highly densified fabric has a high modulus and there-
fore a high contact stiffness. Hence, the kinetic energy
of the striker is preferably absorbed before the fabric is
compressed to its high densification stage.

As mentioned previously, there is a longer plateau
stage for the contact force under flatwise impact.'' This
response allows the fabric to absorb a large amount of
kinetic energy at a lower constant contact force by
elastoplastic deformation. As a result, the spacer
fabric possesses superior force attenuation performance
under flatwise impact. However, as shown in Figure 5,
under impact in the hemispherical form, the contact
force curves have a monotonal increasing trend with

the displacement, since the spacer monofilaments
within the spacer fabric in the hemispherical shape
cannot effectively resist the impact load.

To understand the relationship between the force
attenuation and the energy absorption behavior of the
spacer fabric under impact in the hemispherical form,
the energy absorbed by the spacer fabric may be plotted
against the contact force, as shown in Figure 13, which
indicates that the energy absorbed increases non-line-
arly with the contact force. Obviously, to absorb more
kinetic energy, the spacer fabric must be compressed
with a larger displacement into a highly densified
stage. This leads to greater contact stiffness, a larger
contact area, and a bigger peak contact force between
the striker face and the fabric surface. Compared with
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impact energies.
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Figure 14. Variations of the peak contact force and peak
transmitted force with impact energy.

the impact in the planar shape, the lower efficiency of
force attenuation of the spacer fabric in the hemispher-
ical shape is due to the fact that not all of the spacer
monofilaments are able to contribute to the resistance
to impact loading.

During the impact, the contact force is transmitted
to the anvil through the deformed specimen in the form
of stress waves. The transmission process is compli-
cated and its mechanism is not relevant to this study.
Figure 14 shows the variation in both the peak contact
force and the peak transmitted force with impact
energy. The results show that both forces increase
non-linearly as the impact energy increases. In addition,
the peak transmitted force remains below the peak con-
tact force for all impacts. However, the ratio between
them is not constant when the impact energy changes.

This difference may arise from their different modes of
deformation and damage, which can affect the stress
wave propagation and damping behavior of the
fabric. For instance, for the impact with a kinetic
energy of 30J, the transmitting ratio is higher than
those for other impacts. This is the result of a hole
created in the top outer fabric layer when many
mono- and multifilaments are broken, as can be
observed in Figure 12.

According to the European Standard BS EN 1621-
1:1998, for motorcyclists’ limb impact protectors the
mean value of the transmitted forces must not exceed
35kN and no single value shall exceed S0kN at an
impact energy of 50J. The test results obtained show
that when the impact energy is below 30J a single layer
of the fabric can meet the force transmission require-
ment. However, when the impact energy is 50J, as spe-
cified in the standard, the transmitted force is
41.14+0.024kN, which exceeds the value allowed.
Due to the severity of motorcycle impacts, a single
layer of this particular fabric is thus insufficient to
offer adequate protection. In this case, the structure
of the fabric should be optimized and lamination
employed to enable the protective performance of
spacer fabrics to give the required protection. The
effect of structural parameters and lamination on pro-
tective properties will be discussed in Part II of this

paper.

Frequency domain analysis

In order to provide a deeper understanding of the
impact behavior of the fabric in the hemispherical
shape, a frequency domain analysis was carried out
using the Hilbert-Huang transform (HHT) to elucidate
the failure mechanisms within the time domain.
Frequency domain analysis methods include fast
Fourier transform (FFT), wavelet transform, HHT,
etc. The most commonly used method, FFT, is only
able to process linear and stationary signals.'’
Wavelet transform can be used for non-stationary sig-
nals, but is not applicable to non-linear signals."* HHT
is a combination of Hilbert spectral analysis and empir-
ical mode decomposition (EMD) to separate a signal
into intrinsic mode functions (IMF) and to obtain
instantaneous frequency data.'>™'” It is adaptive and
highly efficient for analyzing non-linear and non-sta-
tionary data in time—frequency—amplitude representa-
tion and has been proven to have potential for revealing
hidden physical meanings in the data. HHT was there-
fore adopted here to perform the frequency domain
analysis of the transmitted force signals and establish
the frequency features that correspond to the deform-
ation and damage modes of the fabric. The analysis was
conducted with ensemble EMD (EEMD), which defines
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Figure 15. Hilbert spectra for the transmitted force signals obtained from different levels of impact energy: (a) 5J; (b) 10J; (c) 20J;

(d) 30J; (e) 40J; (f) 50).

the IMF components as the mean of an ensemble of
trials, each consisting of the signal plus white noise of
finite amplitude to prevent mode mixing, and therefore
to achieve better results.'®

The Hilbert spectra for the transmitted force signals
obtained at different levels of impact energy are
obtained in the time—frequency—amplitude representa-
tion shown in Figure 15, providing a measure of amp-
litude contribution from each frequency and time. The
marginal spectrum shown in Figure 16, which provides
a measure of the total amplitude contribution from
each frequency, is obtained by integrating the Hilbert
spectrum in the time domain. From Figure 15,
with reference to the transmitted force—time signals
(Figure 4(b)), it can be seen that the transmitted force
amplitudes are located in different frequency bands.
This implies different deformation and damage modes
under different levels of impact energy. In addtion, the
frequency distribution also varies with time, which indi-
cates that the deformation mode changes during the
impact process.

The marginal spectra are always used to identify the
deformation and damage modes.'” The frequency dis-
tributions can be divided into a number of ranges,
each of which corresponds to a certain deformation
or damage mode. There are specific frequency ranges
for the plastic deformation of monofilaments,

0 500 1000 1500

2000

5J 1

10J 1

L n 20J
E . 1 , ] j
N ﬂ 30J ]
. 1 . ;
- 1
1

Marginal Spectrum (kN)

40J

50J ]

L Il
0 500 1000 1500

Frequency (Hz)

2000

Figure 16. The marginal spectra for the transmitted force sig-
nals obtained from different levels of impact energy.
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breakages of monofilaments, breakages and thermo-
plastic transformation of multifilaments. When the fre-
quency ranges have been determined, the related
deformation and damage modes can also be deter-
mined. By referring to Figure 16 it can be seen that
when the impact energy is 5J the frequencies are
located in the ranges 0-10Hz and 300-425Hz.
However, in addition to these frequency ranges the fre-
quencies distributed in the range 50-100 Hz can also be
observed when the impact energy is 10J. It should be
noted that the highest amplitudes are located within the
range 0-10 Hz for impact energies of either 5J or 101J.
The marginal spectra for the impact energy of 20J and
30J show a similar frequency pattern, in which the
frequencies are distributed in the ranges 0-10Hz,
80-180Hz, 400-560Hz and are concentrated at
164 Hz. For an impact energy of 40J the frequencies
are located in the ranges 0—180 Hz and 400—700 Hz, but
are concentrated at 164 Hz. For an impact energy
of 50J the frequencies are located in the ranges
0-210 Hz, 400-700 Hz and are concentrated at 188 Hz.

Based on this analysis, a relationship between the
frequency ranges and the deformation and damage
modes can be established. It can be speculated that
plastic deformation occurs between 0-10 Hz and 300—
425 Hz, monofilament breakages occur between 50 and
100 Hz, breakages of multifilaments occur between 80—
180 Hz and 400-560 Hz, and the thermoplastic trans-
formation occurs between 180-210Hz and 560-
700 Hz. These results show that the higher the impact
energy, the higher the range of the frequency distribu-
ted in the marginal frequency spectra. The severe
damage to the fabric corresponds to the higher fre-
quency ranges, which are also related to higher trans-
mitted forces. From the frequency domain analysis it is
possible to identify deformation and damage modes in
the spacer fabric and to evaluate its protective perform-
ance when the frequency ranges are known.

Conclusions

A typical warp-knitted spacer fabric developed for
human body protection against impact was tested in
the hemispherical form at different levels of impact
energy. Its impact resistance, energy absorption and
force attenuation properties were investigated in the
light of the experimental results. The frequency
domain analysis with HHT method was also used to
analyze its different deformation and damage modes.
According to the experimental results and analysis,
the following conclusions can be drawn:

1. The boundary condition determines the impact
response of the spacer fabric. The plateau stage of
the spacer fabric under impact in the hemispherical

form is not clearly observed due to the change of the
contact area of the fabric during the impact process
and different deformation stages of spacer yarns
under similar displacement of the striker.

2. The energy absorbed by the fabric depends on the
impact energy level. When the impact energy is lower
than the energy absorption capacity of the fabric, the
impact energy can be totally absorbed by the elastic
and elastoplastic deformations of the fabric.
However, when the impact energy is higher than
the energy absorbed by the elastic and elastoplastic
deformation of the fabrics, damage to the fabric
cannot be avoided. The severity of the damage of
the fabric increases as the impact energy increases.
Under impact in the hemispherical form the energy
absorption capacity of the fabric is decreased. High
curvature of the spacer fabric reduces its energy
absorption capability and therefore also its force
attenuation properties.

3. The peak contact force of a spacer fabric is deter-
mined by its energy absorption capacity and the
applied impact kinetic energy. These determine the
densified level of the spacer fabric under impact.
High densification leads to high contact stiffness,
and therefore a high peak contact force. High densi-
fication also causes the stress wave to transmit easily
and produce a high peak in the transmitted force.
A certain level of destruction is helpful to dissipate
energy, by decreasing the densification and hence
reducing the peak transmitted force.

4. The deformation and damage modes of the fabric
under different levels of impact energy can be iden-
tified through the frequency domain analysis using
the Hilbert-Huang transform method. The higher
the impact energy, the higher the frequency range
distributed in the marginal spectra.

The effect of fabric structural parameters and lamin-
ation on the protective properties of spacer fabrics
under impact will be presented in Part II.
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