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Abstract

The present study aims to the development of Out of Autoclave (OoA) Car-
bon Fiber Reinforced Polymers (CFRPs) with increased interlaminar fracture
toughness by using MWCNTs. The introduction of MWCNTs into the
structure of CFRPs has been succeeded by using carbon nanotube-enriched
sizing agent for the pretreatment of the fiber preform using an in-house de-
veloped methodology that can be easily scaled up. The positive effect of the
proposed methodology on the interlaminar fracture toughness of the CFRP
laminate was assessed by the increase of Mode I and Mode II interlaminar
fracture toughness of the composites. Different wt% MWCNTSs concentra-
tions were used (namely 0.5%, 1%, 1.5% and 2.5%). It was found that the na-
nomodified composites exhibit a significant increase of the interlaminar crit-
ical strain energy release rate G,; and Gy of the order of 103% and 62% re-
spectively, in the case of 1.5 wt% MWCNTs weight content. Scanning Elec-
tron Microscopy (SEM) of the fracture surfaces of CFRP samples revealed the
contribution and the associated synergistic mechanisms of MWCNTSs to the
increase of the crack propagation resistance in the case of nano-modified
CFRPs compared to the reference material.

Keywords

Multi-Walled Carbon Nanotubes (MWCNTSs), Interlaminar Fracture
Toughness, Multi-Scale Composites (CFRPs), Out of Autoclave (OoA)
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1. Introduction

Carbon Fiber Reinforced Polymers (CFRPs) are increasingly used as advanced
structural materials in various fields of applications such as aerospace, automo-
tive, sports, energy and military industries. This tendency is clearly driven by
their high specific strength and stiffness as well as their corrosion resistance
compared to the conventional metals. Carbon fibers (CFs) are the most ideal
reinforcement candidates because of their attractive properties such as high
strength and modulus, high electrical conductivity, high thermal conductivity
and low density. On the other hand, epoxy resins are the mostly used thermoset-
ting matrices in FRPs due to their good mechanical properties, excellent corro-
sion resistance, high thermal stability and high compatibility with carbon, glass
and aramid fiber reinforcements. However, poor out-of-plane properties of
composites are observed due to the absence of the through-thickness reinforce-
ment in order to sustain transverse loads.

Therefore, the weak fiber-matrix interface and the brittle nature of epoxy ma-
trix in composite laminates make them prompt to interlaminar failures, such as
delamination. Hence, it is imperative to find an effective way to satisfy multi-
functional requirements and through-thickness reinforcements without com-
promising the in-plane properties. To this direction, there have been a number
of attempts where many researchers have successfully developed through the
thickness reinforcement methods to improve the fracture toughness of FRPs by
using different methods, such as z-pinning [1] [2] [3], 3-D weaving, stitching [4]
[5] [6] knitting, interleaving and toughening the matrix using micro-phase par-
ticles including rubbery or thermoplastics polymers [7]. However, the major
disadvantage of these approaches is the development of large resin rich areas
within the composite structure and therefore the deterioration of their in-plane
properties. In view of this, a new field of research has been evolved improving
the thermosetting matrices with the incorporation of nano-sized fillers [8] [9]
[10]. The nano-phase introduces additional energy dissipation mechanisms during
failure and therefore contributes to the improvement of interlaminar fracture
toughness of the composite. Thus, the multi-scale reinforcement approach has
resulted in the enhancement of damage tolerance and multi-functionality of
conventional composites.

Towards this direction, Multi Wall Carbon Nanotubes (MWCNTs) is highly
potential filler due to the superior mechanical, electrical and thermal properties
[11]. Furthermore, their high aspect ratio and specific surface area provides a
solid background for increasing the fracture characteristics of a resin system,
where MWCNTSs have been homogeneously dispersed [12] [13] [14] [15]. In the
case of nano-modified with MWCNTs epoxy matrix, which has been used for
composite manufacturing, then a significant increase of the interlaminar fracture
toughness has been reported by Kostopoulos et al [12]. More precisely, in the
case where 1%wt. MWCNTs has been homogeneously dispersed into the epoxy

matrix the interlaminar fracture toughness G, and Gy of the composite was in-
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creased by 60% and 75% respectively. Gojny et al has demonstrated an increase
of fracture toughness of epoxy resin by 23%, in the case 1wt% amino-functionalized
Double Wall CNTs has been homogeneously dispersed into the epoxy via three
roll calander [16]. Davis et al in [17] demonstrated that fluorine functionalized
carbon nanotubes (f-CNTs) can be used in the midplane of a fiber reinforced
epoxy composite laminate for increasing the Mode II interlaminar fracture
toughness. The highest improvement of 27% in the average propagation Gy was
observed with 0.5 wt% f-CNTs.

Although the introduction of CNTs into composite laminates provide signifi-
cant performance benefits dealing mainly with the interlaminar fracture charac-
teristics and the resulted multi-functionality, many problems appear during the
incorporation of CNTs into these materials, especially in the OoA manufactur-
ing processes. A direct introduction of CNTs into epoxy matrix leads to increase
of resin viscosity and an uneven nanofiller distribution into the manufactured
component and/or filtering effects that block the resin close to the inlet gates.
This difficulty makes almost impossible the direct introduction of CNTs during
Out-of-Autoclave (OoA) processes such as resin infusion or resin transfer
molding (RTM). Despite this problem, many attempts have been made to infuse
nano-modified epoxy resin through the fiber preform for enhancing out-of-plane
properties and are based on the significant decrease on the amount of CNTs into
the resin and their functionalization to minimize agglomerates. More precisely,
Zhou et al. [18] proposed the implementation of nanocomposites with 0.3 wt%
CNTs by VARTM method and an improvement of 2% in flexural strength was
reported. They found that MWCNT/epoxy suspension higher than 0.5 wt%
could not penetrate the fabrics preform thus blocking the resin flow. Advani et
al. [19] has studied the filtering effect of acid-oxidized MWCNTSs on the fabric
surface. Zhang et al [20] reported the increase of 14% in tensile strength and
20% in modulus by infusing 1%wt. loading of functionalized MWCNTs into
glass fabrics. Regarding the interlaminar fracture toughness, Tanoglu et al. [21]
observed an enhancement of 8% in Gy with 0.1% wt. amino functionalized
CNTs composites whereas no significant improvement for G, value was re-
ported. K.T. Hsiao et al [22] introduced CNFs into polyester matrix to manu-
facture a multiscale glass fiber reinforced composites by resin infusion process at
various concentrations (0.5, 1, 1.5 wt%). In the case of 1.5 wt% noticeable CNF
filtration effect in the thickness direction was shown and the presence of mi-
cro-void formation in the specimens was observed.

Due to the existence of the resin filtering problem in VARTM processes, sev-
eral studies have focused on the developing of a hybridization method for the
introduction of CNT/CF into the final OoA product. The chemical vapor depo-
sition (CVD) and chemically grafting methods to grow directly CNTs on the
carbon fabric surface, are effective techniques for improving the interfacial
bonding between fiber and matrix [23] [24] [25] [26]. The CVD approach, how-
ever, can cause a reduction in the strength of the carbon fibers due to the ex-
treme conditions (high operational temperature over 700°C and large time of
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process stabilization) [27] and, therefore, compromise the tensile properties.
Additionally, in light of this issue, many attempts have developed in order to
well vertically align the carbon nanotubes on the carbon fiber surface [28]. Fur-
thermore, this technique is difficult to implement on an industrial scale. As an
alternate method, the spraying technique and electrophoretic deposition (EPD)
of CNT fillers are industrial-coating and low-energy use techniques that offer the
capacity of homogeneous coating of complex shapes with well adhered films of
controlled thickness, thus improving out-of-plane properties such as interlami-
nar fracture toughness in case they are applied in each layer of the fiber preform.
For the implementation of spraying technique, an airbrush system is used to
spray the CNTs solution onto the fabric surface and then the solvent is removed
remaining the CNTs-modified fabrics [29].

The objective of the present study is the introduction of the CNTs in to the fi-
ber preform through an alternative methodology that includes its modification
by the integration of MWCNTs in a form of CNTs-enriched sizing agent. A wa-
ter-based solution with a given wt% CNTs content was prepared and the carbon
fiber woven reinforcement was passed through it at a given rate. Then the fabric
was dried, and the dry fabric used to prepare the fiber preform and the final
preform was placed in to the mold. Then all preparation for steps for the appli-
cation of O0A process was applied. During the nano-modification treatment of
the woven fabric up to the application of infusion process all the steps have been
performed in a closed hood equipped with the appropriate nano-filter under
slight under-pressure. After the manufacturing of the CNT modified plates the
effect on the influence of MWCNTSs on the interlaminar fracture toughness of
CFRPs was assessed. The goal of this work is to study the ability of MWCNTs to
provide increased resistance against interlaminar cracking and delamination. In
this work, five CFRP laminated plates were manufactured using liquid resin in-
fusion (LRI) process, with different weight content of CNTs (0, 0.5, 1, 1.5 and 2.5
wt%). Mode I and Mode II tests were carried out and the fracture energy as a
function of the MWCNT content was measured. Finally, energy dissipation me-
chanisms, where the nano fillers contribute, were demonstrated by detail obser-

vation of fracture surfaces using scanning electron microscope (SEM).

2. Manufacturing Processes
2.1. Materials

The matrix material used in this study was a three-part epoxy system provided
by Resoltech Advanced Technology Resin (France). This resin system consists of
an epoxy resin (Resolcoat 1400), an anhydride hardener (Resolcoat 1407) and an
imidazole accelerator (AC140), which are typically mixed in ratios of 100:90:0.5
by weight, as recommended by the manufacturer [30]. The hardener and the ac-
celerator were premixed, and the epoxy resin was preheated at 40°C before add-
ing the cold hardener. The resulting epoxy system has a low viscosity, good me-

chanical adhesion and is very versatile for fabricating composite parts using re-
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sin transfer molding technique.

The main reinforcement phase was a twill weave carbon fabric with a density
per unit area of 194 g/m’ having 3 K filaments in the fiber bundle and a dry ply
thickness of approximately 0.35 mm. The carbon fabric reinforcement (having
fiber type TR30S) was supplied by Fibermax Composites (Greece). The Pyrofil
TR30S fiber type is a high strength and high modulus aerospace fiber with a re-
ported tensile strength up to 4410 MPa, an elastic modulus close to 235 GPa and
density of 1.79 g/cm”® [31].

Regarding the nano-phase, a liquid CNT-enriched sizing agent (SIZICYL XC
R2G) was purchased from Nanocyl SA, Belgium. It is a sizing agent modified
with 6.2% maximum solid content of MWCNTs (NC7000, Nanocyl) to size fa-
brics before impregnation by the resin matrix [32]. It has excellent compatibility
with glass and carbon fibers to improve mechanical properties of a composite
structure, without affecting the viscosity of the resin used to impregnate the fi-
ber.

2.2. Preparation of MWCNTSs Suspension

The MWCNT-enriched sizing agent solution was prepared by mixing an amount
of sizing agent into a suitable quantity of distilled water, obtaining a water solution
with certain content of CNTs. Different solutions with different CNT content
was used for the pretreatment of the carbon fabric to conclude to different CNTs
wt% content. Then, ultrasonic processing with a tip sonication device (Bandelin)
was employed to homogeneous disperse the MWCNTs in the suspension for 3 h,
operated at an output power of 60 W. To avoid temperature increases in the
bulk solution during ultrasonication, the mixing pot was placed into a temper-
ature control bath with continuous feed of fresh water. The quality control of
the mixture was performed using a grindometer to confirm the absence of ag-
glomerates. Finally, prior to pretreatment of carbon fabric reinforcement, the
prepared water-based solution was degassed in a vacuum chamber for about 5

min.

2.3. Nano-Reinforced CFRP Laminates

Composite plates with various CNTs concentrations (0, 0.5, 1, 1.5 and 2.5 wt%)
were manufactured using an in-house developed process. Carbon fiber rein-
forced composite laminated plates (CFRPs) of 200 x 300 mm* were produced by
Vacuum Assisted Resin Infusion process (VARI).

The prepared water based MWCNTSs suspension, described earlier was used
for the nano-modification of dry carbon fabrics in a closed hood equipped with
the appropriate nano-filters under slight under-pressure. The fabric reinforce-
ment was passed through the solution at a given rate and slightly compressed at
the output of the solution bath. Then, the nano-modified wet fabrics were left to
dry using a thermal plate. To calculate the final amount of MWCNTs depo-
sited/infiltrated in the carbon fabrics, the mass of a given carbon fabric surface

was measured before and after deposition.
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Each laminate was composed of sixteen carbon fabric layers and a 13 um thick
PTFE (polytetrafluoroethylene) film of 70 mm wide and 250 mm long was placed
in the middle plane (between 8" and 9" ply) of each plate to generate the starter
crack, which is required to perform the interlaminar fracture tests. In the case of
nano-doped laminates, four nano-modified CF layers for each filler content were
placed in the middle of the laminates. Then, the carbon fabrics of each laminate
were stacked on a mold, covered by a highly permeable medium and sealed with
vacuum bag. The epoxy resin was infused through the fabrics and the laminates
were cured in a conventional oven at 80°C for 4 h followed by post-cure profile
at 140°C for 4 h according to manufacturer instructions. The step by step prepa-
ration of doped CFRP laminates is schematically depicted in Figure 1. Reference
and unmodified CFRP plates, were also manufactured. The thickness and the fi-
ber volume fraction of all produced plates were measured around 3.1 mm and
58% respectively, while the exact figures are shown in Table 1. Ultrasonic in-
spection was carried out utilizing the C-scan equipment (pulse-eco technique
with 5 kHz transducer) and the results showed very good and fully acceptable
quality of the manufactured plates, without major defects (thickness variations,

inhomogeneities and porosity).

2.4.Mode I and Mode II Fracture Tests

The resistance to interlaminar crack propagation of the produced laminates was
defined by performing two types of fracture toughness experiments both for ref-
erence and MWCNT-modified specimens to quantify the interlaminar tough-
ening effect resulted by the nano-modification of woven fabric with MWCNTs.
A hydraulic universal testing machine (Instron, 8872) equipped with a 25kN
loadcell was used for Mode I and Mode II tests. Five samples were tested for
each type of material and for each type of experiment. The energy release rate
under Mode I (G,¢) was determined by using the double cantilever beam (DCB)
method and was carried out according to ASTM standard D5528 [33]. DCB spe-
cimens were cut with the length of 250 mm, width of 25mm and an initial crack
length of 25 mm. Crack propagation was visually observed from the specimens
marked side surface using a CCD camera equipped with a magnification lens

(x10). The crosshead speed used was 5 mm/min.

Table 1. Thickness and fiber volume fraction of produced laminates.

Laminate MWCNT: content Thickness Fiber volume
(wt%) (mm) fraction V; (%)

Plate 1-Ref. 0 3.06 + 0.02 58

Plate 2-P05 0.5 3.13+0.03 57

Plate 3-P10 1 3.11 £ 0.06 58

Plate 4-P15 1.5 3.07 £ 0.03 58

Plate 5-P25 2.5 3.2+0.02 55
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Dry carbon fabric
before solution bath

Wet carbon fabric
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Figure 1. Illustration ofstep by step preparation process of nano-modified CFRP lami-
nates. (a) The pretreatment process of dry carbon fiber to produce nano-modified rein-
forcement; and (b) The manufacturing production of CFRP laminates using infusion

process.
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The Mode II interlaminar fracture toughness (Gy,c) was measured by using the
three-point end notched-flexure (3ENF) method in accordance to ASTM D7905
[34]. The test specimens were 120 mm long with the nominal specimen span
length (2 L) of 100 mm and a nominal half-span length (L) of 50 mm. (The no-
minal thickness of the samples used in mode II tests is slightly smaller to the one
suggested by the standard Ze. 3.1 mm instead of 3.38 mm). The crosshead speed
was kept at 1 mm/min. Finally, the fracture surfaces of tested specimens were
examined using a FEI InspectTM F50 Scanning Electron Microscopy (SEM).

3. Results and Discussion
3.1. Mode I DCB Tests

Typical load-displacement curves of DCB specimens for the reference and na-
no-doped laminates are displayed in Figure 2(a). Both the reference and na-
no-doped laminates show a linear load-displacement relationship up to the point
of the crack initiation, after which they demonstrate distinct crack growth me-
chanism. The initiation value Gy .a0q 1S defined from deviation of linearity and
the propagation value Gyc yopagaiion Obtained from the average of five samples for
each material at the plateau region and reported in Table 2. Finally, it is obvious
that the MWCNTs modified CFRPs achieve higher maximum loads, which cor-
responds to higher critical loads during the crack propagation than the reference

material.

—— Plate 1-Ref. — Plate 2-P05 ——Plate 3-P10 = Plate 1-Ref. APlate 2-P05 * Plate 3-P10

180 Plate 4-P15 Plate 5-P25 1.2 = Plate 4-P15 s Plate 5-P25
L @
1 o § o om
o *° m ° .
508 x Lo B,
E ‘ﬁ’ﬁ
S 06 ’r"- .
E 5 J . *e ”001' il
»
o 0.4 _z;‘&‘...ﬁi'l.‘“ A
0.2

00 10 20 30 40 50 60 025 50 75 100 125
Displacement, d (mm) Crack Length (mm)
(a) (b)

Interlaminar Fracture Energy, G,.

12
1 : ;
F 08 . 4
¥ 06 .
o 0.4 = I * s o
02 .44 0.45 054
0

Ref. 0.5wt% 1wt%  1.5wt% 2.5wit%
MWCNTs MWCNTs MWCNTs MWCNTs

Material

(c)

Figure 2. Mode I interlaminar fracture energy (a) load-displacement curves; (b) R curves;
and (c) Strain energy release rate G, for carbon/epoxy composites with different CNTs
concentrations.
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Table 2. Summary of G fracture toughness values for all tested specimens.

Interlaminar fracture toughness G;c (KJ/m?)

. MWCNTSs content . .
Laminate Initiation Propagation
(wt%)
AVG STDEV AVG STDEV
Plate 1-Ref. 0 0.16 0.03 0.44 0.02
Plate 2-P05 0.5 0.24 0.09 0.45 0.06
Plate 3-P10 1 0.23 0.04 0.54 0.05
Plate 4-P15 1.5 0.22 0.1 0.89 0.04
Plate 5-P25 2.5 0.24 0.05 0.85 0.13

Mode I fracture toughness for reference and nano-modified CFRP specimens
is characterized by a crack resistance (R curves) behavior that includes an initia-
tion value, a region of increasing toughness (resistance) as the crack extends un-
til a steady-state value is reached, which corresponds to a self-similar crack ad-
vance. The R-curves represent the general trend of fracture toughness as a func-
tion of crack growth. As it is evident in Figure 2(b), there is an initial part where
crack growth resistance increases versus crack length and this part followed by a
region of almost constant crack resistance value, the plateau region, (typical R
curve behavior). It is clearly seen that G, values of nano-doped specimens with
the addition of 1.5 wt% MWCNTs rise sharply compared to the other laminates
with lower MWCNTs content. This proves the positive effect of MWCNTs fillers
at highest concentration in the interlaminar fracture energy.

Mode I fracture energy for each prepared CFRP either reference or nanomo-
dified is summarized in Figure 2(c). It is clearly seen that the addition of 0.5
wt% and 1 wt% MWCNTs did not showed significant improvement in G, val-
ues, compared to reference material. On the other hand, it is evident that the ad-
dition of 1.5 wt% MWCNTs into the structure of woven fabric reinforcement
caused higher improvement of G, value as it is compared against with the ref-
erence material. More precisely, the integration of 1.5 wt% MWCNTSs achieved
the highest increase of 103% in Gy.. Finally, it was concluded that further in-
crease of MWCNTSs content did not provide further enhancement of G tough-
ness due to agglomerates formation. Furthermore, the initiation value for all the
nano-modified CFRPs remains almost the same, although higher that the refer-

ence one.

3.2. Mode Il ENF Tests

Typical load-deflection curves of the ENF tests for reference and nano-doped
laminates are given in Figure 3(a). All specimens for each type of material
showed a similar behavior. More precisely, the applied load increases linearly
until the onset of the crack propagation, which is indicated by the deviation
from the elastic region. The load-displacement behavior of each material is dif-

ferent. As a first conclusion the slope of load displacement curve of the reference
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Figure 3. Mode II Interlaminar Fracture Toughness (a) load-displacement curves and (b)
comparison of average Gy, for carbon/epoxy composites with different CNTs concentra-
tions.

material almost coincides with the slop of the low content MWCNTSs modified
composites (0.5 and 1.0 wt%). For higher MWCNT's content this slope is slightly
increased, and this is more significant in the case of 2.5 wt% MWCNTSs content.
Furthermore, for the reference plate the applied load increases linearly until the
onset of the pre-crack propagation where the load drops. On the other hand, in
the case of MWCNTSs modified CFRPs with higher concentrations (1.5 and 2.5
wt% MWCNTs) the linear load-displacement relationship is followed by a dis-
tinguishable deviation from linearity and much later the load drop appears. The
average values and standard deviations for all manufactured CFRP plates are
presented in Figure 3(b). As we can see, the addition of 0.5 wt% MWCNTs did
not lead to any enhancement of Gy compared to the reference material, while
marginally enhancement (16%) achieved with the addition of 1 wt%. On the
other hand, the introduction of higher amount of MWCNTs in to the woven fa-
bric reinforcement caused a significant improvement in Mode II fracture
toughness. More precisely, the increase in Gy achieved in the case of 1.5 wt%
MWCNTSs nano-modified composite is of 62% compared to reference laminate
without further improvement succeeded in the case of 2.5 wt%. This is in com-
plete agreement with the results presented earlier for G,; and the explanation is
again the formation of CNT agglomerates that violate structural integrity does
not further promote interlaminar fracture toughness.

Table 3 summarizes the increase achieved in Mode I and Mode II interlami-
nar fracture toughness of the composite laminates compared against the refer-
ence material, with the incorporation of various amounts of MWCNTs into the
carbon fabric reinforcement. Taking into consideration the results presented
above, we can conclude that the introduction of 1.5 wt% MWCNTs into the wo-
ven fabric reinforcement significantly increase the fracture toughness of resulted
CFRPs compared against the reference one. This increase is associated to addi-
tional toughening/energy dissipation mechanisms that have been incorporated
into the material structure during the interlaminar crack propagation. The effect
of the energy absorption mechanisms introduced by MWCNTs is mainly dem-
onstrated at the higher amount of MWCNTSs used for the nano-modification
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Table 3. Summary of fracture toughness improvement compared to reference material.

. MWCNT: content Gy¢ increase Gyyc increase
Laminate
(wt%) compared to Reference  compared to Reference

Plate 1-Ref. 0 - -

Plate 2-P05 0.5 3% 0%

Plate 3-P10 1 23% 16%

Plate 4-P15 1.5 103% 62%

Plate 5-P25 2.5 101% 58%

of the woven fabric reinforcement. This effect is marginal in the case of lower

MWCNTS content, especially under mode II remote loading.

3.3. Fractographic Analysis

The morphology and microstructure of fracture surfaces of the tested compo-
sites were also investigated by scanning electron microscopy analysis (SEM) after
Mode I and Mode II tests in regions closed to the nano-modified carbon fibers.
This SEM examination was used in order to confirm the additional toughening
mechanisms that have been introduced by MWCNTSs that were responsible for
the improvement in both G, and Gy.

Figure 4 presents the failure mechanisms that were observed in the case of
MWCNTs contents (0, 0.5, 1, 1.5 and 2.5 wt%). The reference CFRP composite
has a very smooth fracture surface, as observed in Figure 4(a) that indicates the
brittle behavior of epoxy resin. Furthermore, depicts the crack propagation
along the fiber-matrix interface revealing a weak interfacial adhesion between
fabric and matrix. Figure 4(b) presents the fracture surface of composite con-
taining 0.5 wt% MWCNTSs. A smooth fracture surface is still exhibited, as ob-
served in the reference material. Additionally, a small presence of carbon nano-
tubes is revealed in the fiber-matrix interface. Towards this direction, in the case
of 0.5 wt% MWCNTs the interlaminar fracture energy both for G and Gy is
not increased due to the absence of significant additional energy absorption
mechanisms.

Figure 4(c) and Figure 4(d) present the main failure mechanisms that were
observed during fracture in the cases of the increasing contents (1 and 1.5 wt%
MWCNTSs), respectively. By the micrographs captured at different magnifica-
tions, carbon nanotubes were distributed uniformly into the material’s structure
and the absence of MWCNT agglomerates was verified. Also, along the fracture
surfaces it was observed that carbon nanotubes were pulled-out operating as
crack-bridging elements. The red framed areas and the red arrows at these fig-
ures indicate the pull-out toughening mechanisms that were activated with the
introduction of MWCNTs. This toughening mechanism indicates that the car-
bon nanotubes operate as crack-bridging elements and resists to crack opening
and interlaminar crack propagation. In parallel, due to the presence of MWCNTs

that acts as micro-pins along the crack front, in some cases these micro-pins
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0.5 wt%

(@

Figure 4. SEM images of fracture surface of reference material (a); nano-reinforced
composites with 0.5 (b); 1 (c); 1.5 (d) and 2.5 (e) wt% MWCNTs after Mode I and Mode
II tests at different magnifications.

promote crack bifurcation whenever the micro-pins cannot be removed or bro-
ken. All these additional energy absorption mechanisms contribute at macros-
cale, to the increase of composite interlaminar fracture energy at the CNT con-
centration (1.5 wt% MWCNTs). Finally, the slight degradation of fracture prop-
erties observed, in the case of nano-modified CFRP samples with the highest
concentration, is associated to the presence of a small size of agglomerates, cir-
cled in Figure 4(e). This is supposed that this observation may be in whole

structure.
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4. Conclusion

In this work, multi-walled carbon nanotubes (MW CNTs) fillers were utilized for
the development of multi-scale laminated composite for Out-of-Autoclave
(OoA) manufacturing processes. Towards this direction, a nano-modified solu-
tion enriched with multi-walled carbon nanotubes was prepared while the de-
velopment of nano-modified carbon fiber/epoxy laminates was produced using
vacuum assisted infusion process. The objective of this study is the investigation
of interlaminar fracture toughness of nano-modified CFRPs at different CNTs
contents (0.5, 1, 1.5 & 2.5 wt%). The fracture toughness and the fractographic
analysis of these composites were performed to assess the contribution of carbon
nanotubes to the interlaminar fracture toughness of the resulted composites. The
fracture toughness of nano-modified laminates showed no significant difference
with respect to the reference composites in the case of low wt% MWCNTSs con-
tent. Higher amount of MWCNTs at the level of 1.5 wt% increase significantly
both mode I and mode II interlaminar fracture toughness of the composite la-
minate compared to the reference material and an increase of 103% and 62%
respectively was achieved. Higher amount of MWCNTs lead to massive agglo-
merations and violate the positive effect of the nano-phase in energy absorption.
The present MWCNTSs activate at microscale energy absorption mechanisms
such as bridging, and crack bifurcation thus resulting in an increase of the inter-
laminar fracture toughness at macroscale both under mode I and mode II re-

mote loading.
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Abstract

This paper describes an experimental offside detection system that will be
capable of detecting offside passes during a game of soccer. Soccer is the
world’s most popular and most televised sport. In recent years, FIFA has im-
plemented goal line technology in order to end controversial goals/missed
goals during high profile competitive matches. The most contentious aspect
of the sport is the offside rule and its many controversial calls or lack of calls.
Sometimes the linesmen cannot see the passage of playing fast enough to
make a correct decision. Being similar to goal line technology, people have
requested offside technology to help the linesmen and to reduce the number
of incorrect offside calls in a game. This paper describes a working offside
detection system that can accurately detect offside passes. Positional data was
exported from a VICON infrared motion tracking camera system and a
MATLAB script was written so that it can analyze the positions of the players
and the ball and determine if a pass was offside.

Keywords

Soccer, Motion Simulation

1. Introduction

The purpose of this project is to design and develop an experimental offside de-
tection system that will be capable of detecting offside passes during a game of
soccer. Soccer is the world’s most popular and most televised sport. Every year,
thousands of players from all across the world compete in some of the most
competitive and prestigious leagues. In recent years, FIFA [1], soccer’s govern-
ing body, has implemented goal line technology in order to end controversial
goals/missed goals during high profile competitive matches. This has been a step

in the right direction, however, there are still many issues in the world of soccer.
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The most contentious aspect of the sport is the offside rule and its many contro-
versial calls or lack of calls. There have been countless instances when a player is
wrongfully ruled offside after scoring a game changing goal. There have also
been many cases in which a player has scored a game winning goal and the play-
er was not ruled to be offside when the play should have been stopped. Incorrect
offside calls have the potential to ruin games. Sometimes the linesmen, the refe-
rees in charge of judging offside calls, cannot see the passage of playing fast
enough to make a correct decision. There are many cases in which a ball is played
too quickly for anyone to make the correct call. Being similar to goal line tech-
nology, people have called out for offside technology to help the linesmen and to
reduce the number of incorrect offside calls in a game. That is why the objective
of this project is to create a working offside detection system that can accurately
detect offside passes. Positional data will be exported from the system and a
MATLAB script will be written so that it can analyze the positions of the players

and the ball and determine if a pass was offside.

2. Methods
1) The Offside Rule

In order to understand how this offside detection system is going to function,
one must understand the offside rule first. The offside rule is defined as follows
[2]: “A player is offside when he/she is nearer to the opponent’s goal line than
the second to last opponent when the ball is played/passed from one player to
the player that is nearest to the goal line. Being level with the second to last op-
ponent does not constitute being offside, neither does being level with both the
last two opponents if they happen to be in line”. When judging the condition of
being “nearer”, only a player’s head, torso, legs, and feet are taken into consider-
ation. The player’s arms do not count. A player cannot be offside in his/her own
half of the pitch regardless of where he/she is positioned in relation to the ball or
members of the opposing team. In order for a player to be considered offside,
he/she must be involved in active play. This can be accomplished in two ways.
One is to be interfering with the play, or if the player is interfering with an op-
ponent.

2) VICON System Specifications & Setup

A VICON motion tracking camera system [3] and software was used for the
development of this system. The College of Arts & Media currently has a
VICON system in the Digital Animation Center (DAC). This VICON system
consists of 20 Bonita 10 infrared tracking cameras and they are placed along the
edges of the room. The cameras all face the center of the room where an 18' x 14'
space is designated for digital motion tracking. Each Bonita 10 camera has a
maximum frame rate of 250 fps. The lens has an operating range of 13 meters
and a maximum field of vision that is 70.29° x 70.29°. The DAC normally uses a
VICON software called BLADE for their animation and motion capture needs.

Fortunately, VICON also provides a software called Tracker which tracks the
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positions of rigid bodies and exports that data as a file, or in real time if needed.
VICON was generous and provided a free month-long trial of their Tracker
software for this project. The Bonita 10 cameras track rigid bodies via the use of
reflective markers. In order to create a rigid body in the system, the reflective
markers need to be grouped into unique clusters [4]. Each pattern must be
unique, otherwise the cameras will confuse one cluster for another and combine
or remove desired rigid bodies. Figure 1 shows some of the reflective markers
used in this project.

Once the reflective markers have been put into unique clusters, the next step is
to strap them onto the desired rigid bodies. In this project, the objects that need
to be tracked are each player’s legs, torso, and head. There are four players in-
volved in this simulation, so a total of four heads, four torsos, and eight legs need
to be tracked. Figure 2 shows an example of how the markers were strapped
onto the players.

Once each player has been strapped with their designated markers, the next
step is to use the Tracker software to create the rigid bodies. Once the cameras
have been calibrated and set, the software will recognize each marker and each
unique pattern and create a rigid body. Each rigid body can be labeled so that
one can keep track of which rigid body belongs to each player. Figure 3 shows
how each rigid body is represented in the software for each player and the ball.

Additionally, the ball that will be used during this project also needs to be
tracked by the VICON camera system. Since the reflective markers that are used
to track the players are spheres, they cannot be used to track the ball. The reflec-
tive markers would keep the ball from rolling. The solution to this problem was

Figure 2. Reflective marker set up.
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Figure 3. Rigid bodies as shown on VICON Tracker software.

to use OptiTrack reflective tape. The reflective tape was cut into small circles and
placed in unique patterns across the ball so that the software could identify the
ball as its own rigid body. Figure 4 shows the ball and the reflective tape used for
tracking.

3) Single Pass Simulation

In this project, simulations were conducted with four players. Players 1 and 2
were part of Team A. Team A was the attacking team making the passes. Players
3 and 4 were part of Team B. Team B was the defending team setting the offside
line. Figure 5 shows the position of both teams before and after the single pass
was made.

It can be seen that the only object that moves is the ball. This was a way to
control the offside line in order to ensure that they algorithm correctly identified
the type of pass. In this situation, the ball is at rest and is passed only once. This
simulation was conducted twice. Once for an onside pass and once for an offside
pass. In the first pass, player 1 passes the ball to player 2. Both players are behind
players 3 and 4, and therefore onside. In the second pass, player 2 is in front of
players 3 and 4 and therefore in an offside position. Figure 6 shows the loop in
the algorithm that was used to determine the frames in which the ball was mov-
ing and shows the first 22 frames.

The loop runs through all the position changes in the X-direction of the ball
and finds any frame where the ball has traveled more than 10 millimeters. Once
it has found these frames, it places them in the vector shown in Figure 6. The
first frame in the vector is where the pass was made. The rest of the algorithm
would then find the player’s position at this frame and determine if the pass was
onside or offside. This report will not go into further detail about the methods
used for the single pass scenarios. This report will instead have an in depth look
at the methods used for the final running simulation [5].

4) Final Running Simulation

Once the code had been created for a single pass, the next step was to modify
the algorithm and run a simulation where all players are constantly changing
positions, thus changing the offside line. Figure 7 shows an example of the

changes in player position for the final simulation.
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Figure 4. Ball and its reflective markers.

Figure 5. Static trial player positions before & after pass.

%% Onside Forward Pass movingFrames

2% L the Ball 11 123:d double
1 2

FCalcy Row Deltas 1 157
D Ball = diff(Ball): 3 158
Deltas_Ball = abs(D Ball); 3 159
4 160
= find(Deltas_Ball(:,4)>10); 5 161
z = Deltas_Ball(k,4): 6 162
7 163
movingFrames = []: 8 164
index = 1; 9 165
for i=1:(length(k)-1) 10 166
delta = k(i+l)-k(1i); 11 167
if delta<2 12 168
movingFrames (index) = k(i) 13 169
index = index + 1; 14 170
end 15 m
end 16 172
17 173
18 174
19 175
20 176
if 21 177
rs at frame 466 and compa 2 178

Figure 6. Loop to determine moving frames.
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Figure 7. Running simulation player positions changing with time.

This running simulation is the final run that is to be analyzed by the algo-
rithm. For this project, the running simulation lasted 2 minutes and 9 seconds.
The code was altered so that it could read all passes sequentially. In order for the
algorithm to detect passes, the positional data needed to be loaded onto
MATLAB. The data for each rigid body was exported as an excel file. Figure 8
shows the way the data was formatted for all rigid bodies.

The software tracks six different types of positional data for each rigid body.
Columns one through three are the rotational positions in the X, Y, and Z direc-
tions. These are measured in radians. Columns four through six are the transla-
tional positions in the X, Y, and Z directions. These are measured in millimeters.
This project will only focus on columns four through six for each rigid body
since the translational data is what will be analyzed. In this simulation, the ball
was passed under three different conditions. The first type of pass that was ob-
served was when the ball was at rest and was then kicked. In order to determine
when the ball was kicked, the code looks at the changes in the X-direction. If the
changes in the X-direction went from less than 10 mm per frame to greater than
10 mm per frame, then the ball was considered to be in motion, and thus passed
at that specific frame. Figure 9 shows the changes in the X-direction for the ball
at frame 2944.

The majority of the passes happened under these conditions. Figure 10 shows
how the code was written to capture the frames where these pass conditions
were met.

The second type of pass that was observed was when the ball was passed ver-
tically. In this scenario, the code needed to read the changes in the Y-direction
for the ball. The same conditions were applied as in the first type of pass. If the
changes in the Y-direction went from less than 10 mm per frame to greater than
10mm per frame, then the ball was considered to be in motion, thus passed at
that specific frame. Figure 11 shows the changes in the Y-direction for the ball.

Only one pass fell under this criterion and that was at frame 561. Figure 12
shows how the code was written to determine the frame where this pass condi-

tion was met.
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Global Angle Player 3 Head: Player 3 Head

Frame Sub Frame RX RY RZ
rad rad rad

1 0 -0.420662 0.539482

2 0 -0.397319 0.521966

3 0 -0.407936 0.531558

4 0 -0.39644 0.514076

5 0 -0.406556 0.516764

4.0564
4.04231
4.04906

4.043
4.04654

TX

mm
697.985
701.481
705.444
709.124
712.853

TY

TZ

mm
1613.23
1613.43
1613.23
1613.28
1612.92

mm
-1718.96
-1716.14
-1714.86
-1711.97
-1710.84

Figure 8. Exported positional data for player 3 head first five frames.

1
2032 0.0012
2933 5.5000e-04
2934 0.0044
2935 0.0024
2036 0.0011
2937 0.0011
2938 0.0012
2939 0.0021
2040 0.0018
2941 0.0016
2042 2.5000e-04
2043 1.0000e-04
2044 0.0318
2945 0.0730
2946 0.0723
2947 0.0725
2048 0.0852
2949 0.0759
2950 0.0691
2951 0.0937
2052 0.0784
2953 0.0836

2
0.0018
0.0024

1.0000e-05
9.6000e-04
4.0000e-05
0.0018
0.0030
0.0055
0.0020
0.0023
0.0055
0.0099
0.0365
0.1185
0.0985
0.1002
0.0507
0.0673
0.0654
0.0511
0.0429
0.0431

3 4 5
00025 0.0610 00320
5.8300e-04 01090 01640
00019 0.0280 02130
00045 01870 02850
7.7900e-04 0.0070 00010
0.0016 0.0960 02620
00036 0.0860 02530
00028 0.0060 03590
0.0088 01220 06420
0.0024 01680 03130
21100e-04 0.0020 0.3540
00145 0.2730 09080
0.0288 60090
00129 24,9890 81310
0.0070 242270 22310
00233 248710 9.9680
00213 245110 101580
00022 24.7050 11,0640
00025 253650 11,5280
00293 24,6610 96710
00103 24.7840 111140
00161 24,6250 107820

0.2031
0.0281
01217
0.2043
0.0414
0.0774
00159
0.3641
0.0041
0.0936
0.2038
0.0635
36835
1.8572
1.5648
0.19%0
1.0405
06678
10138
1.5980
26512
3.3800

Figure 9. Column 4 shows ball changes in X-direction at frame 2944 for pass Type 1.

&% Passes
2% Anal

: %seconds (run time of simulation)

fps = Frames/t;
Spf = t/Frames; $seconds per fzame

Deltas_Ball = abs(D_Sall):

tk = find(Delvas_Ball(:,4)>10

are madesst

then

: (length (Deltas_Ball)-1)

it is passeds:

if (Deltas Ball(i,)<10 && Deltas Ball(i+1,4)>10 && Deltas Ball(i+2,4)>10 & Deltas Ball(i+3,4)>10 &5 Deltas_Ball(i+4,4)>10 & Deltas_Ball(i+5,4)>10)

Passesi (index)
index = index + 1;

= 1e1;

ena
end
Passesl = Passesl':

Figure 10. Pass type 1 code for determining relevant frames.

il
550 0.0042
551 0.0174
552 2.2000e-04
553 0.0060
554 0.0125
555 0.0024
556 0.0061
557 0.0103
558 0.0242
559 0.0048
560 0.0062
561 0.0541
562 0.0285
563 0.0423
564 0.0514
565 0.0389
566 0.0284
567 0.0561
568 0.0776
569 0.0279

2
0.0091
4.9100e-04
7.7800e-04
0.0032
0.0115
0.0027
0.0082
0.0014
0.0068
0.0023
0.0026
0.0466
0.0544
0.0862
0.0852
0.0859
0.0841
0.1063
01027
01110

3 4 5
0.0024 10030 00200
3400004 0.4040 03200
0.0080 09820 0.4000
3300004 1 03000
0.0161 17350 0.2700
0.0056 07820 09800
0.0015 12710 0.2200
0.0073 0.2160 04200
2800004 0.0230 00500
0.0012 0.9080 04500
0.0018 05910 0.7900
0.0026 13,9800
0.0041 54150 288100
0.0192 52470 284900
0.0128 49480 284100
0.0124 50970 284600
0.0092 54350 289700
0.0094 50590 279300
0.0101 34800 2856500
0.0296 52140 287300

0.0260
0.0870
0.2220
01150
0.1800
0.0740
0.0650
0.0390
0.5350
0.0250
0.2580
0.5870
0.0150
14840
0.2110
0.4200
13770
19270
01220
1.3040

Figure 11. Column 5 shows ball changes in Y-direction at frame 561 for pass type 2.
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%%%Scenario 2 - Ball is passed vertically =o need to analyze Delta y

%%%instead of Delta x%%%

Passes2 = []:
index2 = 1;
for j = 1:(length(Deltas_Ball)-1)
if (Deltas Ball(j,5)< 1 && Deltas_Ball(j+1,5)>10 && Deltas_Ball(j,2)<.003)

Passes2 (index2) = j+1:
index2? = index2 + 1;
end
end
FassesZ = Passes2';

Figure 12. Pass type 2 code for determining relevant frame.

The final type of pass that was observed was when the ball had already been
passed and was passed again by the receiving player while the ball was still in
motion. In this scenario, the ball was never at rest between passes and thus
needed to be analyzed in a different way. For this scenario, the velocities of the
ball at each frame were determined. If the changes in the X-direction were
greater than 10 mm per frame, but there was a sign change in the velocities, then
the frames where the sign changes occurred were considered a pass. Figure 13
shows the changes in the X-direction for the ball at frame 2304.

There is a sign change in the velocities at frame 2304 (Figure 14). This means
that a pass was made at this frame. Figure 15 shows how the code was written to
calculate the velocities at each frame and how the sign changes were found.

Finally, once pass frames had been isolated, various loops were created in the
algorithm that would compare the positions of each player’s legs, torso, and head
at those frames. A final loop was created to compare those positions between the
attacking players and the defending players. Figure 16 shows how the player’s
positions at all relevant frames were found.

The final section in the algorithm then determined if the pass was onside or
offside. Figure 17 shows the final loops in the code that determined offside

passes.

3. Results

The results for the single pass simulations can be seen on Table 1.

The results determined from the algorithm match the results that were ob-
tained by visually confirming the pass from the simulation videos that were rec-
orded from the software.

The running simulation is more complex than the single pass simulations. In
order to determine the number of passes and their status, the frames where the
passes were made needed to be determined. Table 2 shows the number of passes
and their corresponding frames.

There were 45 passes in total throughout this simulation. However due to
glitches in the system as well as gaps in the data due to camera limitations, only
43 out of the 45 passes were recognized by the cameras. This is further explained

in the Discussion section of this report. The missing passes did not affect the
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1 2 3 4 5 6
229 0.0202 00679 0.0040 12.0200 2.9770 71770
2297 00229 0.2066 0.0189 13.8700 4.2330 116390
2208 00351 0.2045 0.0156 15.9900 31270 11.4400
2299 0.0193 00993 0.0122 159300 4.7620 7.0960
2300 0.0439 00904 0.0094 16.1900 3.9970 6.4670
2301 06299 00700 0.7086 55.4400 17.8960 320290
2302 00792 01349 0.0197 15.0100 1.5640 0.7700
2303 0.0715 01571 00723 12.4900 3.1340 0.2990
2304 0.0167 00334 0.0070 18270 2.2880
2305 0.0718 01268 00452 361600 6.0230 2.5560
2306 00322 0.1060 01390 321600 2.4410 2.0390
2307 0.0415 01446 0.1451 31.5400 28470 0.5460
2308 0.0592 01138 01212 324200 0.6880 0.8540
2309 0.0691 01274 01290 31.6600 1.2480 1.7510
2310 0.1152 01336 01642 29,8500 26560 0.9710
211 0.0888 0.1467 01136 31.2200 0.3010 3.5010
512 0.0581 01643 0.0935 31.0600 0.6410 4.5100
2313 0.1358 01736 01073 29.2000 0.3300 1.0740

Figure 13. Columns 4 shows ball changes in X-direction at frame 2304 for pass type 3.

1
2296 | -1.2072e+03
2297 -1.3942e+03
2298 | -1.6073e+03
2209 -1.6013e+03
2300 | -l6274e+03
2301 -5.5728e+03
2302 | -1.5088e+03
2303 -1.2555e+03
2304
2305 3.6348e+03
2306 3.3332e+03
2307 31704e+03
2308 3.2588e+03
2309 3.1824e+03
2310 3.0005e+03
2311 31382e+03
2312 31221e+03
2313 29352e+03

Figure 14. Shows the calculated velocities for the frames around frame 2304.

3 - Ball is passed immedietly after receiving
ction to the next%%%

stops roll
s3iNeed to check velocitiss for Sign changesss:

ng and is passed from on

vl = D_Ball(:,4)/spf; %mm/s

Passes3 = []:
index3 = 1;
for k = 1:(length(vl)-3)
1f (vI(k)<O && v1(k+1)<0 && v1(k+2)>1340 && v1(k+3)>0) 2ac vl(k+4)>0 £& vl (k+5)>0 && v1(k+8)>0 && v1(k+7)>0)
Passes3(index3) = k+2;
index3 = index3 + 1:
end
end

Passes3 = Passzes3';

Figure 15. Pass type 3 code for determining relevant frames.

Table 1. Results for the single pass simulations.

Onside Static Pass Offside Static Pass

Frame Status Frame Status

466 Onside 157 Offside
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%% Analyzing Players Positions at Pass

P1_H Value = [];P2_H Value = [];P3_H Value = [];P4_H Value = [];
P1_LL Value = [];P2_LL Value = [];PF3_LL Value = [];P4¢_LL Value =
P1_RL_Value = []:P2_RL Value = [];P3 RL_Value = []:P4_RL _Value =
P1_T Value = [];P2_T Value = [];P3_T Value = [];P4 T Value = [];
ind =

for i
%Pla
P1 H Value(ind) = P1_Head(Passes(i),4):
Pl LL Valus(ind) = P1_LL(Passes(i),4):
P1 RL Value(ind) = P1_RL(Passes(i},4):
P1 T Value(ind) = P1_T(Passes(i),4);:
% Bl 2
P2 _H Value(ind) = P2_Head(Passes(i),4):
P2 LL Value(ind) = P2 LL(Passes(i},4):
P2 _RL Valus(ind) = P2_RL(Passes(i),4):
P2 T Value(ind) = P2_T(Passes(i),4):
% Flayer 3
P3 H Value(ind) = P3_Head(Passes(i),4):
P3 LL Value(ind) = P3_LL(Passes (i}, 4):
P3 RL Value(ind) = P3_RL(Passes(i},4):
P3 T Value(ind) = F3_T(Passes(i),4):
% Player 4
P4 H Value(ind) = P4 _Head(Passes(i),4):
P4 LL Value(ind) = P4_LL(Passes(i},4):
P4 RL Value(ind) = P4_RL(Passes (i), 4):
P4 T Value(ind) = P4 _T(Passes(i},4);:

ind = ind+l;
end

[1:
[n:

P1_H Value = P1_H Value';P2_H Value = P2_H Value';P3_H Value = P3_H Value';P4 H Value = P4_H Value';

P1_LL Value = P1_LL Value

2_LL Value = P2_LL Value':P3_LL Value = P3_LL Value':P4_LL Value = P4_LL Value':

P1_RL_Value = P1_RL Value':P2 RL Value = P2_RL Value':;P3_RL Value = P3_RL Value';P4 RL_Value = P4_RL Value':
P1_T Value = P1_T Value';P2_T Value = P2_T_Value';P3_T Value = P3_T Value';P4 T Value = P4_T Value';

Figure 16. Code for determining player positions at relevant frames.

%% Determining Onside/0ffside Pass

L Actacking = [Al A2]:

L Offside = [A3 A4]:
Offside Line = [];

ind2 = 1;

for i=l:length (i COffside)

Cffside Line(ind2) = max (A Offside(i,:))

ind2 = ind2 + 1;
end

Offside Line = Offeside Line':

V_final = []:

ind3 = 1:
for i=l:length (Passes)
V_final (ind3) = vl (Passes(1i));

ind3 = ind3 + 1;
end
V_final = V_final";

Pass Decision = {};
ind4 = 1;
for i=l:length (0ffside Line)

if (max (A Attacking(i,:)) > Offside Line(i)

&& V_final(i) > 0)

Pass__Decision{incH} = {"OFFSIDE'"'};
ind4 = ind4 + 1;

elgeif (max (A Attacking(i,:)) « Offside Line(i) || V_final(i) < 0)
Pass Decizion{ind4} = {'Onside’'}:

ind4 = ind4 + 1;
end
end

Pazz Decision = Fass Decision':

Pass_Numbers = [l:length(Passes)]';
T = table(Pass_Numbers, Pass_Decision):

Figure 17. Final loops for determining offside passes.
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Table 2. Number of passes & corresponding frames their corresponding frames.

Pass Status Pass Status Pass Status Pass Status Pass Status

1 108 11 2944 21 5687 31 8771 41 12,037

2 329 12 3206 22 5957 32 9591 42 12,320

3 561 13 3446 23 6178 33 10,039 43 12,420
4 903 14 3723 24 6398 34 10,347
5 1178 15 4016 25 6612 35 10,574
6 1354 16 4342 26 7105 36 10,854
7 1631 17 4621 27 7569 37 11,120
8 1869 18 4907 28 7836 38 11,362
9 2144 19 5218 29 8237 39 11,612
10 2304 20 5485 30 8468 40 11,781

results of this project. Once the number of passes and their corresponding
frames had been identified, the algorithm was able to determine whether each
pass was onside or offside. Table 3 shows the final results of the running simula-
tion for each pass. Table 4 shows the results from the visual confirmation of

each pass and is favorably compared to the simulation results given in Table 4.

4. Conclusion

In conclusion, the offside detection system prototype has successfully identified
onside and offside passes. Table 3 and Table 4 in the results section are identic-
al. This means that the algorithm accurately determined the status of all 43
passes in the simulation. The success of the prototype is a major step towards the

advancement of technology in soccer.

5. Discussion

Even though the prototype was a success, there were some limitations to the de-
sign. The biggest limitation to the design was the fact that the Tracker software
was not meant to track a large number of rigid bodies at once. Since each rigid
body had to be comprised of a unique pattern of reflective markers, it became
difficult to have enough different patterns for each rigid body as the number of
rigid bodies increased. Additionally, the software would sometimes confuse one
rigid body for another if two players got to close to one another. If one player
ran past another, there were instances where the markers on one player’s leg
were too close to another player’s leg, thus creating one rigid body that the soft-
ware could not recognize. As a result, there are gaps in the data that was ex-
ported from the software. Fortunately, these gaps did not occur at the instances
where the passes were made. However, moving forward, this could be an issue if
the gaps were to occur during important sections of the simulations.

Gaps in the data did not only occur when multiple rigid bodies got too close

to one another. They also occurred whenever the ball was in motion. Since the
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Table 3. Pass results from algorithm.

1 2
Pass_Numbers Pass_Decision
1 Onside
2 Onside
3 Onside
4 Onside
5 Offside
6 Onside
7 Onside
8 Onside
9 Onside
10 Offside
11 Onside
12 Onside
13 Onside
14 Offside
15 Onside
16 Onside
17 Onside
18 Offside
19 Onside
20 Offside
21 Onside
22 Onside
23 Offside
24 Onside
25 Offside
26 Onside
27 Onside
28 Onside
29 Offside
30 Onside
31 Offside
32 Onside
33 Offside
34 Onside
35 Offside
36 Onside
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Continued
37 Offside
38 Onside
39 Offside
40 Onside
41 Onside
42 Onside
43 Onside

Table 4. Pass results from visual confirmation of simulation recordings.

Pass Status Pass  Status Pass Status Pass Status Pass  Status
1 Onside 11 Onside 21 Onside 31 OFFSIDE 41 Onside
2 Onside 12 Onside 22 Onside 32 Onside 42 Onside
3 Onside 13 Onside 23 OFFSIDE 33  OFFSIDE 43  Onside

4 Onside 14 OFFSIDE 24 Onside 34 Onside
5 OFFSIDE 15 Onside 25 OFFSIDE 35 OFFSIDE
6 Onside 16 Onside 26 Onside 36 Onside
7 Onside 17 Onside 27 Onside 37 OFFSIDE
8 Onside 18 OFFSIDE 28 Onside 38 Onside
9 Onside 19 Onside 29 OFFSIDE 39 OFFSIDE
10 OFFSIDE 20 OFFSIDE 30 Onside 40 Onside

software needs to see all reflective tape marks on the ball in order to establish it
as a rigid body, the bottom portion of the ball did not have any reflective tape on
it. This resulted in gaps in the data whenever the ball rolled since the bottom
portion of the ball would end up on top while in motion. When this happened,
the cameras would momentarily lose track of the ball for a few frames. The cam-
eras would detect the ball once it had completed a rotation and all pieces of tape
were visible yet again. These gaps in the data affected two of the passes during
the simulation. Frames 9175 and 12,202 saw two short and quick passes between
players 1 and 2. Since there were gaps in the data, the software did not track
these passes. Fortunately, both of these passes were onside and happened at a
short distance where they did not affect the results of the simulation. All offside
passes were accurately tracked and were not affected by the gaps in the data. Ad-
ditionally, there were some movement restrictions throughout this project. The
VICON system was located inside a computer lab/classroom, therefore all passes
needed to remain on the ground. The ball needed to be passed at a reasonable
speed so that no equipment or students would get injured.

Moving forward there are many improvements that could be made to this ex-
perimental offside detection system. The main improvement that can be made is

to improve the camera system. The VICON system works great and the infrared
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tracking is accurate. However, in a real game setting this system will be impossi-
ble to use. The infrared tracking will simply not work in an outdoor environ-
ment. In order for the cameras to detect the reflective markers, there needs to be
zero sunlight in the room and all other reflective surfaces need to be covered up.
Additionally, in a real game setting it is not practical to have spherical trackers
on the player’s bodies. One solution is to utilize reflective tape on the players so
that they can move as they normally would. However, this would only be prac-
tical in an indoor setting. The best way to move forward is to adopt a camera
system that uses artificial intelligence and machine learning to detect color and
track objects based on color. There have been numerous research studies done
within the last 10 years and the technology is there. In a real game setting these
cameras can be used outdoors and would be able to track the colors of each
team’s jerseys. The VICON system does however work accurately and effectively
in terms of the scope of this project. This project is the foundation for what is
meant to be a radical change in the world of soccer. Offside technology is years
away from being perfected, however this project has demonstrated that it can be
done accurately and effectively given the proper resources. The purpose of this
project has been completed and the main objective has been met. The VICON
infrared camera system can accurately detect offside passes. This technology can
be used to aid the referees and officials to fairly influence the outcome of soccer

games.
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