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This paper proposed a real-time winding angle measurement device embedded in the portable 3-axis winding
machine, which was used to detect and measure the winding angle during the winding process. The device was
completely designed, fabricated, tested, and divided into hardware and software sections. The hardware section
was adopted Raspberry Pi 3B+ and Arducam 5MP OV5647 camera modules, and the software section was used
the OpenCV software. The experimental test was carried out to validate the measurement data on +45°, +60°,
and +75° winding angles, and filament-wound carbon fiber-reinforced polymer tubes were performed the quasi-
static radial and axial compression tests. It was found that the real-time measurement data from the system had
approximately 0.45+0.02 comparative error value than the targeted winding angle, which was more accurate
than traditional measurement data. Moreover, it was shown that peak crushing loading significantly increased
with increasing winding angle under radial compression, which had the inverse decreasing trend under axial
loading. In addition, the crushing behaviour of thin-walled CFRP tubes was studied.

1. Introduction composite structures [6]. It is known that composite pressure vessels are
manufactured via filament winding process in the industrial sector. For

Recently, society has drawn growing concerns about environmental filament-wound composite structures, various factors significantly affect

sustainability and lightweight transportation. Thin-walled structures
made of lightweight composites, e.g., carbon fiber-reinforced polymer
(CFRP) and glass fiber-reinforced polymer (GFRP), have been increas-
ingly used as energy-absorbing components [1,2], which is attributed to
their ~ higher stiffness-to-weight and reasonable strength.
Filament-wound composite structures have been used in various sectors,
such as gas and oil piping systems [3], crash boxes [4], and composite
pressure vessels (CPVs) due to their high corrosion resistance and good
fatigue properties [5]. Filament winding is considered the most suitable
automated fabrication method for manufacturing axisymmetric

the structural performance, such as winding angle and pattern [7,8],
which mainly depended on the winding capability of the equipment.
To improve the winding capability and quality of filament-wound
composite products, many researchers have developed various fila-
ment winding machines with multi-axis motions [9,10]. For example,
Quanjin et al. investigated the experimental assessment of the 3-axis
filament winding machine [11]. It was concluded that the portable
3-axis winding machine provided a 0.83 to 1.13 mm winding circular
distance. Andrianov et al. examined the analytical equations for the
winding trajectory of the 4-axis winding machine [12]. The preliminary
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trials were shown that the winder lays the fiber straight along the
geodesic trajectory. Moreover, Mateen et al. developed a low-cost 2-axis
laboratory-size filament winding machine, which achieved a winding
angle ranging from 10° to 90° [13]. Furthermore, Abdalla et al. fabri-
cated the 2-axis lathe-type winding machine, which provided 13.6 rpm
(rpm) while the speed of the delivery unit varied from O rpm to a
maximum of 250 rpm [14].

Filament wound composite products have great opportunities in
aerospace and automotive engineering [15-17], in which crashworthi-
ness signifies a critical criterion for maintaining structural integrity and
safety in sudden collisions. For instance, Sun et al. investigated the
oblique lateral crashworthy characteristics of thin-walled circular tubes
with aluminum/GFRP/CFRP materials [18]. It was observed that the
delamination became less severe with increasing the loading angle due
to the drop in crushing loading magnitude. Zhu et al. explored the
energy-absorbing mechanisms and structural crashworthiness of later-
ally crushed thin-walled structures [19]. It was mentioned that the
energy-absorbing capacity could be slightly improved by increasing the
cell number, proportion of 45° layer, or foam density. Furthermore,
Wang et al. manufactured the braided-textile reinforced multi-walled
tubular structures as low-cost, lightweight components [20]. It was
found that the foam-filling technique and the sandwich structure are
both effective methods to improve energy absorption efficiency. In
addition, Ma et al. [21] proposed the multi-objective optimization for
CFRP/AL hybrid circular tubes, which exhibited better specific energy
absorption under three-point bending and axial compression loadings.

In addition, various accessorial equipment or devices [22] have been
developed to measure or evaluate filament-wound products, which can
improve product quality [23]. For example, Hopmann et al. developed
the Infrared-optical system to detect the fiber bandwidth and winding
angle, which provided a new method based on an IR inline acquisition
system during wet winding [24]. Furthermore, Toptas developed the
damage detection of carbon fiber using an electrical resistance method
[25]. It was demonstrated that the electrical conductive property of
carbon fiber could effectively evaluate the damage during the winding
process. Filament wound composite products are known to be widely
measured by the digital microscope, angle protector, or computerized
algorithm. Although several works have been reported to develop the
accessorial components on the existing winding machine, limited works
have paid attention to the non-contact measurement method that mea-
sures the winding angle of filament-wound composite structures. Here,
there is an urgent requirement and particular importance to detecting
and measuring the winding angle during the winding process.

This paper aims to develop a real-time winding angle measurement
system that integrates with the 3-axis winding machine. The winding
angle detection and measurement results were analyzed and visualized
on the captured images. Moreover, the effect of winding angle on
crashworthiness characteristics of thin-walled CFRP tubes was investi-
gated under radial and axial compression. Several parameters are
calculated and analyzed under two loading directions: compressive
strength and modulus, energy absorption, and specific energy absorp-
tion. In addition, the radial and axial crushing behavior of CFRP tubes
were analyzed.

2. Materials and methods
2.1. Design procedure of the real-time winding angle measurement system

The V-shape slot aluminum extrusion, V-shape slot rollers, a timing
belt and pulley, a toothed idler, several 3D printed holders, and the
National Electrical Manufacturers Association (NEMA) 17-stepper
motor were assembled. The motorized slider can have linear move-
ment of the camera to inspect the winding angle along the mandrel. A V-
shape slot aluminum extrusion profile was acted as the slider track,
which was fixed to the 3-axis winding machine with L-shape brackets.
The slider track was controlled and activated, which was synchronized
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with the winding process. The control box was contained the Raspberry
Pi 3B+ module, and the camera was placed on the slider position. For
the 3-axis winding machine, the hardware section was adopted the
Arduino UNO microcontroller and computer numerical control (CNC)
V1 shield module [26]. The Universal G-code Sender software was used
in the software section, which sent the programmed G-codes to perform
the winding process [27]. Fig. 1 illustrates the electrical circuit diagram
of Arduino UNO and Raspberry Pi 3B+ microcontrollers. The Arduino
UNO was the main channel for transferring signals, which started by
supplying power to the stepper motor to initiate slider movement. The
travelled distance by slider was performed in the CNC shield module,
which transferred the signal for the winding angle acquisition through
Raspberry and the camera [28].

2.2. Real-time winding angle measurement procedure

The real-time winding angle system was developed to measure the
winding angle during the dry or wet winding process. Three winding
angles were programmed using the G-codes, and the dry winding pro-
cess was performed in the laboratory scale 3-axis winding machine [29].
The proposed system was integrated with the available 3-axis winding
machine. The hardware section was adopted Raspberry Pi 3B+ and
Arducam 5MP OV5647 camera module. The software section of the
system was used OpenCV software, which was programmed through
Python language. Fig. 2 illustrates the real-time winding angle mea-
surement procedure. The real-time winding angle measurement system
detected and measured the winding angle by two color-detected lines.
The corresponding measurement data was collected and shown in the
dialog box. The green color line was set as the targeted winding angle
(£45°, £60°, and +75°). The red color line was defined as the winding
angle exceeding 1°, which was deleted from the collected data, as
illustrated in Fig. 2(a). The detection mechanism was based on the
definition of winding angle, which was the angle between the fiber tow
and axis line, as shown in Fig. 2(b).

2.3. Fabrication of filament wound CFRP tube

The carbon fiber tow was used PYROFIL™ TR30S 3 K, which pro-
vided by Mitsubishi Chemical Carbon Fiber and Composites, Inc. The
resin system was used the EpoxAmite™ 100 epoxy laminating system
with 102 Medium Hardener by Smooth-On, Inc., which was mixed as the
recommended weight ratio of 100:29. Filament-wound CFRP tubes were
manufactured by the laboratory scale 3-axis filament winding machine
integrated with the real-time winding angle measurement system.
Laminates were accomplished with the programmed G-codes, in which
the main parameters are controlled: winding trajectory, angle, and
pattern [6]. Specifications of TR30S 3 K carbon fiber and EpoxAmite™
100 epoxy resin are shown in Table 1.

This study used the aluminum mandrel (outer diameter: 38 mm) to
manufacture the CFRP tubes. After wet winding, the initial filament
wound composite tube was fully cured for 24 h with 10 rpm mandrel
rotation movement [30]. The composite tube was later removed from
the mandrel. The tube was cut into 55 mm length and polished using
Forcipol grinder-polisher equipment. The geometric dimension of CFRP
tube, i.e., thickness, diameter-thickness ratio (d/t), length-diameter
ratio (I/d), inner diameter-outer diameter (d;/d,), and winding angle
of laminates are summarized in Table 2. Fig. 3 illustrates the thin-walled
CFRP tubes in this study.

2.4. Quasi-static compression test

Filament wound CFRP tubes were tested under quasi-static axial and
radial compression. Two tests have been carried out in the Universal
Test Machine Instron 3369 model with a 50 kN load capability. There
are at least three specimens to validate the experimental results. An axial
compression test was conducted with a speed rate of 2 mm/min, which
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Fig. 2. Real-time winding angle measurement procedure: (a) detection and measurement of visual data; (b) measurement mechanism.

Table 1
Specifications of TR30S 3 K carbon fiber and EpoxAmite™ 100 epoxy laminating
system.
Specification TR30S Specification EpoxAmite™ 100 epoxy
3K resin /102 Medium
Hardener
Type TR 30S Mix ratio by 31
3L volume
Number of 3000 Mix ratio by 100:29
filaments weight
Filament 7 Mixed viscosity 0.65
diameter (um)
Yield (mg/m) 200 Pot life (hour) 0.37
Tensile strength 4120 Curing time (hour)  10-15
(MPa)
Tensile modulus 234 Specific gravity 1.11
(GPa) (kg/D
Elongation (%) 1.80 Compressive 75
strength (MPa)
Density (g/cm®) 1.79 Tensile elongation 3.15

Table 2
Summary of thin-walled filament wound CFRP tubes.

Labels Winding Number Thickness Mass yd  d/t di/
angle (°) of plies (mm) €3) do
CFRP45 [+45°]2 2 1.2 9.5 1.3 346 09
CFRP60 [£60°]2 2 1.2 9.4 1.3 346 09
CFRP75 [£75°]5 2 1.2 9.4 1.3 346 09

was followed by the ASTM D5449 [31], as shown in Fig. 5(a). The axial
compression test studies the crushing behavior of filament wound CFRP
tubes. Furthermore, a radial compression test was performed at a speed
rate of 2 mm/min following the ASTM D2412-11 [32], which pays
attention to the loading characteristics of composite tubes under two
parallel platens, as shown in Fig. 5(b). The load versus displacement
curves were obtained by Bluehill Universal software, and the failure
behavior of specimens was recorded during the quasi-static axial and
radial compression tests. Fig. 4 illustrates the experimental setup of
quasi-static axial and radial compression tests.
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Fig. 3. Thin-walled filament wound CFRP tubes fabricated by laboratory scale
3-axis winding machine.

In addition, several parameters were adopted to quantify the crash-
worthiness characteristics [31,33,34], such as mean crushing loading
(Frmean), peak crushing loading (Fpeqx), compressive strength (o),
compressive modulus (E), energy absorption (EA), specific energy ab-
sorption (SEA), crushing force efficiency (CFE).

The peak crushing loading (Fpeqx) is obtained from the load versus
displacement. The mean crushing loading is calculated, and d is the
crushing distance.

EA

Fean = — 1
] @

Compressive strength (o) is calculated as,

0= n 2
Where F is applied loading, A is the cross-sectional area. For axial
loading, A is 152.22 mm?. For radial loading, A, is used in the planar
area as 2.28 x 10° mm?.

Compressive modulus (E) is the slope of the stress versus strain curve
and is calculated as follows:

Ao
= E (3)

Energy absorption (EA) is defined as the area below the load versus
displacement curve, which is calculated mathematically as follows:

d
EA = / F(x)dx (€]

0

Specific energy absorption (SEA) is used to indicate the energy ab-
sorption capability, which is defined as the amount of energy absorbed
per unit mass.

E¥nsron
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EA
SEA = — 5)
m

Where m is the mass of the filament wound CFRP tube.

Crushing force efficiency (CFE) is used to measure the uniformity of
crushing loading and calculated as,
Fmean

Fpeak

CFE = (6)

2.5. Burn-out test

The burn-out test was performed using a Nabertherm furnace, which
put the specimen at 500 °C for 1 h according to ASTM D2584-94 [35].
Specimen weight was measured before and after the test, which was
used to calculate fiber mass fraction [36]. The experimental setup of the
burn-out test is illustrated in Fig. 5. It was better to use mass fraction
volume to calculate the mass fraction distribution due to its circular
shape.

3. Results and discussion
3.1. The real-time winding angle measurement system

Fig. 6 presents the laboratory scale 3-axis winding machine inte-
grated with the real-time winding angle measurement system. The real-

—
CFRP ring CFRP tube
Nabertherm furnace
\‘
Small-size Stainless steel

‘

Fig. 5. Burn-out test of the small-size piece from a thin-walled filament wound
CFRP tube.

piece \ ‘p/late

[ 4 1

Fig. 4. Experimental setup: (a) quasi-static axial compression test; (b) quasi-static radial compression test.
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Fig. 6. Laboratory scale 3-axis winding machine integrated with the real-time winding angle measurement system: (a) realized machine prototype; (b) 3D Solid-

works machine design prototype.

time winding angle measurement device consists of three parts: the
machine vision slider, the machine vision holder, and the control sys-
tem. The real-time winding angle measurement system mainly consists
of a Raspberry Pi 3B+ and an Arducam 5MP OV5647 camera, which
provides an open-source system with inexpensive costs. The slider can
adjust the distance between the camera and the mandrel, which pro-
vides a high-resolution captured image. An experimental test of the real-
time measurement system was detected and measured the single fiber
tow during the dry winding process.

3.2. Results of real-time winding angle measurement data

Arducam OV5647 5MP camera, OpenCV framework, and the Rasp-
berry Pi 3B+ were used to measure the real-time winding angle. The
system was processed and measured using the OpenCV framework,
which was used to confirm the detected angle inside or outside of the
winding angle range. Fig. 7 presents the results of winding angle data in
the winding process and visualization interface image. Two color lines
were detected to measure the winding angle. The green line was set as
measurement data on the winding angle. The red line was out of the
targeted winding angle with 1° tolerance, and measurement data was
deleted.

To validate the real-time winding angle measurement data, three
winding angles (£45°, £60°, and +75°) were performed on the dry
winding process. The real-time measurement system was detected when
the single trajectory was completed. Three winding angles were wound
in the mandrel with 220 mm length, which showed the targeted winding
angle detection capability. Fig. 8 exhibits the visual images in the real-
time winding angle measurement system. It was found that each wind-
ing angle was fully detected and measured with green and red lines. The
detection procedure was overperformed with multiple lines, and mea-
surement data were obtained on each captured line. Moreover, it was
found that the winding angle was quickly detected and measured in the
mandrel center. It might be explained by the circular shape of the
mandrel, which provided the different perpendicular distance to the
camera.

The 3 K fiber tow was 3 mm in width, which was used to measure the
contiguous tow distance with three winding angles under the dry
winding process. The contiguous tow distance has defined the distance

b

Fig. 7. Results of winding angle data: (a) captured image in the mandrel; (b)
visualization interface image in the real-time winding angle measure-
ment system.

between the two contiguous tow paths, which was used to evaluate the
winding accuracy and performance on different winding angles. The
contiguous tow distance of each winding angle was measured six times
to provide accurate results. Fig. 9 presents the definition of contiguous
tow distance and the results of the contiguous tow distance on three
winding angles. It was obtained that the contiguous tow distance was
1.05 mm for +45° winding angle, 1.00 mm for +60° winding angle, and
0.83 mm for +£75° winding angle. It was found that with the winding
angle increased, the contiguous fiber tow distance decreased [11]. The
laboratory scale 3-axis winding machine integrated with the real-time
winding angle measurement system can provide 0.83 to 1.05 mm
contiguous tow distance.

The traditional method was used the digital microscope to measure
the winding angle on filament wound CFRP tubes. The proposed system
adopted real-time measurement system data to measure the winding
angle during the winding process. Here, ten measurement data of each
winding angle on two methods were collected and analyzed. Fig. 10 il-
lustrates the results of comparative error value about winding angle on
traditional and real-time measurement system data. It was shown that
the real-time measurement data from the system provided a 0.45+0.02
comparative error value than the targeted winding angle. Moreover, it
was observed that the real-time measurement data from the system was
much more accurate in winding angle measurement results than the
traditional measurement method. In addition, it was highlighted that the
winding angle measurement accuracy from the system provided stable
data on +45°, +60°, and +75° winding angles.

In addition, the advantages and disadvantages of the two methods
were discussed and compared. The traditional method used the pro-
tractor or digital microscope equipment to assess the winding angle,
which was measured on the surface of filament-wound composite
products. There are several disadvantages or inconveniences to the
traditional method, such as labor costs, examination area (usually only
outside surface), high indirect measurement error, and interlayer ex-
amination issues. The real-time measurement method was non-contact,
according to the real-time visual image. There are many advantages to
the real-time measurement method, such as cost saving, each layer ex-
amination, automatic measurement, high measurement efficiency,
range, etc. Some potential issues or disadvantages of the real-time
measurement method are mentioned according to the authors’ experi-
ence. The system may not capture the visual image to provide the
measurement data for high mandrel rotation speed. For the wet winding
process, the resin and the surface condition of the mandrel may reduce
the measurement accuracy of this system.

3.3. Result of burn-out test on CFRP tubes

Burn-out test results of CFRP tubes were obtained, and average fiber
weight fraction results were used to evaluate the overall quality of the
composite tube. It was found that the average fiber mass fraction was
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Fig. 8. Results of visual images in the real-time winding angle measurement system.

| —

Fig. 9. Schematic diagram and measurement procedure of the contiguous tow distance on +45°, +£60°, and +75 winding angles under the winding process.

39.93%-+ 0.03 for +45° winding angle, 40.63%=+ 0.02 for +£60° winding
angle, and 46.77% =+ 0.01 for +75° winding angle. The fiber mass
fraction value of composite tubes ranged from 39.93% to 46.77%.

3.4. Result of CFRP tube under radial and axial loading

Load versus displacement curves of CFRP tubes with +45°, +60°,
and +75° winding angles under radial and axial compression were
plotted in Fig. 11. It was found that peak crushing loading increased
under radial compression with increasing winding angle, as shown in
Fig. 11(a). It was attributed that the closer the winding angle to the
loading direction, the higher the peak crushing load occurred [37,38].
For the [+£60°] and [+75°] specimens, the loading reached the peak
crushing load with a similar deflection of around 13 mm, which pro-
vided a more linear-elastic behavior. Then, two minor peaks were
observed due to the delamination [18,38]. Meanwhile, the high
non-linearity was plotted, which was associated with the lateral
deflection and bending of the composite tube.

Second path

Fiber tow

First path

Contiguous tow distance

Mandrel

Fig. 11(b) plots composite tube load versus displacement curves
under axial compression. It was obtained that the [+45°] specimen had
the maximum peak crushing loading. The closer the winding angle is to
the loading direction, the higher the maximum peak load achieved [37].
It was observed that unstable local buckling deformation in the
thin-walled tube wall and some transverse cracks, fiber fracture out-
wards, and fragments were initiated and propagated under the plastic
deformation stage. It was highlighted that the initial cracks paralleled
the winding angle following the axial loading direction, which agreed
with other similar findings [7,37,38].

Furthermore, nominal stress versus nominal strain curves of CFRP
tubes stress versus strain curves of CFRP tubes under radial and axial
compression are shown in Fig. 12. For radial compression, the [+75°]
specimen obtained the maximum nominal stress value of 0.31 MPa,
which was 1.72 times compared to the [+45°] specimen with 0.18 MPa.
For axial compression, the [+45°] specimen provided the maximum
nominal stress value of 69.83 MPa, which was 1.25 times that of to
[+75°] specimen with 55.74 MPa. The result revealed the opposite
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maximum and minimum nominal stress on +45° and +75° winding
angles, which was attributed to the loading direction (radial and axial
directions).

Damage behavior of the CFRP tube under radial and axial
compression loading is illustrated in Fig. 13, which is analyzed in the
crushing failure mode under two compression directions. Fig. 13(a)
shows the photographs of the CFRP tube under axial compression. The
unstable buckling deformation and a few cracks were observed in the
thin wall. Then, some cracks and outwards fronds were initiated and
propagated, which was mainly due to fiber fracture, matrix damage,
transverse shearing, and friction between the tubular wall and the
crosshead. Fig. 13(b) records the photographs of the CFRP tube under
radial compression. Delamination was mainly observed on the thin-
walled CFRP tube under radial loading. The CFRP specimens with
three winding angles exhibited longitudinal fracture lines, in which the
first two fracture lines originated around the two boundary contact lines
between the wall and rigid platens. Interestingly, it was found that the
fracture line was located at a 90° phase angle, which agreed with other
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research findings [38,18].

3.5. Effect of winding angle on filament wound CFRP tube

Several important parameters are studied and analyzed under radial
and axial compression to investigate the effect of winding angle on
filament wound CFRP tube. Fig. 14 plots the Fyeqn and Fpeqx of CFRP
tubes with three winding angles. For radial compression, it was shown
that with increasing the winding angle, Fieqn and Fpeqc exhibited an
increasing trend, as illustrated in Fig. 14(a). The maximum Fyeqn and
Fpeak appeared at [+75°] specimen, which was 0.354+0.03 kN and 0.69
+0.05 KN. Fpeqn and Fyeqr exhibited a decreasing trend for axial
compression with increased winding angles, as shown in Fig. 14(b).
Therefore, the maximum Fyeqn and Fpeqx Were obtained at +75° winding
angle, which was 4.41+0.48 kN and 10.63+0.51 kN.

Moreover, the compressive strength and modulus of CFRP tubes with
three winding angles are depicted in Fig. 15. For radial compression, it
was revealed that increasing the winding angle, compressive strength,
and modulus had an increasing trend. The maximum compressive
strength and modulus were 0.314+0.02 MPa and 1.09+0.05 MPa. For
axial compression, the decreasing trend was observed as increasing the
winding angle, as shown in Fig. 15(b). Here, the maximum compressive
strength and modulus were 69.83+3.23 MPa and 1745.75+150.17 MPa
at a £45° winding angle, which was 1.25 times higher than the mini-
mum compressive strength and modulus (55.77+5.46 MPa and 1394.25
+50.32 MPa) at +75° winding angle.

Here, it is essential to study the effect of winding angle on EA and
SEA under radial and axial compression. Fig. 16 illustrates the EA and
SEA of CFRP tubes with three winding angles. For radial compression,
the maximum EA and SEA were 12.51 J and 1.32 kJ/kg at +75° winding
angle, which improved 1.37 times than the above two parameters at
+45° winding angle. For axial compression, it was shown a decreasing
trend on EA and SEA from +45° to +£75° winding angle. It was obtained
that the maximum EA and SEA were 176.65 J and 18.58 kJ/kg at +45°
winding angle. Fig. 17 presents the CFE of CFRP tubes with three
winding angles. Interestingly, it was shown that as increasing the
winding angle, the CFE decreased on radial and axial loadings [38].
Therefore, the maximum CFE were 0.62 and 0.41 on radial and axial
compression at +£45° winding angle. It was shown that the thin-walled
CFRP tube could provide much better energy absorption under axial
compression direction than in radial compression direction. It is worth
noting that the winding angle of filament wound composite tube is

b

——- 75°
JR— _:t600

Load (kN)

Displacement (mm)

Fig. 11. Load versus displacement curves of CFRP tubes with +£45°, £60°, and +75° winding angles: (a) radial compression; (b) axial compression.
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significantly considered.
4. Conclusion

The real-time winding angle measurement system was developed,
tested, and integrated with the laboratory scale 3-axis winding machine.
The experimental study of thin-walled CFRP tubes was conducted under
radial and axial compression, which investigated the effect of winding
angle. Within the limitation of this study, the following conclusions can
be drawn:

The real-time winding angle measurement system embedded with
the 3-axis winding machine was successfully developed, assembled, and
tested. Raspberry Pi 3B+ and Arducam 5MP OV5647 camera adopted
the winding angle measurement system, which provided open-source
software. Experimental tests of the real-time measurement system
were detected, and the contiguous tow distance was measured with
three winding angles under the dry winding process.

It was shown that the real-time measurement data from the system

provided a 0.45+0.02 comparative error value than the targeted
winding angle. It was observed that the real-time measurement data
from the system was much more accurate in winding angle measurement
results than the traditional measurement method.

For the burn-out test of the CFRP tube, the fiber mass fraction value
of the CFRP tube ranged from 39.93% to 46.77%.

For the radial and axial compression test of CFRP, it was found that
with increasing winding angle, peak crushing loading increased under
radial compression. It was highlighted that the initial cracks paralleled
the winding angle following the axial loading direction.

For the effect of winding angle on filament wound CFRP tube, it was
shown that with increasing the winding angle, Fyeqn and Fpeqx exhibited
the increasing trend under radial compression. For radial compression,
the maximum EA and SEA were 12.51 J and 1.32 kJ/kg at £75° winding
angle, which improved 1.37 times than the above two parameters at
+45° winding angle.
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