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Abstract

Filament winding process has increasingly developed on machine development, which brings a new era
of filament winding process. This paper briefly reviews the winding machine development trends of the
filament winding process, which includes a historical overview of filament winding, classification type
and filament winding patterns and methods. Moreover, a SWOT (Strength, Weakness, Opportunity, and
Threat) analysis of filament winding is studied. Furthermore, industrial filament winding machines on
the goal post and bed types are compared and discussed.
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Abbreviations: RFW: Robotic Filament Winding; VARTM: Vacuum-Assisted Resin Transfer Molding;
RTM: Resin Transfer Molding

Introduction

Filament winding is an automated method to fabricate composite structures/ products by
winding filaments or fibers over a rotating supporting form/mandrel with controlled tension
[1]. Filament winding is used to manufacture various products [2,3], such as pipes [4], drive
shafts, pressure vessels [5], rocket motor cases [6] and launch tubes. Numerous filament
winding machines are commonly used to produce components based on two classical axes
or high axes filament winders. The filament winding process has evolved from a classical
lathe-type machine towards winding with several degrees of freedom using more complex
equipment in the last 20 years. With the development of this process, the filament winding
machine design structure has developed to allow higher degrees of freedom for more complex
mandrel shapes and winding patterns. Many control systems have been chosen to control the
machine with the proper, simple, and inexpensive system [7-11]. For example, Mutasher et al.
[12] have proposed a computer-generated hardware configuration for automated composite
fiber with a 2-axis filament winding machine with PIC 18F452 microcontroller [12]. Moreover,
Koussios et al. [13] indicated that the surface quality of the mandrel and the type of winding
process considerably affected the obtained data through a CNC-controlled lathe-configured
filament winding machine [13].

Moreover, Vargas et al. [14] have observed a unified approach of filament winding applied
to complex shape mandrels, which has a Cartesian robot with three linear axes filament
winding machine with the hollow mandrel [14]. Trinankur et al. [15] have carried out a
2-axis prototype filament winding machine with a simplified fiber winding angle and tension
control system, which is controlled using a PLC control system [15]. Rejab et al. [16] have
performed the 4-axis filament winding machine and modification controlled manually, in
which related motors are controlled separately [16]. It is better to adopt automated control
system to replace the manual operation. Misri et al. [17] have carried out the filament winding
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process by pulling the kenaf yarn through a resin bath using a 2-axis
filament winding machine [17].

Furthermore, Abdalla et al. [8] have proposed a low-cost
filament winding machine with a control system circuit, but the
final fabrication specimens need to improve product quality [8].
Jian et al. [18] have provided a control system of mechatronics
for the spindle drive of a winding machine, including a controller,
rotating speed sensor, frequency converter, contact roller, package,
and spindle driver motor. It can provide essential technology for
high-speed winding machines about the core module in practical
applications [18].

Transverse
motion

The pay-out eye

Comb device

Tension device

Fiber spools

Resin bath

History overview of filament winding

The first composite parts made by the filament winding
process for the aerospace industry were fabricated in the late
1940s. Filament wound structures primarily consist of carbon
fiber used in conjunction with two types of resin systems, including
thermoplastic and thermosetting resins. Other factors also affect
tooling material selection, which refers to a resin system, machine
accuracy, type of winding machine available, delivery system,
carriage system, tension system, the temperature required for the
curing process, and cure time. Figure 1 illustrates the schematic
diagram of the filament winding process for filament-wound
composite pipes.

~

Mandrel
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Figure 1: Schematic diagram of filament winding process for filament-wound composite pipes.

Filament winding technique development trend is shown
in Figure 2, which evolves from a traditional 2-axis filament
winding machine to a robotic filament winding (RFW) machine.
Furthermore, an automated CNG tank production line is developed,

Tradition filament winding machine

| 2-axis

B B . & |
~ FILAMENT WINDING MACHINE DEVELOPMENT TRENDS

Figure 2: Filament winding machine development trends.
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Classification type of filament winding machine

Filament winding process manufacturing capability and
filament wound product performance mainly depends on filament
winding machine axes and type [19]. Filament winding machine
is categorized by their degrees of freedom with rotation and
linear movement. Multi-axial filament winding is the adequate
processing technology to produce composite products for medium
to high internal pressures at the serial industrial level [20,21]. This

providing multi-axis motions. From history overview and evolution
trend, filament winding has been developed in winding machine
capability and automation winding control system.

Robotic filament winding  Auwtomated filament winding

machine process line

| Multi-cocis | Mudti-axis

manufacturing technology provides a simulation process with
cylindrical vessels and domes and can use non-geodesic optimized
fiber patterns in the composite laminate layers with different
winding angles.

The classical filament winding machine needs the minimum
degrees of freedom with two axes: the mandrel’s rotation and
the carriage unit’s horizontal movement. The delivery eye (or the
pay-out eye) can be integrated in the horizontal carriage unit in
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the two axes winder configuration. Other degrees of freedom can
be added in the additional movement of the delivery eye, like the
vertical axis, the pay-out or feed-eye rotation, and the yaw axis.
The maximum available number of axes on a filament winder are
seven [22,23], which can be commonly implemented in filament
winding industrial robots. Multi-axial filament winding systems
offer the equipment manufacturing capacity to fabricate parts with
up to two axes of motion control to produce higher-performance
and non-symmetrical products (Figure 3). Machine axes with six
numerical controlled motions are summarized in Table 1, which
can have available are

a) Spindle or mandrel (Axis A).

b)  The pay-out eye or the feed-eye rotation (Axis B).
c) Yaw axis (Axis C).

d) Carriage linear motion (Axis X).

e) Cross carriage linear motion (Axis Y); Vertical linear
motion (Axis Z).

The pay-out
eye device

Mandrel

Figure 3: Axes motion definition of filament winding
machine [23].

Table 1: Numerical controlled axes of filament winding
machine.

Axes Motion X Y Z A B C
2NC < <
3NC < < <
4NC < < < <
5NC % 23 % % N
6 NC < < < <> < <

Note: X, Y, and Z are linear motions; A, B, and C are
rotation motions.

Filament winding patterns and methods

The filament winding process can use a continuous length of
fiber strands/rovings, which provides three winding patterns: hoop
(circumferential), helical and polar winding, as shown in Figure 4.
It is commonly known as hoop winding or circumferential winding.
The hoop winding is a high winding angle that can approach almost
90 degrees. Each mandrel rotation can adjust the band delivery by
the total bandwidth of the mandrel circumference.

I3

=

)]

Figure 4: Schematic representation of three winding
patterns: (a) hoop winding, (b) helical winding, (c) polar
winding [7].

Filament winding is commonly used as helical winding, in
which the mandrel rotates at constant revolutions per minute
value. The fiber feed carriage (or the pay-out eye) transverses back
and forth at a regulated linear speed. It can generate the desired
helical winding angle. In a polar winding pattern, fiber can pass
tangentially to the polar point at the end of the arm, then reverses
the winding direction and passes tangentially to the opposite
side of the polar point at the other end of the arm. Fibers can be
wrapped from the pole point to another pole point as the mandrel
arm rotates around the longitudinal axis. It is typically used to wind
axial fibers on domes and end pressure vessels.

There are two different winding methods, wet and dry
winding. Wet winding is fibers that can pass through the resin bath
and wound on a rotating mandrel. The low-cost resin system is
generally selected in commercial applications with polyester and
epoxy resins. Moreover, the resin content can be affected by several
specifications, such as resin viscosity, the nip-roller device, winding
tension, and the number of layers. Dry winding, in which the pre-
impregnated fiber tows are wound on the rotation mandrel. The
pre-impregnated creels provide high quality and reproducibility
in resin content, uniformity, and product performance. Related
parameters can be well determined in the filament winding process.
Compared to wet winding, there will be an unlimited selection of
fiber and resin types [24].

SWOT analysis of filament winding

SWOT (strength, weakness, opportunity, and threat) analysis
of the filament winding technique is provided in Figure 5. The
strengths and weaknesses of filament winding are compared with
other composite fabrication methods, such as hand layup, vacuum-
assisted resin transfer molding (VARTM), resin transfer molding
(RTM), and compression molding [25]. Opportunities and threats
of filament winding are discussed.
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Goal post and bed machine type filament winding

machine

It is noted that there are two main types of machines
commercially used for most composite material advanced
applications. One type is the overhead beam machine structure
(named a goal post machine), which provides an overhead beam as

a

Enlarge application
fields

Embedded with other
fabrication process
Reduce filament
wound product costs
Clean wet-winding
process

Automated robotic
winding production
line

1 Other accessories
equipment

O O O O d

Figure 5: SWOT analysis of filament winding.

the main machine foundation; another type is the bed type machine,
which has a horizontal slide or packs series to move the carriage
unit [26]. Figure 6 illustrates the goal post and bed machine type
filament winding machine. Each machine type has its advantages
and disadvantages. The advantage and disadvantages of the two
machine types have summarized in Table 2.

Figure 6: Goal post and bed machine type filament winding machine: (a) multi-axis filament winding machine; (b)
MAW20 MS 4/5 winding machine (Source: https://archive.mikrosam.com).
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Table 2: Advantage and disadvantage comparison results between the goal post and bed machine type.

Advantage/Disadvantage Goal post machine type Bed machine type
1. The main mechanical components are above the 1. It has good access via an overhead crane chuck.
winding process, which can have a longer service life. 2. It is suitable for large mandrel diameter and long
2. The resin type cannot become contaminated with mandrel length.
the main components. 3. There is no machine length limitation based on this
Advantage 3. The mandrel can be fixed from both sides. type of machine being bolted on the ground.
4. The machine size is better suitable for machine 4. It is well proper for large numbers of tensioned rovings.
structures up to about 8m long. 5. It is possible to take a carriage unit with the fiber creel
5. The resin bath and fiber rovings can be mounted on unit.
the floor behind the machine. 6. It can reduce the machine’s overall working area space.
1. The beam needs to have high precision and high 1. Access to the mandrel for a trolley or forklift can
Disadvantage stiffness requirements. merely be from the machine’s front direction
2. The beam can cause vibration, which can restrict the 2. It should make the extra design to ensure mechanical
machine’s operation and mandrel speed. parts, which cannot get contaminated with resin.
Conclusion 3. Quanjin M, Sahat IM, Merzuki MNM, Hassan SA, Zhang B, et al. (2019)

Filament winding has been interpreted and discussed to
fabricate many different types of filament wound products based on
its strengths. It is a cost-effective automated manufacturing process
in composite materials in specific patterns. However, the filament
winding manufacturing method is still an immature process that
can be developed in the composite materials field. It has enormous
potential to fabricate many different axisymmetric products. The
filament winding machine mainly depends on the winding process
capability, which has been developed from classical 2 axes to 6
axes filament winding machine. With the evolution of computer
numerical control system and software system, filament winding
software system has capitalized on the inherent flexibility of
computer numerical controlled winding machines and enhanced
their productivity. The robotic filament winding process has been
used in filament winding with its high efficiency, high productivity,
stable control system, and mature technology, which provides high-
fiber volume fraction filament wound products.
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