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OPTIMIZATION OF AUTOMATED PRODUCTION LINE
FOR NANO-COATED FILTER MEDIA

Tay Kay Vooi!, Lim Joo Eng?*, Mum Wai Yip?, Choon Lih Hoo*,
Prabhu Rajamamundi’

Abstract — Nano-coated filters is crucial
in preventing the spread of airborne viruses
like COVID-19, influenza, and other respiratory
viruses. Nano-coatings with antiviral properties
significantly enhance the filter’s ability to cap-
ture and deactivate these pathogens, providing
essential protection in high-risk environments
such as hospitals, public transportation, and in-
door spaces. This study focuses on developing
a streamlined production system that integrates
nano-coating directly onto filter media fabrics,
addressing inefficiencies and high costs associ-
ated with the current separate nano-coating pro-
cess. The proposed system features four process
stations: unwinding the fabric, spraying nano-
liquid, drying, and rewinding the fabric. The
integrated system ensures uniform application of
the nano-coating through rollers and fine atomi-
sation nozzles. The drying process using infrared
radiation and heated air with thermocouples
provides even heating and effective bonding of
the coating. The rewinding process, supported
by web guiding, load cells, and feedback signals,
maintains proper fabric alignment and tension,
ensuring accurate spooling. The cast iron EN9-
made structure supports filter materials ranging
from 5 kg to 9 kg in weight. The system is powered
by a servo motor with 31.75 Nm torque and speed
of 111.4 revolution/minute, and a pump operates
at 60 psi with 4.4 x 1077 m®/s flowrate and 6.7
W power. The 13.5 kW curing oven maintains a
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temperature range of 75°C-80°C for 45 seconds.
The automation and integration of these pro-
cesses into a single continuous production line
contribute to the development of more efficient,
scalable production methods, and enhance the
consistency of producing high-quality filtration
materials.

Keywords: airborne micro-droplet, antiviral
filter, infrared, integrated production line for
nano-coated filter, roll-to-roll web, spray-dried.

I. INTRODUCTION

Air filters are simple, flexible devices that
clean the air by trapping particles, including
airborne viruses. Filter media varies based on
the application and efficiency requirements, with
common materials including fiberglass, used in
high-efficiency particulate air (HEPA) filters for
small particles and volatile organic compound
(VOC) removal, as well as polyester, polypropy-
lene, cellulose, and nylon. Research shows that
hydrophobic nanoparticle coatings can block
water-based micro-droplets carrying viruses [1].
Studies in New York City have proven their
effectiveness in capturing COVID-19 droplets
without affecting airflow [2, 3]. Nano-coated
filters improve filtration efficiency by capturing
ultrafine particles, including viruses and bacteria.
The coating enhances performance, preventing
fouling and resisting microbial growth. It also
adds antimicrobial properties and durability, mak-
ing it ideal for air purification, water treatment,
and biomedical devices [4—10]. This research
collaborates with a company specializing in fil-
ter manufacturing and innovation. The company,
which produces fiberglass, polyester, nylon, and
HEPA filters, plans to launch nano-coated fil-
ters in response to the high demand caused by
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COVID-19, without needing major facility up-
grades. The nano-coating process involves spray-
ing with nano-liquid, followed by curing. The
necessary steps are unwinding, spraying, curing,
and rewinding the filter media. The aim is to de-
sign an integrated production line with these four
stations, customized to meet the company’s needs
and facilitate industry adoption. Success will
provide the company with a system for manu-
facturing nano-coated filters. Implementing these
filters in heating, ventilation, and air-conditioning
(HVAC) systems will significantly reduce the risk
of virus exposure, including COVID-19. Addi-
tionally, nano-coated filters will enhance the per-
formance of face masks and respiratory devices.

II. LITERATURE REVIEW

A critical analysis of previous research on the
development and application of nanotechnology
in manufacturing, specifically in the production
of spray-dried nanoparticles on substrates, pri-
marily focuses on the development and evalua-
tion of effective nano-coatings. However, most
studies do not address the integrating of nano-
coating applications within an industrial pro-
duction line [11-14]. Typically, the processes
of coating, drying, and curing are carried out
manually in multiple stages, which increases the
risk of contamination, inconsistencies in coating
thickness, and production delays. Although nano-
spray drying technology has proven effective
for nanoparticle production, future studies must
address the commercial demands of industrial-
scale production [11]. Research highlights the
potential of nano spray drying in manufacturing
polymeric nanoparticles, but scaling up this pro-
cess remains challenging [14]. The development
of fully integrated systems including workpiece
handling, in-process sensing, and control mecha-
nisms, will enhance the practical applications of
nano-manufacturing [14]. This study aims to ad-
dress these gaps by employing roll-to-roll (R2R)
manufacturing technology to design and integrate
a production line for nano-coated fabric filters.
Streamlining the process into a single, continu-
ous production line will directly respond to the
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need for more efficient and scalable production
methods.

A. Web roll-to-roll system and theories

Web R2R technology applies to manufacturing
processes that involve roller-transported material
such as papers, films, foils, fabrics, nonwovens,
textiles, or any thin, continuous material. It is
a cost-effective mass-production method com-
monly used in industries like textile printing,
packaging, electronics, and adhesive tapes. The
process involves a continuous roll or strip of flex-
ible material, called a web, that moves through
rollers for various operations. In a typical setup,
as shown in Figure 1, the web is unwound,
processed through several steps depending on the
application requirements, and then rewound onto
the coil.

Fig. 1: Typical R2R setup and its system
components (R2R manufacturing for flexible
display)

The R2R systems consist of several subsys-
tems: the unwinder unit, load cell unit, guide unit,
and rewinder unit. The unwinder unit unwinds the
web material and provides pulling tension from
the rewinder unit. The load cell unit provides
constant tension feedback. The guide unit guides
and corrects the web’s lateral motion. Finally,
the rewinder unit rewinds the web material into
a coil. The system typically involves placing
the web onto an unwind roll, with reverse ten-
sion often coupled to a motor or friction belt.
Passive rollers monitor tension and speed while
dampening [15, 16]. Key components include a
guide mechanism, actuator (brakes and motors),
sensors, a web tension detector, and a controller,
as shown in Figure 2. The guide mechanism
moves the web, positioned at different locations
of a R2R machine that requires web alignment,
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and terminal web guides are used at the machine
entry or exit points [17-20]. The unwinder is
supported at both ends to reduce bending. A
ball bearing inside the supporter allows shaft
rotation, while passive coil guides prevent excess
lateral motion. Guides have set screws to fix
their position on the shaft, and the inner sides
fit through the coil to secure and unwind it. A
housing bolted to the back plate enables rotation,
and a shaft coupling connects the shaft to the
brake, with the brake housing supporting the
shaft. The rewinder unit such as the unwinder,
consists of a supporter, coil guide, and back
plate. It uses a torque motor to maintain constant
tension during rewinding, with a motor coupling
connecting the torque motor to the shaft.
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Fig. 2: A web guide at unwinding and
rewinding side (R2R technologies)

B. Basis web handling principles

Web handling requires precision to prevent
lateral motion, wrinkling, and breakage. Web
guides align the material perpendicularly to the
roller’s axis according to the ‘Normal entry law’,
see Figure 3.

Normal Entry Law
The web will seek normal entry (right £ to roller axis) at the point of contact.
Direction Right Angle m

l—"ﬂ of Travel \ '
| -
I

Upstream
Roller

il

Downstream
Roller

Fig. 3: Principles of ‘Normal entry law’
(R2R technologies)
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Additionally, tension, nip, and torque (TNT)
are key winding concepts used to optimize roll
structure, ensuring correct hardness and without
flaw. Tension, regulated by surface drive, man-
ages the winding web for slitting and spreading.
Nip, controlled by lay-on roll loading, pertains
to the pressure rolls, while torque, generated by
the center drive (or torque drum), influences the
roll’s internal structure [18, 21].

Rollers

Rollers are essential in R2R systems for mov-
ing web material. They can be cylindrical or
chamfered to influence web behaviour. They im-
pact machine performance by changing the web’s
path, tension, and wrinkle risk. The number of
rollers depends on the unsupported span of the
web, which varies with its width and thickness.
Too long a span can cause sagging or vibration,
while too short can lead to alignment issues.
Proper roller sizing follows the specific formula
that recommends a length-to-diameter ratio roller
not exceeding 16 [22], see Equation (1), where
R is the ratio value, L is roller length, D is the
roller diameter.

Unwind, rewind and control

The raw web is unwound from a coil, pro-
cessed, and then rewound into a coil for inven-
tory. The main winding types are centered surface
and turret wind. Turret winding is useful for soft
rolls like webs and films. It consists of two center
winds with a pivot for dual directions winding
and can index an empty core into place once the
previous roll is finished for continuous operation
[18, 23-26], as shown in Figure 4.

Web guides and position control

Lateral motion is managed with web guides
to keep the web and roller aligned. There are
two main types: passive and active guides. Pas-
sive guides, like edge and surface guides, use
mechanical isolation to control the web’s lateral
movement. Active guides, such as displacement
and steering guides, use servo actuators based
on sensor measurement to actively keep the web
centered [18, 23-26], as shown in Figure 5.



Tay Kay Vooi, Lim Joo Eng, Mum Wai Yip et al.

Conterwind #1
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Canterwind #2

Fig. 4: Turret centre winding [23]
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Fig. 5: Guide mechanism [25]

The winding process is key to production
speed as it controls the pulling resistance on the
web. The material’s line speed isn’t equal to the
winding motor’s rpm. As the material winds and
the coil diameter increases, keeping the motor’s
rpm constant will increase surface speed. To keep
line speed constant, the winding motor must ad-
just speed as the coil diameter changes, showing
an inverse relationship between the motor’s rpm
and coil radius. Most processes need constant line
speed during steady running, requiring a winding
controller with linear velocity matching. Main-
taining constant web tension is also necessary.
Tension equals torque divided by coil radius, so
if tension is constant, torque must increase as
the radius increases. The winder motor can be
controlled to regulate fixed current and provide
enough torque as the coil radius increases, thus
maintaining constant tension. An unwind side
lay (simple, moves roll) or displacement guide
(complex, small actuators, no roll movement) was
used to correct offset layers. displacement guides
(easy, compact) or steering guides (best for large
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spans) were used for intermediate processing. A
winder side lay guide (easiest) or a displacement
guide before the winder was used for winding
[27].

Web tension and control

Web tension is the force applied along the
length of the web material, measured as force
per unit width. There are three main control
zones: unwind, process (nip), and rewind, each
with different tension control needs. The goal
is to keep tension steady and below the web’s
elastic limit to avoid damage. As a roll’s diameter
changes, torque must be adjusted to maintain
proper tension, which is typically managed by
adjusting torque relative to the roll diameter
[28-30], see Figure 6. Three common mecha-
nisms for measuring web tension are the dancer,
load cell, and accumulator. Load cells are appli-
cable, it uses sensors to convert tension into an
electrical signal. It often includes a strain gauge
in a Wheatstone bridge, which changes resistance
when force is applied. This change is measured
and converted into a signal that the controller
uses to adjust the winding speed and keep the
tension constant within 10% of the set point [23,
28, 31-33].

P, . - /
B e (n-os)
’/ m femmion = T

Fig. 6: Web tension and formula
(Web Tension Control Basics)

Motor

A direct current (DC) servo motor delivers
controlled speed and position. Servo motors
maintain consistent tension by adjusting torque
based on reel diameter. While vector control
inverters offer more stable rotational speed and
smoother torque transitions, they may be less
accurate than alternating current (AC) servo mo-
tors. Equations (2) to (4) are used to determine
the size of the motor with the maximum and
minimum torque (7)) in Nm, tension (F) in N,
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and web diameter (D) in m. The maximum and
minimum rotational speed (N) in rpm, line speed
(V) in m/s, and the motor capacity (P) in W.

Dma:: . DIII"E
Tnax = 3 X Fpaxi Tmin = 2 XFmnin @
V G
Nopax = _m.ax__: Ny, = — 28— (3)
X D??!iﬂ. X Dmﬂnk'
p = 00167 Vo (4)
D?Hﬂx
Brakes/clutches

Air brakes use compressed air to operate drum
or disc brakes or both. It uses air to push a
friction plate, providing higher torque and heat
capacity and making it ideal for winding and un-
winding applications. An electro-pneumatic con-
verter can be used to drive a tension controller
as shown in Figure 7 [34]. Equations (3) to (4)
are also used for selection of brakes.

Fig. 7: Air brakes [34]

C. Spraying/coating technologies

Solution-based methods are used to deposit
nanomaterials onto a substrate for films of
varying thicknesses, by layer-by-layer deposition.
Spray coating is popular for its simplicity and low
cost. In this method, nanoparticles are sprayed
onto a substrate to create transparent films at
room temperature. Nanoparticles are dispersed in
the matrix at the nanoscale, achieving coatings
typically under 100 nm thick. The nanomate-
rial mass fraction ranges from 3% to 7% [35].
After application, the coating often undergoes
curing. To achieve high-quality spray perfor-
mance, selecting the appropriate spray nozzle and
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flow control equipment like a pump is essential.
A complete spraying system typically includes
nozzles, pipes, valves, pressure regulators, fil-
ters, pumps, control valves, sensors, variable fre-
quency drives (VFDs), switches, relays, electrical
hardware, and a structural frame [36]. Uniform
coating on fabric is achieved by producing even
spray lines along the target areas, considering
spray angle and nozzle spacing. Flat fan nozzles
may not be perfect even due to soft pattern
edges and a tapering effect, resulting in lower
spray distribution. To compensate, sprays can
be overlapped to ensure a more equal coating.
However, care must be taken to avoid collision
between overlapping sprays, which can cause
droplet agglomeration and reduced uniformity.
Therefore, it is common to slant each spray
nozzle to prevent contact between sprays [37].
Whereas spray coverage is the area a nozzle
covered at a specific location, determined by the
nozzle’s spray angle and the distance between
the nozzle to the material [37]. It is influenced
by five variables: spray angle (A), actual spray
coverage (B), effective spray angle (C), distance
from nozzle/height (D), and theoretical spray
coverage (E), as shown in Figure 8.

Fig. 8: Slanted position [33]
& spray coverage [36]

Nozzles are either hydraulic or air atomising,
with air atomising nozzles available in siphon-
fed, external mix, and internal mix designs. Full
cone and mist patterns are suitable for even
coating and consistently without exerting high
pressure onto the web [36]. A summary of the
description is shown in Table 1.

The high-volume low-pressure spray gun, suit-
able for dispersing nanomaterials onto fabric,
operates within a limited air pressure range to
achieve low velocity patterns, good finish, and
high transfer efficiency [38]. It uses a liquid
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Table 1: Spray pattern types

Spray pattern Description

Full Cone Provide uniform flmid coverage over a
specific area but quickly turns to mist.
The nozzles aim to maintain the full
a»> .
cone pattern as long as possible.
Mist Spray patterns become mist, used for

cooling, moistening, or humidifying,
with mist nozzles creating small
droplets at low flow velocity.

pressure feed tank for medium to large-scale jobs,
with air pressure for atomisation and the fluid
amount is controlled by a regulator at the air
source.

Pump power

Equation (5) to Equation (12) are used to
calculate the required power for pumping and
spraying the nanoparticles liquid onto the filter
[39].

a) Volumetric flow rate:

o(n’ [5) = AU (5)

where A is the nozzle cross-sectional area (m?)
and U is the flow velocity (m/s)
b) Reynold number:

e=pUd/u (6)

where p is the fluid density (kg/m?®), U is
the fluid velocity (m/s), d is the pipe diameter
(m) and u is the dynamic viscosity of the fluid
(N/m?).

c¢) Darcy friction factor, a dimensionless term
for the friction loss due to fluid flow in a pipe
1s,

+ For laminar flow:

f=16/Re (7)

+ For turbulent flow:

f =0.079 / Re* ®)

d) Headloss in a pipeline:

hy(m) = (4f1/d)(U*/2g) 9)

where d is the pipe diameter (m), [ is the pipe
length (m), U is the fluid velocity (m/s) and g is
the gravity acceleration (m/s?).
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e) With K as the loss coefficient, the losses
due to pipe fitting and bends,

hy =K(U?/2g) (10)

f) Bernoulli equation:

P U _ P, U
;;+gg+31 = ot T2 +Xhe (11

where d is for pressure (Pa), p is the density
of the fluid (kg/m3), Z is the height of the fluid
level (m), U1l and U2 are the initial and final
fluid velocity (m/s).

g) Pump power required:

P =pgh;Q (12)

D. Curing technologies for nano-liquid coating

The infrared ray method effectively cures
nanoparticles on filters using heaters set at
75-80°C. The drying area has aluminium-
covered inner walls to deflect infrared radia-
tion and asbestos-insulated outer walls. Ceramic
heaters, which emit long-wave infrared radiation,
are commonly used for various applications, in-
cluding curing, thermoforming, and drying.

Power input for infrared ray heater

The heat input parameter is determined using
the thermodynamic equilibrium approach, ensur-
ing that the heat emitted by the radiators, Q in
Joule, equals the total heat received and lost by
the material and chamber walls over time, as
detailed in Equations (13) to (19) [40].

0=01+0+03+04 (13)

where Q is the total amount of heat energy
of the system, Q; is the heat absorbed by the
material, O, is the heat absorbed for evaporation
of liquid, Qs is the heat absorbed by water vapour
for heating the chamber and Qj is heat lost from

walls of the heater.
01 =X(G1iC1i At) (14)

where Gy; is the mass flow rate of the filter
(kg/hr), Cy; is the specific heat of the filter
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(J/kg°C) and A\t is the temperature difference of
filter before and after drying [38].
Gii=vw(m/Ay) (15)

where v is line speed (m/s), W is the filter
width (m), m is filter mass (kg) and Ay is the
area of the filter (m?).

02 =XGaq' (16)

G2 is the mass flow rate of evaporated liquid
(kg/hr) and ¢ is heat of vaporization liquid
J/kg?C).

03 = GC3 At; (17)

where C3 is specific heat water vapour (J/kg’C)
and A, is temperature difference of the water
vapour from 100°C to the heater temperature
©0).

Qs = hA(t, —t,)"*° +5.67x10-*4e[(T)* — (1,)*]  (18)

where A, is convective heat transfer coefficient
(W/m?-.°C), A is the total outer surface area (m?),
t1 is surrounding temperature, e is emissivity of
the heater, #, is atmosphere temperature inside
the heater, 77 absolute temperature of surround-
ing and 7, absolute temperature of atmosphere
temperature inside the heater. T unit is (°C).

Finally, the heater power

P = QK,/3600K; (19)

where K is the voltage fluctuations correction

coefficient and K, is power reserve coefficient.

III. RESEARCH METHODS

A. Web coil and nano-solution specification

Table 2 lists the web material and nano-liquid
specified by industry requirements.
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Table 2: Web coil and nano-liquid requirements

Material Description Material Description

Thermal bonded
Web polyester fibre, Nano-liquid | Similar to
material | thickness from 8 viscosity water

mm to 25 mm.
Filter roll | Diameter 2 m x Curing 75°C to 80°C
size length 20 m temperature | for 45 s

For & mm fibre, 1.000 ml £
Filter roll | weightis 5to 6 kg | Nano-liquid | 7 13:1 or

- = 150 m? filter
weight For 25 mm fibre, usage
T area
weight 15 8 to 9 kg

B. Working principles of the system

The fabric roll is first fed through a series
of rollers that adjust its position and tension,
ensuring it spread out evenly without wrinkles. At
the spraying station, a system of nozzles applies
a finely atomise nano-coating onto the fabric
surface, with the amount and distribution of
the spray-controlled to ensure uniform coverage.
Next, the coated fabric enters a curing oven,
where it is exposed to controlled heat through
a combination of infrared radiation and heated
air. Finally, the cured fabric is wound back into
spools, using the same roller mechanism as in the
first station to ensure the fabric is wound evenly.

C. Design calculations

Web roller diameter
For a required roller length of 1.6 m, the roller
diameter, D should be 0.1 m or less.

1.6
D= 16 0.1m

Motor sizing

The force F ranges from 50 N to 100 N, the
web diameter ranges from 0.01 m to 0.635 m,
and the line speed ranges from 1.0 m/min to
3.5 m/min. Using Equation (2) to Equation (4),
the maximum 7},,,, and minimum torque 7},;, are
31.75 Nm and 0.25 Nm, respectively. The cor-
responding maximum and minimum rotational
speed are Nyq = 111.41 rpm and N, = 0.5
rpm.

The power requirement is calculated using the
following Equation (21).

(20)

P _ 0.016?(1000;23.5')(0.635] — 37116 W

@)
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Hence, the motor selection will be based on
the computed result.

Brake sizing

With the same approach, the following param-
eters can be round, T,,,,x = 31.75 Nm, T,,;;, = 0.25
Nm, Ny = 111.41 rpm, Ny, = 0.5 rpm and P
= 5.845 W. This leads to the brake selection.

Pump power

For every 150 m? of filter area, it requires
a nano-liquid of 1,000 ml. For a roll of 1.2 m
width, every meter length requires 8 x 1076 m?
amount of nano liquid. With this amount of nano
liquid and 4.416 x 10~7 m3 of nano required per
second, the line speed v ~ 3.5 m/min. For 45 s
of curing time, the heat zone length, L ~ 2.5 m.

Using Equations (5) to (12), for a nozzle
diameter 0.0762 mm, fluid velocity is,

y=Q_ e _o4omis (22)
A m(0.0762)° .
Re — £ud _ 2982(242)(00531) _ | 585106 (tyrbulent flow)
u 1,002x10-3 (23)
0,079 0,079
f=002_ 00 _ 7365x10-3 (24)
Res (1.28x108)8
From Bernoulli Equation (25);
2(4)(2.35x10-3)(0.225) .
Sh = 00531 +09+2(25)
+ 2(281) x24.2° (25)
4(2.35¢10-2)(0.15) | 4(2.35x10-2)(1.68)
0.0283 0.0283
2(9.81)

Hence, the pressure, P1 is 17.6 X 103 kPa
while the power is as Equation (26).

P = pgh:Q = 998.2(9.81)(1539.66)(4.416 x 10-7)
=6.66W (26)

The design constants and assumptions used for
the above calculations are: 1) Pipes are assumed
to be smooth; 2) Pump origin height set at 0 m;
3) Fluid has similar properties as water; 4) Initial
fluid velocity is 0 m/s; 5) Density of the fluid is
same as water; 6) Dynamic viscosity of the fluid
is 1.002 x 1073 kg/ms; 7) The inner diameter of
the larger pipe is 53.1 mm; 8) Larger pipe length
is 275 mm; 9) The inner diameter of the small
pipe is 28.3 mm; 10) Smaller pipe 1, length is
150 mm; 11) Smaller pipe 2, length is 1600 mm;
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12) Loss coefficient of 90°C elbow is 0.9; 13)
Loss coefficient of the valve is 50.

Selecting the spray nozzle with the lowest
specifications reduces power requirements, elim-
inating the need for a longer infrared ray heater
due to higher nano-liquid flow rate. As a result,
the pump pressure is about 17.6 x 103 kPa, and
the required power is 6.66 W.

Infrared ray heater power

For infrared ray heater power calculation, the
total heat energy needed includes the sum of four
components: 1) heat absorbed by filter (Q1); 2)
heat absorbed for evaporation of coating (Q2); 3)
heat absorbed by water vapor for chamber heating
(Q3); and 4) heat lost from walls of chamber
(Q4). Using Equations (13) to (19), filter mass
enters to heater zone per hour, Gy;, is

Gy; = (35m/minx 60)1.2mx (7kg /1.2m x 20 m)

= 73.5kg/ hour @27
Q, = 73.5 x 0.97 x (80 — 25) = 3921.23 kj/h  (28)
Y6, = 4416 x 10" m?/s =159 kg/h  (29)
Q, = 1.59(2536) = 4032.24kJ//h  (30)
Qs = G,C3At; = 1.59 x 1.996 x (100 — 80)
= 6347 kg/h 31)

Q. = 10(11,65)(80 — 25)125

+5.67(10-2)(11.65)(0.1)[(353)* — (298)*] (32)
=17954.1 kj /h

Thus, the total heat energy required Q and the
minimum power for heater P, to maintain its
required temperature is 25971.05 kJ/h and 13.5
kW, respectively. A factor of 1.25 is accounted
for uncovered areas losses and the infrared source
efficiency. The design constants and assumptions
[41-44] are C1; = 0.97 J/g°C, Cy; = 2536 kJ/kg ™!,
C; = 1.996 kI/kgK, h= 10 m*’K, e = 0.1, A =
11.65 m?, K; = 1, K» = 1.5, room temperature
= 25.0°C and boiling temperature of liquid =
100.0°C.

IV. RESULTS AND DISCUSSION

The 3D design, shown in Figure 9, includes
four stations: spreading filter media, spraying
nano-liquid, curing, and rolling up fabric. The
system is about 5.8 m long, 3.70 m wide, and
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1.4 m high, with a metal structure made from
EN9 carbon steel alloy, known for its hardness
and wear resistance.

Fig. 9: 3D model of complete system

A. Station 1 ‘Unwinding station’

The unwinder station is designed to unroll the
filter. The 3D model is shown in Figure 10 and
the main components are listed in Table 3.

Fig. 10: Unwinding station

Table 3: Component list for Station 1

No | Component | Qty | No | Component | Qty | No | Component | Qty

Unwinder Rotational Rollers

1 1] 35 219 2
frame rod

2 | Linear rod 4| 6 | Handwheel 4| 10 | Connectors 8
Locking Support Hydraulic

3 plate 1 2|7 stand | L chuck 4
Locking Support Pneumatic

4 plate 2 z| 8 stand 2 b2 brake 2

The unwinder includes two pneumatic brakes,
a hydraulic chuck for positioning and locking
filter. The frame, with a linear motion rod, pro-
vides rotating capability and allows continuous
loading of filter rolls. It features a locking plate
and handwheel for adjusting to different filter
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widths for its flexibility for different filter width
dimensions.

B. Station 2 ‘Coating station’

At this station, the filter is coated with nano
liquid sprayed by the nozzle located directly
above the filter. Its 3D model is shown in Figure
11 and the main components are listed in Table

Fig. 11: Coating station

Table 4: Component list for Station 2

No | Component | Qty | No | Component | Qty | No | Component | Qty
1 | Spray frame 1| 9 | Union2” 1| 17 | Elbow 2 1
Faucet
2 | Rollers 6| 10 | Elbow 1 2| 18 | socket, 15 6
mm
3 | Pipel. 1] 11 | Union 17 1] 19 | PYnozzle 6
25 mm
4 | Water pump 1|12 l;;pfri’u 2| 20 | Servo motor 1
5 Reducing 6l 13 Ball valve, 1l 21 Roller (T 1
Tee 25 mm control)
Valve Faucet
6 | socket, 2| 14 | socket, 1| 22 | Load cell 2
50 mm 25 mm
Ball valve Valve Ultrasonic
7 ’ 2| 15 | socket, 1] 23 1
20 mm edge sensor
25 mm
8 Is,ép;e]i; 3| 16 Is,f)pi; 2| 24 | Ubracket 1

The ‘PJ (pilot jet) Fine Atomisation Nozzle’ is
chosen with the following specifications: 20.3 cm
coverage, 90° spraying angle, mist spray pattern,
60 psi minimum pressure, and 4.416 x 1077 m3/s
minimum flow rate. Figure 12 shows spraying
coverage with the nozzle positioned at 10° slant
to achieve an even and consistent coating [34].

Once the operator starts the automated spray-
ing system, the nanofluid is pumped in and the
spraying process begins. The filter, fed from the
‘Unwinding station’, is positioned and guided
through the nozzle area by a motorized roller
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Fig. 12: Spray coverage and nozzle position

and monitored by a web tension load cell. The
motor then guides the filter to the ‘drying station’,
where an ultrasonic edge sensor detects and cor-
rects the filter’s alignment using a linear bearing
system at the ‘rewinder station’. Figure 13 shows
the sensor positioning and the well-positioned
rollers that guide the filter, respectively. The
installed servo motor serves as the first driving
unit of the line.
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Table 5: Component list for Station 3

No | Comp Qty [ No | Component | Qty | No [ Component | Qty

p | Heater 1| 4 | Heater lid 6| 7 Ak heater)
frame frame

5 Conveyor 2| s Ceramic 71 8 Air heater 1
rollers tube tube

3 | Thin section 1| 6 | Fan 2| 9 | Thermocouple 1

move the filter through the heating process, with
seven infrared ceramic bulbs spaced 30 cm apart.
Thermocouples are placed at the beginning and
end of the line ensure precise heat measurement,
as shown in Figure 15. Heater air is blown into
the infrared heater through six tunnels at the bot-
tom, with the air heater temperature continuously
monitored, as shown in Figure 16.

Fig. 13: Sensor position & roller position

C. Station 3 ‘Drying/Curing station’

The filter is cured in this station using a hybrid
infrared ray and heated air dryer. The 3D model
of the design is shown in Figure 14 and the main
components are listed in Table 5.

Fig. 14: Curing station

After the filter is coated, it enters the ‘Drying
station’ which uses a hybrid infrared ray and
heated air dryer to ensure even surface curing
without overheating. Motorized conveyor rollers
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Fig. 15: Thermocouple position

Fig. 16: Air heater with blower

D. Station 4 ‘Rewinding station’

Figure 17 is the 3D model of the rewinding
station and the main components are listed in
Table 6.

The ‘Rewinding station’ rewinds the filter back
to its original roll form after it exits the drying
station. It uses an ultrasonic sensor and rollers
equipped with web tension load cells to guide
the filter on a core on the air-expanding shaft.
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Fig. 17: Rewinding station

Table 6: Components list for Station 4

No | Component | Qty | No | Component | Qty | No | Comp Qty
1 Rewinder 1| 5 | Linearrod 6| 9 | Servo motor 1
frame
Safety Linear Hydraulic
2
~ | chuck z) 6 bearing 6|10 cylinder !
3 | Air shaft 1| 7 | Load cell 2| 11 | U bracket 1
4 Rewinder 1| 8 |Rollers 1| 12 | Edge sensor 1
base

The station includes a linear motion system with
a ‘shifting base’ mechanism and two ultrasonic
edge sensors for proper web alignment. These
sensors provide feedback to a controller that
adjusts alignment using linear bearing rods and
motors. The servo motor serves as the second
driving unit for the entire line. Figure 18 shows
the linear bearing and its rod and sensor posi-
tioning.

Fig. 18: Linear bearing rod & sensor position

In summary, a model of the automated pro-
duction line has been developed. The unwinding
and rewinding stations use rollers to guide the
filters. Load cells monitor web tension to control
winding speed, and the filter’s position is tracked
for alignment adjustment at the rewinding station.
The coating station uses fine atomisation nozzles
for mist spraying. The drying station combines
infrared heat and heated air for even drying, with
thermocouples ensuring the right temperature is
maintained.
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V. CONCLUSION AND
RECOMMENDATIONS

Roll-to-roll technology is applied in designing
the production line for the nano-coated filter
media, which integrates four process stations:
unwinding, coating, drying, and rewinding. The
system is driven by a servo motor providing
31.75 Nm of torque at 111.4 rpm, while a pump
operates at 60 psi with a flow rate of 4.4 x 107’
m>/s and consumes 6.7 W of power. The curing
oven, with a power requirement of 13.5 kW,
maintains a temperature range of 75°C to 80°C
for 45 seconds. Additionally, the metal plates
for the system’s structures are made from ENO,
chosen for their strength and wear resistance to
support various filter weights. The line operates
continuously, moving the fabric smoothly through
each station. Control systems, sensors, and feed-
back loops ensure a steady flow of material
for efficient production and consistent product
quality.

The project successfully delivers an optimal
line design, improving production efficiency for
nano-coated filters. Nano filters for air filtra-
tion can effectively protect society by reducing
the risk of spread and exposure to viruses like
COVID-19, influenza, and SARS-CoV. More-
over, nano filters are effective and reliable in
various industries including water filtration and
medical applications such as ventilators, respira-
tors, and face masks, leading to improved safety,
efficiency, and performance in their respective
applications. For a broader impact, the produc-
tion system promotes the practical application of
nano-manufacturing for industrial-scale adoption.

Given the project’s complexity, future research
efforts are recommended. It is suggested to con-
duct engineering analysis and prototype testing.
Computational static and dynamic analysis can
assess the strength of the machine under static
load and vibration, while CFD analysis can
evaluate the spraying and curing performance.
A prototype can be developed for small-scale
experiments as proof of concept. Additionally,
an economic feasibility or cost-benefit analysis
should be considered for large-scale deployment.
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