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ABSTRACT The roll-to-roll (RtR) Manufacturing can produce a large amount of electrostatic charges.
In terms of industrial safety, a large amount of energy can be released via electrostatic discharge (ESD) that
can cause severe shocks, which can be a risk to automated machines, operators, and merchandise. In this
study, the ESD associated with the existing nonwoven Polypropylene (PP) manufacturing is minimized
by designing and introducing a sharp-edge metal bar with a radius of curvature of ~100 um as a passive
electrostatic charge dissipation system next to the PP winding stock roll. The coulombic force from the
deposited charges on PP can induce a highly localized electric field (up to ~10° V/cm) between the grounded
metal edge and the nanoscale surface of the nonwoven PP fabric that reduces the potential barrier, causing
electrostatic electron/ion emission or discharge from the insulating PP winding surface to the ambient
air, especially along the metal edge. Further, the level of static charge associated with the RtR process is
characterized using a noncontact electrostatic field (E-field) meter without contaminating and interrupting
the production lines. Furthermore, the three-dimensional finite element method (FEM) is used to obtain
an accurate electrostatic charge distribution based on the actual size of the winding stock roll, providing a
comprehensive understanding of the self-induced E-field-assisted ESD during operation. The experiment and
simulation indicate that ~75% of the effective stored charge density is transferred through the air. Therefore,
the induced field emission structure is cost effective for dissipating the electrostatic charges and minimizing
the ESD hazards.

INDEX TERMS Electrostatic discharge, electron emission, electric field, polypropylene, roll-to-roll manu-

facturing.

I. INTRODUCTION

Roll-to-roll (RtR) manufacturing has been one of the most
employed processes in the production lines of many indus-
tries because of its high processing speeds to achieve large
production volumes [1]-[4]. RtR manufacturing is an ideal
method for developing thin and flexible web or sheet-based
products, including printed electronic displays, solar cells,
packaging film, and nonwoven products [1]-[3], [5]. How-
ever, RtR manufacturing could result in the quick buildup
of electrostatic charges, resulting in exceptionally high elec-
trostatic potential and electrostatic discharge (ESD) if the
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induced electric field condition is satisfied for breakdown in
air [3], [6]-[8]. ESD can release a large amount of energy,
resulting in merchandise defects and risks for both the oper-
ators and machines employed during the manufacturing pro-
cess [1], [3], [9]-[11]. For instance, ESD results in defects in
light-sensitive photographic-film products. In the electronic
and medical device industries, electrostatic charge genera-
tion, accumulation, and discharge can induce dust contami-
nation and electronic device malfunctions [3], [5], [12]-[14].
In a given situation, the discharge results in a large amount
of energy that can ignite an explosion or fire [7], [11], [15].
Therefore, in terms of industrial safety, ESD is one of the
critical factors that must be addressed with respect to many
factories [3], [7], [11], [13]-[15].
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FIGURE 1. Electrostatic generation in case of nonwoven PP based on the
RtR operation. (a) Winding stockroll of PP at the end of the process after
pas sing through multiple RtR systems. (b) The overall process of PP
production and the electrostatic measurement locations before and after
RtR manufacturing at points B and A, respectively (d = ~15 cm).

(c) Maximum electrostatic potential measurement for different types of
PP winding stockroll. The error bar represents two standard deviations.

In this study, we investigate the ESD associated with non-
woven polypropylene (PP) manufacturing, which involves
multiple RtR manufacturing processes. The highly stored
electrostatic charge of PP winding roll can result in severe
shocks, which can be a risk to automated machines and
operators that touch and unload the wound rolls for the next
operation; this includes potentially severe damage to the web
forming quality [1], [3], [16]. Similar to a Van de Graaff
generator [10], [17], the electrostatics associated with the
PP-based RtR manufacturing can be usually attributed to
the tribocharging and triboelectric effect because two chem-
ically distinct materials of the PP web and the conveyance
roller element surface contact each other. Subsequently, they
are separated, causing imbalanced charge distribution with
respect to each material on the microscopic scale. Multiple
contacts between the metal/rubber conveyance roller and the
PP web at a rate of hundreds of meters per minute can
cause electrostatic charging because the charge is trapped
on the PP surface (Fig. 1b). PP is an insulator that causes
the charges to move too slowly, resulting in their dissipa-
tion [3], [16]. Thus, the large amount of separated charges
on the PP surface results in an extremely high electrostatic
potential on a large roll; here, the web is wound at the end
of the process (Fig. 1a). The electron discharge associated
with RtR manufacturing can appear as a corona discharge
to grounded objects located as far as tens of centimeters
away [3]. Hence, the electrostatic charge must be harmlessly
dissipated to the ground before transferring to the operators.
However, minimizing the charge separation associated with
the existing RtR manufacturing is particularly challenging
because the production processes must be designed well from
the beginning. Therefore, an electrostatic dissipation technol-
ogy is suitable and most effective for dissipating the elec-
trostatic charges accumulated during production. Although
many types of electrostatic dissipation technologies are avail-
able for dissipating static charge [3], [7], [13], [18], design-
ing a suitable discharging process for nonwoven industrial
applications remains challenging because the product is very
delicate and nontouchable. In most RtR manufacturing, the

222268

point A
after roll to roll

point B
before roll to roll

Winding
Roll to Roll stock roll

process

b X

_._PointA,' perturbed cha'rge

PP layer

o -~ =
o o BN

plel- 91je}so0}08|g

g
o

Electrocstatic potential, |V| (kV)

1 | 1 0.
QZOO -100 .0 100 200
Position, x (cm)

FIGURE 2. Electrostatic potential measurement and the corresponding
electric field of PP before and after the roll-to-roll (RtR) manufacturing
process. (a) Electrostatic potential measurement setup of PP
manufacturing before (point B) and after the RtR process (point A)

(d ~15 cm). (b) Measured electrostatic potential (left axis) and the
corresponding electrostatic field (right axis) at every distance of ~40 cm
(—x to x) from the center of PP. The dashed line represents the average
value of each measurement.

ionizers are used to dissipate static charge. However, in this
work, installing the ionizers into existing factory is expensive,
and often ineffective.

An electrostatic field (E-field) meter is used for measuring
the electric field radiating from the accumulated charges on
the PP winding stockroll. The noncontact E-field meter is
an essential tool for measuring and characterizing the level
of static charge associated with processes without contami-
nating and disrupting the production lines [4] as presented
in Figs. 1 and 2. The finite element method (FEM) can be
used to obtain an accurate electrostatic charge distribution
based on the actual size of the winding stockroll. In addition,
we installed a sharp-edge metal bar to dissipate the elec-
trostatic charge based on the self-induced highly localized
fringe field with respect to the PP surface roughness with a
microscale radius of curvature to reduce the potential barrier
and enhance the electrostatic electron emission process as
shown in Fig. 3. Our experiment and simulation confirm
the effectiveness of the self-induced highly localized electric
field between the metal bar and the nanoscale PP surface
to enhance the electrostatic charge dissipation during the
RtR manufacturing process for minimizing the shock to the
operator and system.
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FIGURE 3. Electrostatic field distribution of PP winding roll for different
nearby objects. (a) Electric field dissipation inside and outside of the PP
winding roll with a uniform charge density of ~2 xC/m3. (b) The electric
field between the virtual ground spot, representing operators
approaching the winding stockroll. (c) (top) Schematic of an installed
metal bar with a sharp edge at the PP winding stockroll. (bottom) The
optical image of the actual installation of the metal bar in the presented
PP factory. (d) The FEM-simulated induced electrostatic field between the
metal bar edge and PP winding roll at a distance of ~30 cm.

Il. RESULTS AND DISCUSSION

Figs. 1a and 1b present the nonwoven PP winding stockroll
at the end of multiple RtR operations. The typical dimension
of the PP winding roll in an experimental factory is ~400-cm
long and has an outside diameter of ~300 cm with an inside
metal rod diameter of ~40 cm (Fig. 1a). The electrostatic
potential measurements were performed using noncontact
E-field meters (983V2 Static Locator, Meech, UK). Fig. 1c
demonstrates the peak of the measured electrostatic potential
of five different types of PP winding rolls measured at point
A (Fig. 1b). The measured electrostatic potential of PP-A
to PP-E was as high as ~30 kV and as low as ~3 kV
(Fig. 1c) depending on the type of PP material and the rotation
speed of the conveyance roller [1], [3]. During the opera-
tion, the relative humidity and temperature in the PP factory
were ~40% RH and ~30°C, respectively. The operational
moisture was higher than 30% RH, which did not result in the
ESD phenomena [19], [20]. Therefore, electrostatic charging
is mainly caused by the tribocharging effect and triboelec-
trification via roll through the RtR manufacturing process.
For simplicity and conventional perception, the electrostatic
charge is assumed to be positive although PP is likely to
capture the negative or electron charge on the surface.

As shown in Fig. lc, types A and C of the PP wind-
ing roll (PP-A and PP-C) have extremely high electrostatic
potential between ~21 to ~25 kV. In this study, we used
PP-A to study the electrostatic charge distribution and dis-
sipation because it is used mainly in factories, allowing us to
reproduce and verify the research before and after installing
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our designed dissipation system. The measurement was per-
formed at ~11 points along the horizontal direction of the
winding surface from the right edge to the left edge of PP-A
(—x to x, point A of Fig. 2a) (see materials and methods).
The electrostatic measurement is typically presented in terms
of electrostatic potential (kV unit) at a given distance via the
capacitive coupling sensor associated with the electrostatic
field radiated from the surface charge density (o) of the
target [3], [4], [7], [21]. Therefore, the corresponding electric
field and the electrostatic charge density distribution on the
PP-A winding stockroll can be estimated from Gauss’s law
and the Maxwell equations [3], [4], [7], [21]. However, it is
not practical to quantitatively obtain the exact charge density
and distribution. Typically, electrostatic field measurements
are conducted for thin films, thin dielectrics, and thin insu-
lating sheets [4], [21]. Thus, measuring the charge density
distribution of a large PP winding roll must be considered
carefully, and the multipoint measurement data and numerical
field calculations are needed [21].

Fig. 2 shows the electrostatic potential measurement setup
of PP manufacturing before (point B) and after the RtR
manufacturing process (point A). Fig. 2b demonstrates the
measured electrostatic potential (left axis) and the corre-
sponding electrostatic field (right axis). Fig. 2a (point A)
shows the electrostatic potential measured by the E-field
meter at the winding stockroll at a distance of ~15 cm
(d). The E-field meter recorded electrostatic potential along
the PP width, showing a nonuniform electrostatic potential
(Fig. 2b-blue line) with an average potential of ~7.5 kV
(Fig. 2b: blue dashed line), corresponding to an average value
of ~0.5 kV/cm radiating from the winding stockroll. The
electric field distribution was nonuniform and varied as high
as ~0.9 kV/cm and as low as 0.1 kV/cm. For simplicity,
the PP winding roll is considered to be a large cylindri-
cal insulator that has a uniformly stored charge density, as
explained by Gauss’s law [6], [7], [22]. Thus, the corre-
sponding space charge density of the PP winding roll can
be between ~0.1 uC/m> and ~1.1 4C/m3. The significant
variations in electrostatic charge can be attributed to the
disturbances via electrostatic discharging because of the sur-
rounding environment, such as machines and workers, during
the manufacturing process. The experiment was implemented
using an existing manufacturing process that has no addi-
tional external ground for dissipating electrostatic charges.
Moreover, only grounded machines and grounded metal con-
veyance rollers were available. However, unlike metal and
uniform dielectric materials, the charge distribution on PP is
very complicated because PP is a nonwoven material con-
taining thousands of fiber-forming webs, resulting in highly
non-homogeneous PP structures at both microscopic and
macroscopic scales [23], [24]. Therefore, the electrostatic
charge distribution naturally appears nonuniformly at the
surface.

Regarding the standard IEC 61340-5-1 [4], [25], the max-
imum E-field emitted from the winding stockroll needs
to be analyzed for industrial safety. Thus, to measure the
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unexpected and irregular electrostatic discharging, we
stripped the outermost PP layer out of the winding stockroll.
Further, we remeasured the electrostatic potential to obtain
the maximum possible electrostatic field. The result showed
that the electric field radiated from the peeled winding roll
was maximum and uniform at the center of the roll (red line
in Fig. 2b), indicating the existence of unperturbed charges
with uniform distribution on the PP surface, which is similar
to the corona-charged nonwoven PP fabric surface [16], [20].
The nonperturbed winding roll had a maximum electric field
of ~1.2 kV/cm corresponding to a volume charge density
of ~1.6 C/m? at the center and gradually decreased to the
edge. Therefore, we measured the electrostatic potential on
the single PP-A layer during the process before the primary
RtR process (point B of Figs. 1b and 2a) to distinguish
the large electrostatic charge generation in production lines.
By assuming that the charge density (o) is deposited on
the surface, the electrostatic field (Eg) in the insulator is ~
o/e and the surface potential (Vy) is ~ (o/e)d, where d
is the measurement distance [4]. The average electric field
that radiated from the PP surface was ~0.1 kV/cm (green
line in Fig. 2b) corresponding to a surface charge density
of ~60 nC/m?, indicating that only a small amount of charge
was deposited on the single PP surface before initiating the
RtR process. Thus, as the web winds to build the stockroll,
the electrostatic potential can become extremely high. The
overall system involves many processes that can produce
charges; however, the discharge process is not efficient, and
a better and effective method is required to discharge elec-
trostatic charges. In terms of safety and risk assessment, for
simplicity, we assume that 0.1% of the total charge (~20 nC)
is transferred from the outermost layer of the PP winding
roll, resulting in an ESD. Similar to the observed discharges
reported in other factories [3], [7], [13], such local discharges
had energies of at least ~5-10 mJ, which can pass through
the skin and can cause hazards or nuisance to operators.

The electrostatic potential measurement originates from
the physical measurement of the charge-induced electric field
that is dependent on the measurement geometry in a compli-
cated manner. Further, during the measurement, the E-field
meter can influence nearby electrostatic charges, thereby
affecting the measurement accuracy [4]. Thus, we analyzed
the electrostatic charge distribution via the three-dimensional
FEM using COMSOL Multiphysics to obtain an accurate
electrostatic charge distribution based on the actual size of
the winding stockroll. Consequently, we obtained the pos-
sibility that the electron discharged from the insulator sur-
face was initiated by the highly localized electric field (see
materials and method). Fig. 3a shows a cross-sectional view
of the overall electric field distribution of the PP winding
stockroll from the inside to the outside as a function of
the distance r. The result is in agreement with the uniform
charge distribution in a cylindrical insulator model, showing
an outward propagation of the electric field that linearly
increases inside the insulator and inversely decreases to the
outside. In the FEM simulation, the PP winding roll was
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assumed to not have a perturbation system close to the PP
winding stockroll. A three-dimensional (3D) model was used
for simulating the electrostatic field generated by charged
stored PP winding stockroll. In the boundary condition, two
boundaries have to be defined, i.e., space charge density
deposited on PP winding stock roll and the ground. Besides,
the mesh refinement was chosen to produce the smoother
electric field plot without compromising the accuracy of the
results. Therefore, the surrounding environment, including
the factory wall, was defined as ground surfaces located
~10 m away from the PP winding roll. The simulation con-
firmed that a volume charge density of ~2 uC/m> could
induce an electric field of ~1.2 kV/cm ~150 mm away from
the PP winding roll, which is in agreement with our empirical
results (Fig. 2b). The relative permittivity (e,) of the PP
layer was ~2.1 [24], [26]. Fig. 3b shows the electric field
distribution in case of the ground spot, which represents the
operators’ finger that will touch the PP winding stockroll,
for example, during the cutting process. FEM suggests that
propagating discharge is initiated when the operators come
too close to the winding stockroll within a few centimeters.
For example, at the presented factory, operators can feel the
sparking discharge even at a distance of ~5 cm (d) from
the PP winding stockroll because the localized electric field
around the finger surface (ground spot (Fig. 2b)) can increase
rapidly beyond ~30 kV/cm (Fig. 3b), which is sufficient to
partially break down the ambient air.

Fig. 3b-inset demonstrates the overall electric field and
localized electric field propagating from positive (ground
spot) to negative charges on the PP surface once there is an
available ground spot placed near the charged object, in this
case, PP. A large localized electric field naturally developed
around the ground object (either operators or metal rod)
and on the PP web mesh surface with its roughness in the
micro—nanoscale size. Similar to nanoscale field emission
devices and corona discharge plasma in the air medium [13],
[27], [28], the nanoscale surface roughness of the insulator
surface or metal edge with a microscale radius of curvature
can result in a localized electric field of up to ~100 kV/cm
[27]-[29]. Thus, we can exploit the benefit of highly local-
ized electric field- assisted electron emissions from the PP
surface to the surrounding ambient air to dissipate the accu-
mulated electrostatic charges. We introduce a grounded metal
bar (~4-m length and ~2-cm width) with a sharp edge
(~100-um radius of curvature) located at a distance of
~30 c¢m (d) from the PP winding stockroll. Fig. 3¢ shows the
schematic and optical image of the actual installation in the
existing PP factory. The distance of ~30 cm is considered to
be safe because the winding PP layer can swipe and touch the
metal during the winding process if the installed metal bar is
too close to the PP roll. Fig. 3d (top) shows the overall electric
field of the system, which is ~10 kV/cm. However, the
localized electric field along the metal edge is up to 50 kV/cm
(Fig. 3d-bottom), leading to the onset of the localized partial
breakdown of the air, forming the conducting ions’ path to the
PP layer similar to that in high-electrical-voltage systems [6].
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FIGURE 4. Fringe-field-assisted ESD of the PP winding roll. (a) Energy
band diagram along the PP surface, air, and grounded metal bar. (b) An
illustration of the radius of the curvature and the corresponding highly
localized electric field. (inset) SEM images of the as-received base
nonwoven polypropylene with a scale bar of ~30 xm. (c) Reduction of
electrostatic field and potential of the winding stockroll before (red line)
and after (blue line) the installation of the dissipating bar.

As mentioned, similar to the microcorona discharge ini-
tiated from the high potential electrode tip [30], [31], the
maximum localized fringe field (E,) in case of the sharp edge
or the object with small radius of curvature can be estimated
as follows:

E,=V,-(——— 1 1
P pr( dr ) /n|:1—[dT/(dT+r)]1/2 W

where V), r, and dr are the peak surface potential between
charged objects (12—15 kV), the radius of the tip of the elec-
trode, and the gap length, respectively. For instance, a sharp
edge with a radius curvature of ~100 pwm used in this study
allowed a highly localized electric field of up to ~5 x 103
V/em, which was in satisfactory agreement with the value
obtained using FEM (Fig. 3d). Further, the diameter of the
nonwoven PP fiber was ~15-50 um [23], [24]. Fig. 4b (inset)
presents the scanning electron microscopy (SEM) of the PP
sample. Therefore, with the same approximation, the attached
electron on the PP surface has a self-induced localized electric
field of up to ~10°V/cm (Fig. 4b).

Fig. 4a presents the energy band diagram along the PP
winding surface, air ambient, and grounded metal bar. The
electrostatic charge on the PP surface (mostly electrons)
represents the energy band diagram that can be attributed
to the triboelectric effect or friction process. The binding
energy of electrostatic charge is not as strong as the electron
inside the crystal lattice in a conventional solid state. There-
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fore, the charged PP was assumed to have a similar work
function as metal. When no ground metal bar is installed,
the self-induced electric field between the objects is low.
Thus, the energy barrier limits the electrons flowing out to
the air ambient. However, when there is normalized electric
field penetration, the energy barrier width becomes suffi-
ciently lower and thin to cause an electron to escape from
the emitter surface by thermionic emission, thermionic field
emission, and Fowler—Nordheim (FN) tunneling (blue dashed
line) [29]. The small radius of curvature of the PP fiber
and metal edge is necessary for self-induced electric field
focusing. Furthermore, reducing the gap between the charge
objects could increase the self-induced localized electric field
on both the metal edge and the surface roughness of the PP
layer (Fig. 4b). During the operation, the gap between the
PP winding roll and metal bar can be ~5 cm during the
winding process, resulting in substantial electrostatic charge
dissipation. A huge localized electric field around the PP web
mesh can considerably reduce the potential barrier (Fig. 4a
(red line)), causing electron emissions or discharge by the
insulating PP winding surface, especially along the metal
edge.

Fig. 4c shows the decrease in electrostatic potential of the
perturbed PP winding roll (top) and the nonperturbed PP
winding roll (bottom). The maximum electrostatic potential
before installing the metal bar was ~18 kV (Fig. 4c red
line), which decreased to ~4 kV after installation (Fig. 4c
blue line), corresponding to an electrostatic charge reduction
of ~3 times or dissipation of ~1.54 pc/m®. The emitted
electrons will travel only ~65 nm of the mean free path
of air [28], [29] before scattering or colliding with the gas
molecules and ionized ambient gases, such as nitrogen and
oxygen, or attaching with the dust particles. Hence, we can
observe spark discharge if the oppositely charged object
comes too close to PP winding roll to neutralize the unbal-
anced electrostatic charge. Consequently, the electrostatic
charge deposited on the PP winding stockroll considerably
decreased after it was transferred to the ambient or metal
rod. The experiments and simulation indicated that the onset
and the amount of charge transfer through the fringe-field
passive devices depend on the electric field induced by the
initial electrostatic charge density, the metal bar curvature
or edge, the separation distance, and the size of the ground
wire. Further, some amount of deposited charge is needed
for activating the discharge process. Our results demonstrate
good agreement between theory and experiment in terms
of charge transfer and charge density distribution, which is
sufficient to validate our model.

In addition to these design choices, the ambient oxygen
may oxidize the surface or have negatively charged dust
attached on the metal bar to ensure the long-term operational
stability of the self-induced localized electric field. Passive
dissipation devices are economical and can effectively dimin-
ish electrostatic charges without requiring an external power
source, but they require a secure and sufficient electrical
ground connection to drain excessive electrostatic charges. In

222271



IEEE Access

K. Ruangwong et al.: Self-Induced Localized Electric-Field-Enhanced Electrostatic Electron Emission

practical operations, the ground wire connected to the metal
bar has to be sufficiently large to provide neutralization or to
sufficiently drain the unbalanced charges.

Ill. CONCLUSION

During the RtR manufacturing processes, electrostatic
charges are typically accumulated on the web and transported
through the process of winding a roll, resulting in large
bulk electrostatic charge. E-field meters can be employed
to identify the high-static areas of an RtR manufacturing
process at which electrostatic dissipation technologies must
be installed. However, the measurement principle associ-
ated with the winding roll is entirely different from those
for ideal large and thin samples; hence, it can only pro-
vide a rough estimate of the surface charge density. There-
fore, the electric field must be numerically evaluated. The
proposed simple-field mission carrier structure provides an
ideal and cost-effective process for solving static issues with-
out requiring additional charge dissipation technologies and
maintenance of these devices. However, a passive dissipation
technique requires a minimum threshold electric field to turn
on the discharging process. Therefore, such passive devices
cannot dissipate the electrostatic charge if they are improperly
installed, resulting in a considerably low built-in electro-
static field. Therefore, in each condition, a certain amount
of deposited charge is required to activate the discharge pro-
cess. The future work should combine the passive and active
device together for effective and inexpensive dissipation
process.

IV. MATERIAL AND METHODS

A. ELECTROSTATIC POTENTIAL MEASUREMENT

The electrostatic potential measurements were performed
using noncontact E-field meters (983V2 Static Locator,
Meech, UK). Each measured point was ~40 cm in distance
before the measurement. The previous charge on the sensor
was canceled, and a zero-voltage reference was set. More-
over, a fast response and peak mode was used to record the
highest electrostatic charge accumulation. In all the exper-
iments, the measurement was repeated ~10 times at each
spot to obtain reliable data. We then calculated error bars
showing ~2SD of 95% of the data in the range.

B. MULTIPHYSICS SIMULATION

The E-field profile was simulated using a commercial FEM
tool (COMSOL Multiphysics). The electrostatics model was
used to calculate the E-field. The structural parameter used in
the simulation was based on the actual size of the PP winding
roll and a metal bar installed in an actual factory. In the
E-field simulation, the uniform space charge density was
selected for simplicity, and the metal and factory wall were
grounded. The simulation result was verified based on the real
measurement of an electrostatic field meter, ensuring model
accuracy.
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