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ABSTRACT: The shielding effectiveness (SE) of electromagnetic shielding (EMS) clothing is primarily achieved through experimental
testing, but this method comes with drawbacks such as high cost, extended time, and imprecise testing outcomes. In order to quickly
and cost-effectively obtain the protective performance of clothing, this article proposes a fast estimation method for the local SE of EMS
clothing, which can quickly estimate the SE in the chest and abdomen regions through human body shape parameters. Firstly, an elliptical
conical surface model is established for the chest and abdomen regions according to the shape of the human body. Following the principle
of calculus, a local SE solution method based on this model is constructed. Additionally, a model correction coefficient that takes into
account the impact of holes and seams is offered. Finally, a rapid estimation method is established for the SE of the chest and abdomen
regions of the clothing. Experiments are ultimately designed to validate the model. In conclusion, the estimated values of the model are
in agreement with the measured values, and it exhibits fast and efficient performance. This paper provides a new way to rapidly estimate
the SE of EMS clothing in local areas and plays an important role in promoting the design, evaluation, and related detection of EMS

clothing.

1. INTRODUCTION

lectromagnetic radiation, considered a significant threat to
human health, has been designated as a crucial pollutant
to be internationally controlled [1]. Electromagnetic shielding
(EMS) clothing is an ideal product for protecting the human
body against electromagnetic waves [2]. However, its shielding
effectiveness (SE) is currently obtained through experimental
testing, which has drawbacks such as high cost, extended time,
and inaccurate testing results. Therefore, there is an urgent need
for a more effective method to quickly estimate the SE of cloth-
ing, so as to quickly and cost-effectively obtain the protective
performance of clothing. This plays an important role in pro-
moting the rapid progress of clothing design, production, eval-
uation, and commercial testing, and can significantly improve
the efficiency of these tasks. However, the complex structure
of clothing styles, including openings, seams, buttons, slide fas-
teners, and other inevitable hole and seam areas, poses difficul-
ties in estimating the SE of the EMS clothing. After conducting
extensive research, we have discovered a significant correlation
between the SE of the EMS clothing and various body shapes.
The changes in SE of clothing, with the fabric remaining con-
stant, are primarily dependent on the shape of the human body.
If a scientific and effective method can be established based on
the human body morphology to quickly estimate the SE of the
EMS clothing, it will offer a new solution to address the lim-
itations of experimental testing, thereby acquiring significant
application and scientific value.
There is a scarcity of research literatures on the estimation
of the SE of the EMS clothing. The primary focus of the re-
search associated with this article is on establishing simula-
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tion models. Zhang et al. [3] employed the electromagnetic
field finite element method to simulate the SE of electromag-
netic radiation protective clothing. Using the finite difference
time domain method, Sun and colleagues [4] conducted a com-
prehensive investigation on the protective properties of pro-
tective clothing on the human body within the 0.3-3 GHz fre-
quency band. Zhang and Chen [5] used the three-dimensional
electromagnetic simulation software to create a test simulation
model to determine the SE of clothing. Toghchi et al. [6] em-
ployed a parametric graphical method to create a 3D virtual hu-
man model during pregnancy and evaluated it against the ac-
tual body shape of pregnant women. They emphasized that the
model had the potential to be utilized in the research of EMS
clothing. Peng and colleagues [7] employed simulation soft-
ware COSMOL to conduct a simulation of the SE of the EMS
clothing and verified its functionality. Wang et al. [8] con-
ducted research on the calculation method of the SE in curved
surface morphology of the clothing.

The aforementioned simulation methods fail to consider
curved surface characteristics of the human body, as they are
often based on the stacking of geometric bodies, thereby pro-
viding an inaccurate depiction of the human body shape. Most
importantly, these simulation methods are complex in modeling
and parameter setting, and they only meet the specific human
body feature specifications. Their universality and efficiency
are not strong, making it difficult to quickly meet the require-
ments for the SE of clothing with size changes. The remaining
research related to EMS clothing primarily concentrates on test-
ing methods and product performance. Kurokawa and Sato [9]
and Yoshimura et al. [10] used time-domain analysis to study
the testing method of the SE of the EMS clothing. Chen and

Published by THE ELECTROMAGNETIC ACADEMY


https://doi.org/10.2528/PIERL23091306

rPlER Letters

Yang, Kang, and Wang

7?‘ T \
Incident / ? b 7 \

(a) (b)
Transmitted
__wave
Key “‘
point

SE of each key
pointis changed
with body shape

Curved surface
of clothing .

J

Reflected

wave {
|

|Region SE of the EMS

\ clothing be quickly /
\ estimated based /

\, onbody shape

/
7
4
ya

FIGURE 1. Estimation ideas of local SE of EMS clothing.

Tseng [11] studied the performance of the EMS clothing mate-
rials and their impact on the overall protective performance of
the clothing. Wang et al. [12] analyzed the impact of various
influencing factors on the protective effect of the clothing. In
literature [2, 13], the authors analyzed the impact of necklines
and cuffs on the SE of the clothing and explained the impact
of these factors on the clothing performance according to test
data.

In conclusion, the current EMS clothing models face chal-
lenges in accurately describing body shapes and curved sur-
faces. In particular, the models must be carefully designed in
accordance with the actual structure of the human body. This
method necessitates the setting of multiple parameters, often
leading to a lack of efficiency and conciseness and consuming
a significant amount of time, thus making it challenging to ac-
quire the SE of the clothing.

This article proposes a method for quickly obtaining the local
SE of EMS clothing based on local morphological parameters
of the human body. A chest and abdomen model of clothing
is constructed based on human body characteristics, and a fast
estimation method based on this model is built using calculus
method. By comparing with experiments, it is confirmed that
the method is simple yet effective, and the calculation results
are satisfactory.

2. ESTABLISHMENT OF ESTIMATING MODEL FOR
THE SE OF EMS CLOTHING

2.1. Basic Ideas

Currently, numerous numerical simulation methods exist,
such as finite-difference time-domain (FDTD) [14], moment
method [15], finite element method [16], but they are all
relatively complex. In our long-term research, we have found
that the SE of EMS clothing is closely related to the local
dimensions, curved surfaces, and other human body shapes
when the fabric remains unchanged. It is an effective approach
if the SE of the clothing area can be quickly estimated based
on the SE of the fabric and human body shape.

As illustrated in Figure 1(a), the clothing items exhibit a
mostly curved shape locally, with varying SE from each key
point. A large number of experiments have found that when the
shape of clothing changes, the SE of that area changes. That is,
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the SE of a local area of the clothing is determined by the hu-
man body shape, as shown in Figure 1(b) [17]. Specifically, it
is determined by parameters such as the surface shape and size
of the area. Therefore, in order to effectively evaluate the SE of
the shielding clothing area, it is necessary to start from the hu-
man body shape and find the relationship between it and the SE
of the clothing, in order to construct an estimation model of the
SE based on the human body shape, as illustrated in Figure 1(c).

2.2. Estimating Model Construction

The chest and abdomen area of EMS clothing is a crucial pro-
tective zone, thus the modeling solely focuses on this localized
region of the clothing. Due to electromagnetic waves permeat-
ing the cuffs, hem, and adjacent seams around the chest and ab-
domen area, resulting in a significant reduction in SE of cloth-
ing, the optimal model is further refined with the consideration
of the hole and seam coefficient \.

Firstly, establish the relationship between the main parame-
ters in the chest and abdomen regions. As illustrated in Fig-
ure 2(a), choose the cross-section of the chest and abdomen to
ascertain the extent of the human chest and abdomen region.
The cross-sections of the chest and abdomen region are deemed
as elliptical planes, as illustrated in Figure 2(b) [18]. It is an
elliptical cone shaped by numerous elliptical surfaces in the Z-
axis direction, located between the chest and waist. As illus-
trated in Figure 2(c), the cone vertex is designated as the origin
O of the spatial coordinate system, and the cross-sectional cir-
cumference serves as the circumference L of the ellipse. The
X -axis direction corresponds to the length a of the ellipse’s ma-
jor axis, and the Y -axis direction corresponds to the length b of
the ellipse’s minor axis. The relationship between them is:

L = 27b+ 4(a — b) (1)

Secondly, model and digitize the chest and abdomen regions
based on the above relationships. Set the Y -axis to represent
the direction of the incident wave and the X-axis to represent
the width of the human body. Divide the curved surface into
n small planes ASi evenly, and let p(x4;, Ysi, 25;) be a point
arbitrarily determined above the small piece ASi. ni represents
the unit normal vector of a plane ASi. cos ai, cos i, cosyi
are cosines of the angles between n¢ and positive directions of
the X, Y, and Z axes, respectively. The equation for elliptical
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FIGURE 2. Estimation model construction for chest and abdomen regions of EMS clothing.

truncated cone is:

22 42 )
St E = ()
When Z = t, the equation is:
2 2
AT 3)
(at)* ~ (bt)?

Furthermore, calculate the SE of any point based on the
above model. When Z = ¢, the projection of the elliptical
truncated cone on the XOY coordinate plane is ellipse. Their
intersection points on the coordinate axis are pl, p2, p3, and
p4, respectively. Coordinates can be represented as pl(at, o, t),
p2(—at,0,t), p3(0, bt, t), p4(0, —bt,t). Assume the effective-
ness of point p(xs;, Ysi, 2s;) Which is infinitely close to the
plane at a point is SE. SE,;, SEy;, SE,; are the decompo-
sition quantities of the SE in the direction of three coordinate
axes in space. Then:

2T

SE,; = SEcosai = SE “)
V14 2230 + 2291
SE,; = SEcosfi=SE 2y (5)
1+ 22z + 221
1
SE,;, = SEcosvi=SFE (6)

1+ 2231 + 2291

Equations (4), (5), and (6) are mathematical expressions of
the SE of the point p( s;, Ysi, 25i) inthe X, Y, and Z directions.
Set the shielding effectiveness of the fabric as SE¢, then:

SE; = SE

The curved surface Equation (2) can be transformed into:

(7
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Then:
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Finally, calculate the SE of local area model of the clothing
based on the above formulas. By substituting Equations (10)
into (4), (5), and (6) and solving [17], the SE models for the X,
Y, and Z axes on the entire curved surface can be obtained as:

SE,; = SE i (11)
Vatzi® + ai? + Gy

SE, = SE z (12)
\/b4zi2 +yi2 4+ ‘;—im’Q

SE.; = SE = (13)

. rci2 yi2
2%+ Gr +

According to Equations (11), (12), and (13), the shielding ef-
fectiveness SE,. of the chest and abdomen areas can be obtained
as:

SE.=\[SE2 + SE, + SE2, (14)

Due to the ideal model established in Figure 2, which does
not take into account the actual hole situation of the clothing, it
was modified to introduce a hole and seam coefficient A. The
coefficient based on the projection of clothing holes is calcu-
lated as [19]:

1

SE
20

1
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FIGURE 3. Practical testing system for SE of clothing.

TABLE 1. Actual measured dimensions, Unit: cm.

Circumference (L) | Width (a) | Thickness (b) | Height ()
Chest position 258 45 37 18
Waist position 208 37 29

where S, is total area of equivalent holes, A, the total projected
area of clothing, L. the total length of equivalent seam, L. the
total length of projection perimeter of clothing, ¢. the thickness
of equivalent seam, and g, the width of equivalent seam.

Equation (15) was given in [19] when the failure phe-
nomenon of the EMS clothing is discussed, indicating the
degree of reduction in SE of the clothing due to the presence
of holes and seams. Normally, A is less than 1, which means
that the SE of the clothing with holes and seams is A times that
of clothing without holes and seams. This can be used as an
important basis for model correction in this article. Therefore,
Equation (14) is revised as:

SE. = \\/SE2, + SE2, + SE, (16)

3. TEST AND VERIFY

3.1. Test Method

The testing method is illustrated in Figure 3. The system selects
a 3-meter semi-anechoic chamber to test the SE of chest and
abdomen areas of the clothing, including semi-anechoic cham-
ber, mannequin, DR6103 broadband double ridge horn antenna,
signal receiver, DRA00818 power amplifier, and AV3629D mi-
crowave vector network analyzer. The transmission frequency
range is from 1 GHz to 18 GHz, the testing distance 3 m, and
the testing positions are selected as the abdomen and chest ar-
eas. The mannequin is placed in the semi-anechoic chamber;
signals of different frequencies are transmitted through trans-
mitting antenna; and the electric field strength is £. Wear the
clothing on the mannequin, and obtain the electric field inten-
sity as FEj at this time. The SE of clothing can be calculated
as:

SE = 20LgE

B a7

3.2. Experimental Materials and Related Parameters

The clothing is manufactured using silver plated fiber blended
shielding fabric (50% silver filament fiber/50% polyester fil-
ament fiber, yarn density of 70 D, fabric density of 130 X
98 ends/10 cm, fabric thickness of 0.249 mm) and stainless
steel fiber blend shielding fabric (30% stainless steel/30% cot-
ton/40% polyester staple fiber blend, yarn density of 32 tex,
fabric density of 292 x 259 ends/10cm, fabric thickness of
0.32 mm). Table 1 lists the dimension parameters for the chest
and abdomen areas of the clothing.

4. RESULTS AND DISCUSSION

4.1. Comparison between Estimated and Measured Results

By utilizing Matlab to create a program for calculating the
model described in this article, the calculated values of the
model are obtained and subsequently compared with the mea-
sured values gathered from the experiment. The results are il-
lustrated in Figure 4.

Figure 4 displays the model calculation and experimental
measurement values in the chest and abdomen regions, reveal-
ing a high level of consistency whether constructed from silver-
plated fiber blended fabric or stainless steel fiber blended fabric.
The maximum deviation of the SE should not exceed 2 dB. In
general, the calculated values of the model are higher than the
actual measured values. This is because, despite the model’s
introduction of a hole and seam coefficient for model modifi-
cation, it is unable to accurately account for the potential cre-
ation of new holes and seams between internal yarns due to
stretching and twisting in fabrics containing holes and seams.
These new holes and seams frequently cause a reduction in SE
and cannot be quantitatively incorporated into Equation (15),
which leads to model calculation values that are occasionally
too large. Similarly, in practical testing, low measured values
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FIGURE 4. Comparison between actual test values and model calculation values of clothing with different fabrics. (a) Comparison of clothing of
silver plated fiber blended fabric. (b) Comparison of clothing of stainless steel fiber blended fabric.

may also arise due to various factors such as bending deforma-
tion, external environmental influences, and errors.

4.2. Effectiveness and Influencing Factors of Model

The above analysis reveals that the model is capable of rapidly
estimating the SE of chest and abdomen areas of clothing ac-
cording to body parameters, exhibiting good accuracy, thereby
significantly enhancing the efficiency of design, production,
and evaluation, and reducing the cost of related work. How-
ever, it also possesses a specific scope of application. Firstly,
the corresponding chest and abdomen regions of the model
should not possess too many opening areas. For instance, the
collar depth exceeds the appropriate range, or there are deco-
rative holes in the chest and waist, which can impact the accu-
racy of hole and seam coefficient A calculations and ultimately
result in model failure. Similarly, in addition to normal side
seams and other gaps, there should not be too many decorative
seams in the corresponding area of the model, which can also
lead to significant calculation errors and cause the model inef-
fective. Furthermore, for special body models, they may also
fail. For instance, the substantial disparity in dimensions be-
tween the chest and waist sections may result in the model’s
calculation being unsuccessful.

The model in this article is a rapid estimation technique that
is practical and suitable for most clothing items. However, it is
also influenced by numerous factors, including the shape of the
hole, the type of the seam, the type of the fabric, the number
of layers in the fabric, the type of clothing style, the position of
the emission source, and polarization direction. The impact of
these factors is a highly intricate process, and we shall persist
in examining this aspect in our future endeavors.

5. CONCLUSION

1) The established elliptical cone model of the chest and ab-
domen regions of clothing, which is based on body mor-
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phology, is suitable for human characteristics and can
meet the calculation requirements of the SE of the EMS
clothing.

2) The local SE solution method, established by the model
using calculus principle, can quickly calculate the SE of
local chest and abdomen areas of the clothing.

3) The hole and seam coefficient A can fully consider the in-
fluence of normal openings and seams in the chest and ab-
domen regions and can effectively modify the ideal model
to make the estimated model conform to reality.

4) The estimation model constructed in this article is fast and
effective, and its calculation results are consistent with the
measured values. The effectiveness is satisfactory.

The constructed model’s accuracy is good, and it can quickly
estimate the SE of the clothing in the chest and abdomen regions
based on body shape parameters. This greatly improves the
efficiency of design, production and evaluation, reduces costs,
and provides a new approach for quickly estimating SE of EMS
clothing in local areas.
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