
Contents lists available at ScienceDirect

Materials & Design 185 (2020) 108270
Materials & Design

journal homepage: www.elsevier .com/locate/matdes
Textile structured metacomposites with tailorable negative
permittivity under X and Ku band

Qian Jiang a, b, Chunjie Xiang a, b, Yang Luo c, Liwei Wu a, b, **, Qian Zhang a, b, Shilu Zhao c,
Faxiang Qin c, ***, Jia-Horng Lin a, b, d, *

a Tianjin and Ministry of Education Key Laboratory for Advanced Textile Composite Materials, Tianjin Polytechnic University, Tianjin, 300387, China
b Innovation Platform of Intelligent and Energy-Saving Textiles, School of Textiles, Tianjin Polytechnic University, Tianjin, 300387, China
c Institute for Composites Science Innovation (InCSI), School of Materials Science and Engineering, Zhejiang University, Hangzhou, 310027, China
d Laboratory of Fiber Application and Manufacturing, Department of Fiber and Composite Materials, Feng Chia University, Taichung, 40724, Taiwan
h i g h l i g h t s
* Corresponding author. Tianjin and Ministry of E
Advanced Textile Composite Materials, Tianjin Pol
300387, China.
** Corresponding author. Tianjin and Ministry of E
Advanced Textile Composite Materials, Tianjin Pol
300387, China.
*** Corresponding author.Institute for Composites
School of Materials Science and Engineering, Zhe
310027, China

E-mail addresses: wuliwei@tjpu.edu.cn (L. Wu), fa
jhlin@fcu.edu.tw (J.-H. Lin).

https://doi.org/10.1016/j.matdes.2019.108270
0264-1275/© 2019 The Authors. Published by Elsevier
g r a p h i c a l a b s t r a c t
� Metamaterial units are built by
interweaving ferromagnetic micro-
wires into textile preform.

� Single negative characteristic is ach-
ieved by controlling curvature and
arrangement of microwires.

� Curvature and arrangement of
microwires affect electromagnetic
response and microwave
propagation.

� Electric loss is the main loss for
metacomposites under X and Ku
bands.
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a b s t r a c t

The metacomposites with tailorable negative permittivity including periodic interweaving ferromagnetic
mircowires were fabricated by weaving and resin transfer molding methods. By manipulating the
alignment direction, periodic curved length, spacing between ferromagnetic microwires for adjusting
complex permittivity and permeability, the electromagnetic wave propagation of as-prepared meta-
composites under X and Ku bands were evaluated and investigated by experiment and simulation. For
metacomposites composed of vertically arranged microwires, for both 1mm and 0.5mm spacing, the
permittivity turned to negative in certain frequency bands. The simultaneous existence of short periodic
curved length and spacing benefits the broadening of frequency band under which metacomposites
exhibits single-negative behavior. Significant transmission windows are observed due to negative
permittivity occurring at plasma frequency. The simulation results show major loss for the textile
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Fig. 1. Schematic diagram of textile structured preform a
0.5 and 1mm. Red yarns represent weft yarns which loc
fabric. The fine yarn is ferromagnetic microwires that a
structured metacomposites under X and Ku bands derives from electric loss, and small periodic curved
length tends to form uniform power loss distribution.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A metamaterial, also named as left-handed material or double
negative material, is defined as an artificially engineered material
that gains its properties from its structure rather than its constit-
uents [1]. The artificially periodic units in metamaterial give rise to
negative refraction and reverse Doppler effect, thus leading to
diverse applications in the fields of radome covers, perfect lens, and
nondestructive damage monitoring [2e5]. Due largely to the
complicated manufacture and huge dissipation, the development
and application of metamaterial with periodic blocks were limited
[6]. Actually, metamaterial is not a ‘true’material but a structure [7].
Composite is highly utilized and investigated due to its function-
ality [8e10], designability [11e14], flexibility [15e17] and easy
processing [18,19]. With the requirement of turning metamaterial
into a truly structural and functional integrated material, it is of
significance to put up with a metacomposites whose periodic units
are formed during the fabrication of metacomposites and act as the
reinforcement of composite as well.

Textile structure has unique advantages in tuning electromag-
netic behavior of composite due to the high structural flexibility. By
adjusting textile structure from three-dimensional interlocking
woven to orthogonal structure, different radar absorption proper-
ties have been presented [20,21]. Wang et al. inserted a graphene-
based fabric between glass fiber and carbon fiber clothes, creating
an effective microwave sandwich composite at 8e18 GHz [22].
Therefore, to realize the fabrication of integrated metacomposites,
weaving technique is an option to form both themetamaterial units
and reinforcement synchronously. The inherent periodic inter-
weaving of textile structure is beneficial on forming various types
the metamaterial units. It has been proven that the negative elec-
tromagnetic parameters including permittivity and permeability
are mainly controlled by metamaterial unit structures rather than
their composition [6,23].
s related to the periodic curved leng
ate along the width direction of fabr
re inserted with weft yarns.
Ferromagnetic microwires possess unique electromagnetic
performance and have been investigated by many scholars in pre-
vious studies [-][24-27]. Owing to the giant magneto-impedance
(GMI) and giant stress-impedance (GSI) effects, ferromagnetic
mircowires can serve as fillers, with an attempt to obtain tunable
electromagnetic performance and microwave absorption [28e32].
Moreover, the difference in the geometric form of ferromagnetic
microwires also changes the electromagnetic performance of
composites. Qin et al. embedded parallel Co-based ferromagnetic
microwires in prepregs to make metacomposites. It was found that
the field adjustable properties of metacomposites were dependent
on the properties and configuration of ferromagnetic microwires
[33]. Lou et al. studied the microwave performance of meta-
composites that were composed of orthogonal-array Fe77Si10B10C3
microwires. The metacomposites exhibited significant natural
double negative feature. In addition, different distance between
ferromagnetic microwires generated different transmission level
[34]. Luo et al. further compared electromagnetic performances
between Co-based microwires at different lengths with the
orthogonal Fe-based microwires. They found that the meta-
composites had a dual-frequency transmission window at
1.5e3.5 GHz and 9e17 GHz when the distance between Co-based
microwires was 10mm [35]. However, the stacking of microwires
in previous works sacrificed the integration of whole structure due
to the lack of connection through the thickness direction. By
introducing weave method for microwires, we propose a novelty
design that can retain integration and endow functionality at the
same time for the metacomposites. Meanwhile, owing to the
curved morphology of microwires in textile structure, the influence
of curvature can be adjusted and investigated.

In this study, tunable electromagnetic response and microwave
absorption behavior of metacomposites under X and Ku bands
were evaluated by changing geometrical structure of ferromagnetic
periodic units, such as periodic curved length, spacing between
th being 2.5, 5, and 7.5mm as well as spacing between ferromagnetic microwires being
ic, and gray yarn represent warp yarns which locate along the longitudinal direction of
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Table 1
Parameters of 12 preforms of metacomposites.

Specimen Spacing between Microwires Periodic Curved Length Curvature Arrangement Direction

SH1-1 1mm 2.5mm 0.25 Horizontal Arrangement
SV1-1 Vertical Arrangement
SH1-2 5.0mm 0.13 Horizontal Arrangement
SV1-2 Vertical Arrangement
SH1-3 7.5mm 0.07 Horizontal Arrangement
SV1-3 Vertical Arrangement
SH2-1 0.5mm 2.5mm 0.25 Horizontal Arrangement
SV2-1 Vertical Arrangement
SH2-2 5.0mm 0.13 Horizontal Arrangement
SV2-2 Vertical Arrangement
SH2-3 7.5mm 0.07 Horizontal Arrangement
SV2-3 Vertical Arrangement

Fig. 2. Metacomposites made of periodic curved length of (a) 2.5mm, (b) 5mm and (c) 7.5mm and (def) morphologies of corresponding cross sections.
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microwires and arrangement directions. Themicrowave absorption
mechanisms of metacomposites with absorption peaks were fully
illustrated by CST simulation. The test results indicate that the
employment of ferromagnetic microwires in textile structure can
Fig. 3. Schematic diagram of horizontal and vertical arrangement of microwires in electro
directions, respectively.
manipulate the electromagnetic performance and microwave ab-
sorption of metacomposites, which suggests the engineering sig-
nificance in structural health monitoring, sensing and stealth
applications as structure-function integrated composites
magnetic testing. SH and SV represent samples cut along the horizontal and vertical
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[13,36e44].
2. Experimental

2.1. Preparation of preforms containing periodic curved
ferromagnetic microwires

Quartz yarns were chosen as the perform materials due to the
low dielectric loss (tand¼ 0.003) and wave transmission. In the
plainweave preform, warp andweft yarnswere type D quartz yarns
(Hubei Feilihua Quartz Glass Co., Ltd., China) with a density of 2.2 g/
cm3 and a fineness of 190� 4 tex. Co68Fe4Si11B13Ni1Mo2.3 ferro-
magnetic microwires produced by Taylor-Ulitovsky method have
skin-core structure, with alloy as core and glass as skin. The outer
diameter of microwire is 23 mm, and the alloy core diameter is
10.3 mm. Due to its specific alloy composition, the microwires can
be spun continuously. The Co-rich element provides themicrowires
with excellent soft magnetic property, which is critical for elec-
tromagnetic response of metacomposite. Ferromagnetic micro-
wires were inserted along with the weft yarns during the weaving
process. Based on the Peirce geometric model of plain fabric, pe-
riodic curved lengths and curvatures of ferromagnetic microwires
in different metacomposites can be calculated, shown in Fig. 1. By
controlling the ply number of weft yarns, spacing between ferro-
magnetic microwires were adjusted to 0.5mm and 1mm. The
detailed parameters for each specimen, including spacing between
microwires, periodic curved length, microwires curvature and
arrangement direction are summarized in Table 1.
Fig. 4. The real part of permittivity of metacomposites with different arrangement direction
and microwires spacing ((a) and (b) are 1mm; (c) and (d) are 0.5mm) under X and Ku ba
2.2. Fabrication of metacomposites with textile reinforcement

Resin transfer molding (RTM) with a mold size of
380mm� 180mm� 1mm was applied for fabrication; 100ml of
TDE-86 epoxy resin (Tianjin Jingdong Chemical Composite Mate-
rials Co., Ltd., China) and 27.5ml of anhydride (Tianjin Jingdong
Chemical Composite Materials Co., Ltd., China) were blended and
injected into mold for curing. Fig. 2(def) shows the cross section of
metacomposites with different periodic curved length of the
ferromagnetic microwires, and the corresponding top view are
presented in Fig. 2(aec). For the electromagnetic testing, five
samples for each specification were cut along the vertical or hori-
zontal directions, respectively (Fig. 3). Sample size was
22.68mm� 10.16mm� 1mm for the X-band testing and
15.799mm� 7.899mm� 1mm for the Ku-band testing.
2.3. Electromagnetic characterization of textile structured
metacomposites

WR-90 waveguide (22.68 mm*10.16 mm*1 mm) for X-band and
rectangular WR-62 waveguide (15.799 mm*7.899 mm*1 mm) for
Ku-band were used for testing. The S parameter was measured and
recorded every 0.005 GHz in the X- and Ku-bands using vector
network analyzer (Rohde&Schwarz ZNB 40, Rohde & Schwarz,
Germany), after which S parameter was used to compute complex
permittivity and permeability using the Nicolsone Rosse Weir
(NRW) algorithm. Based on the transmission line theory, micro-
wave absorption (A) were calculated by S11 and S21 [45]:

A¼1� jS11j2� jS21j2 (1)

CST Microwave Studio was used to simulate reflectivity, electric
((a) and (c) represent horizontally arranged; (b) and (d) represent vertically arranged)
nds.
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field distribution, magnetic field distribution and power loss of
metacompoistes.

3. Results and discussion

3.1. Electromagnetic behavior of metacomposites

3.1.1. Electromagnetic response as related to periodic curved length
and spacing

The real part of permittivity changing with frequency for met-
acomposites containing horizontally arranged microwires are
shown in Fig. 4 (a) and (c). With the increase of periodic curved
length from 2.5mm to 7.5mm, the metacomposites exhibit
enhancive permittivity for both 1mm and 0.5mm micowires
spacing. For 1mm spacing (Fig. 4(a)), the three metacomposites
exhibit characteristic peaks at a frequency of 10 GHz. However, the
characteristic peaks gradually broaden as a result of increasing the
periodic curved length, especially under periodic curved length of
7.5mm, the bandwidth of characteristic peak reaches 2 GHz. The
reason for this phenomenon is that with the increase of the peri-
odic curved length of ferromagnetic microwires, the longer
microwires float leads to the contact between ferromagnetic
microwires, thus significantly weakening the dielectric polariz-
ability and altering the position of polarization peaks. Moreover,
SH1-3 demonstrates a significant characteristic peak at 15.9 GHz,
which can be explicated by improved dielectricization caused by
the relieved internal stress under the smallest curvature. When the
spacing between ferromagnetic microwires is 0.5mm (Fig. 4(c)),
the characteristic peaks of permittivity of three metacomposites
are less obvious. Especially for SH2-1, when frequency rising from X-
band to Ku-band, the real part of permittivity of SH2-1 exhibits a
distinctive rise. In addition, with a specified spacing between
ferromagnetic microwires being 1mm, a shorter periodic curved
Fig. 5. The real part of permeability of metacomposites with different arrangement direction
and microwires spacing ((a) and (b) are 1mm; (c) and (d) are 0.5mm) under X and Ku ban
length makes stronger dependent on the frequency. But overall, the
real part of permittivity of metacomposites containing horizontally
arranged microwires has lower values and less dependence on
frequency compared with those containing vertically arranged
microwires due to the low content of ferromagnetic microwires.

The ferromagnetic microwires in the horizontally arranged
metacomposites are parallel to the direction of electrical field,
causing a dramatic change for the real part of the permittivity
below and above zero. For metacomposites composed of a 1mm
spacing between ferromagnetic microwires (Fig. 4 (b)), SV1-1 and
SV1-2 undergo natural resonances (f0) and plasma resonances (fp)
within the X-band and their real part of permittivity reaches a
negative value between f0 and fp, which is not observed for SV1-3. It
is surmised that SV1-3 is composed of ferromagnetic microwires
with a longer periodic curved length, which is prone to deforma-
tion during RTM process and increase the microwires connectivity
and then decreases the polarizability and eventually affects the
dielectricization [46e51]. In addition, in the X-band, f0(SV1-1) is
lower than f0(SV1-2), indicating that the resonance frequency in-
creases as a result of a rise in the periodic curved length, proving
that shorter periodic length is beneficial to broaden the operating
frequency. Interestingly, all of SV1-1, SV1-2, and SV1-3 exhibit natural
resonance when the frequency shifts to the Ku-band where it can
be found that f0(SV1-2)<f0(SV1-1)<f0(SV1-3). Therefore, the natural
resonance is correlated with both periodic curved length and cur-
vature of ferromagnetic microwires.

Different from 1mm spacing circumstance, all of SV2-1, SV2-2,
and SV2-3 exhibit natural resonance around 10.5 GHz under X-
band when the spacing between ferromagnetic microwires is
decreased to 0.5mm. This is because the number of ferromag-
netic microwires in the metacomposites increases with the
decrease of spacing, resulting in natural resonance of the SV2-3 in
the X-band. Nonetheless, when it reaches to Ku-band, different
s ((a) and (c) represent horizontally arranged; (b) and (d) represent vertically arranged)
ds.
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phenomenon comes out, that is, only SV2-3 exhibits plasma
resonance, while the permittivity of SV2-1 and SV2-2 keep negative
constantly after 10.5 GHz. According to the expression of fp
[35,52e55]:

f 2p ¼
c2

2pb2 ln

 
b
aeff

! (2)

where c ¼ 3� 108m=s, b and aeff denote the vacuum light velocity,
microwires spacing and effective diameter. The fp is inversely
proportional to microwires spacing, therefore, fp of SV2-1 and SV2-2
with 0.5mm spacing is presumed to be above 12.5 GHz. Based on
the tendency of Fig. 4(d), it is highly possible that the fp appears
after 18 GHz, which proves again that the shorter periodic curved
length helps to reach a broadband frequency range with single-
negative property.

The real part of permeability of horizontally arranged meta-
composites with 1mm spacing is presented in Fig. 5(a), and all of
the three metacomposites exhibit a similar trend before 12 GHz.
However, a drastic dispersion phenomenon comes up with the
increasing of frequency in Ku-band. As the frequency goes up, SH1-1
shows an increasing permeability, SH1-2 does not fluctuate much,
while SH1-3 has a decreasing permeability. Although the three
metacomposites show different levels of dependence on frequency,
Fig. 6. The reflection (S11), transmission (S21), and absorption (A) of horizontally arranged
length of 2.5, 5, and 7.5mm. The specified spacing between ferromagnetic microwires is 1
their permeability value does not change significantly, varying from
0.95 to 1.35. When the spacing between microwires decreases to
0.5mm, it is shown in Fig. 5(c) that the permeability of all meta-
composites fluctuates and increases within a small range, which is
attributed to the periodic curved alignment of microwires. In
addition, for vertically arranged metacomposites with a 1mm
spacing, the permeability demonstrates double characteristic peaks
for SV1-1, single characteristic peak for SV1-2, and zero characteristic
peak for SV1-3 with the periodic curved length increasing from
2.5mm to 7.5mm (Fig. 5(b)). This phenomenon may be ascribed to
two factors: curvature difference and the periodic curved length of
microwires. Curvature difference formed in different textile struc-
ture triggers the rearrangement of domain structure of ferromag-
netic microwires, which in turn affects the magnetization of
ferromagnetic microwires. Since the micowires volume fraction is
constant in three metacomposites, the SV1-1 containing 2.5mm
periodic curved length contains the most polarized dipoles, thus
having the strongest dynamic response when interacting with
electromagnetic waves [46]. When the spacing between ferro-
magnetic microwires decreases to 0.5mm, the permeability of
metacomposites is highly dependent on the frequency, exemplified
by double characteristic peaks of both SV2-1 and SV2-2 and single
characteristic peak of SV2-3 in X-band (Fig. 5(d)). Similarly, shorted
periodic curved length intensifies the dynamics response towards
electromagnetic waves. Meanwhile, a smaller spacing enhances the
(a,c,e) and vertically arranged (b,d,f) metacomposites as related to the periodic curved
mm.
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magnetic energy storage capacity of metacomposites.
3.1.2. Refection, transmission and absorption as related to periodic
curved length and spacing

Through Fig. 6, it can be observed that the electromagnetic
propagation mechanisms for horizontally and vertically arranged
metacomposites are quite different. For horizontal arranged met-
acomposites composed of 1mm spacing between microwires,
Fig. 6(c) indicates that the microwave transmission level is
considerably high and over 90%while themicrowave reflection and
absorption levels are both low. This is due to the low impedance
matching of horizontally arranged metacomposites, and the elec-
tromagnetic waves just directly penetrate the composite without
entering the interior. This result is in conformity with the lower
values of permittivity and permeability of horizontally arranged
metacomposites (Figs. 4(a) and Fig. 5 (a)). The real part of permit-
tivity and permeability represents the storage capacity of electrical
and magnetic energy. With a low storage capacity, the microwave
absorption of horizontally arranged metacomposites is conse-
quently low, which is only approximately 7%.

For vertically arranged metacomposites, the microwave trans-
mission has been mitigated, and the absorption level is improved
considerably. Specifically, SV1-1 has the optimal microwave
Fig. 7. The reflection (S11), transmission (S21), and absorption (A) of horizontally arranged (
length of 2.5, 5, and 7.5mm. The specified spacing between ferromagnetic microwires is 0
absorption of 27%, which is four times greater than that of hori-
zontally arranged counterpart. Fig. 6 (d) shows that around 13 GHz,
both SV1-1 and SV1-2 display significant transmission windows
which are caused by the negative permittivity occurring at plasma
frequency. In addition, the frequency range of transmissionwindow
is consistent with those of permittivity characteristic peak. By
contrast, SV1-3 does not display negative permittivity and trans-
mission window is thus absent. An increase in periodic curved
length from 2.5mm to 5mm adversely affects the breadth of
transmission, and the window disappears as a result of a periodic
curved length being 7.5mm, which suggests that with a 1mm
spacing betweenmicrowires, periodic curved length dominates the
presence of transmission window.

In the absorption spectrum, the absorption peak of SV1-1 occurs
at 15 GHz because of the presence of natural resonance at this
specified frequency as in Fig. 4 (b). Moreover, SV1-1 and SV1-2 are
also sensitive to the frequency where the microwave absorption
has an instant rise as a result of the presence of transmission
window. SV1-3 demonstrates a quick rise in the microwave ab-
sorption when the frequency is higher than 17 GHz, which is
ascribed to the natural resonance and a faint transmission window
at this specified frequency. Therefore, transmission window caused
by negative permittivity can strengthen the absorption ability of
a,c,e) and vertically arranged (b,d,f) metacomposites as related to the periodic curved
.5mm.



Fig. 8. Experimental and simulation comparison of absorption spectrums of vertically arranged metacomposites.
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metacomposites.
Regardless of whether the spacing between microwires being

1mm or 0.5mm, horizontally arranged metacomposites have a
higher microwave transmission level, which is equivalently low
microwave absorption. However, SH2-3 has a significantly greater
microwave absorption in Ku-band where SH2-3 exhibits a more
significant dielectric polarization peak of the permittivity than SH2-
1 and SH2-2. For vertically arranged metacomposites, with the
decrease of spacing, both reflection and transmission decrease,
thus resulting in increased absorption. In the transmission spec-
trum (Fig. 7(d)), double transmission windows appear for sample
with 7.5mm periodic curved length, which corresponds to the
double characteristic peaks of permittivity. Blue-shift of trans-
mission window can be observed with the increasing of the peri-
odic curved length. In the absorption spectrum, SV2-3 exhibits
double absorption peaks, one is caused by plasma resonance
around 12 GHz and the other is caused by the natural ferromagnetic
resonance at 16.2 GHz. Although SV2-3 exhibits double absorption
peaks, the optimal microwave absorption of 36% occurs when the
periodic curved length is 2.5mm. In sum, a decrease in the spacing
between ferromagnetic microwires from 1mm to 0.5mm has a
positive influence on the absorption level.
3.2. Electromagnetic wave absorption mechanism

3.2.1. Simulation and experimental comparison of electromagnetic
wave absorption characteristics

In order to validate the design of textile based metacomposites
and further elaborate the electromagnetic response mechanism,
CST Microwave Studio® was used to simulate the three-
dimensional electromagnetic absorption characteristics. The sim-
ulations were only conducted for vertically arranged
metacompoistes since the electromagnetic response and single-
negative property are remarkable in vertical arrangement. Ac-
cording to comparisons between the simulation and experimental
results in Fig. 8, peak shifts and value differences exist between the
simulation and the experimental results, probably resulting from
fabrication error and quartz yarn coverage. Shown in Fig. 2, ferro-
magnetic microwires are periodically covered by insulating quartz
yarns, causing the inconsistency of dielectric and magnetic re-
sponses. For the overall trend, qualitative analysis can be done on
absorption peaks where absorption resonances take place most
intensively in these frequency points [56]. The absorption peaks in
Fig. 8(a)e(f) locate at 12.2 GHz and 14.4 GHz for SV1-1, 13.7 GHz and
16.3 GHz for SV1-2, 11.5 GHz and 16.5 GHz for SV1-3, 13.5 GHz for SV2-
1, 11.5 GHz, 15.5 GHz and 17.7 GHz for SV2-2, and 10.3 GHz and
14.2 GHz for SV2-3, respectively. The period-average amplitude of
electric field intensity, magnetic field intensity and power loss
distribution are simulated and investigated in the following
sections.
3.2.2. Effects of periodic curved length on electromagnetic wave
absorption mechanism

From the power loss distribution in Fig. 9, it can be observed
clearly that with the increase of periodic curved length, the in-
tensity and distribution gradually fade away, which is consistent
with experimental results in Fig. 6(f). Although the power loss is a
combination of electric loss and magnetic loss, the major distri-
bution areas of electric field and power loss overlap each other,
indicating that the major loss for the textile structured meta-
composites under X and Ku bands derives from electric loss, which
is consistent with Huang et al.'s work [56].

For metacomposites with periodic curved length of 2.5mm,
under 12.2 GHz, the electric field concentrates on the edge of



Fig. 9. The complex electric field intensity time-average amplitude distribution, complex magnetic field intensity time-average amplitude distribution and power loss distribution
of vertically arranged meacomposites with periodic length of 2.5mm, 5mm, 7.5mm in different absorption peaks respectively.
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composite, while magnetic field is prisoned inside the ferromag-
netic mircowires. At 14.4 GHz, the oval electric field appears and
leads to the large area distribution on composite. Similar oval
electric field can be seen for SV1-2 at 16.3 GHz, but the intensity is
weakened. The magnetic field is still distributed following the
pattern of microwires interweaving. Therefore, the power loss is
correspondingly decreased. For SV1-3 with longest periodic curved
length being 7.5mm, the distribution of magnetic field continues to
follow the path of microwires, however, the electric field only
concentrates on the left edge of composite, showing a relenting
intensity with the increase of periodic curved length. In addition,
the distribution pattern of power loss directly reflect the varied
periodic curved length, that is, small periodic curved length in SV1-1
tend to form uniform distribution, while larger one is prone to
generate spread pattern with minimum loss occurring at the cur-
vature points. This explains why metacomposites with small peri-
odic curved length has stronger electromagnetic response and
higher microwave absorption. Compared with the two frequency
points of absorption peaks for each metacomposites, higher fre-
quency causes more severe power loss, probably because



Fig. 10. The complex electric field intensity time-average amplitude distribution, complex magnetic field intensity time-average amplitude distribution and power loss distribution
of vertically arranged meacomposites with spacing of 1mm, 0.5mm in different absorption peaks respectively.
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permittivity turns negative after 14 GHz and contributes to the
dielectric loss, shown in Fig. 4(b).
3.2.3. Effects of microwires spacing on electromagnetic wave
absorption mechanism

The microwave absorption simulation on SV1-3 and SV2-3 are
presented in Fig. 10 in terms of complex electric field intensity
time-average amplitude distribution, complex magnetic field in-
tensity time-average amplitude distribution and power loss dis-
tribution. Compared with the periodic curved length effect, the
change of spacing does not aggravate power loss bymuch, although
magnetic field distorts when microwires spacing is reduced to
0.5mm, possibly caused by the double increase of microwires.
Electric field concentrates on the edge of composite, and with the
decrease of spacing, it expands along the microwires to the middle
of composite, which can be explained by the strong dynamic wire-
wire interactions with microwave and giving rise to strong long
range dipolar resonance (LRDR) [35]. Besides, from the power loss
distribution, the donut pattern at 1mm spacing shrinks to light
spot at 0.5mm on the composite surface, indicating that ratio of
magnetic loss has been enlarged as a result of increased number of
microwires, which is consistent with Fig. 5(d). When electromag-
netic wave triggers magnetic domain wall motion, the magnetic
domain structure vary when magnetic field H passes through the
composite, which composes parts of the magnetic loss [56].

In sum, the simulation results qualitatively demonstrate the
microwave propagation and absorption mechanism and support
the experimental phenomenon. Further model optimization should
be done in order to obtain more consistent results with
experiments.
4. Conclusion

A systematic study on the microwave properties of textile
structured metacomposites containing ferromagnetic microwires
with different arrangement direction, periodic curved length and
microwires spacing has been conducted. The employment of textile
structure realizes a geometric form of metamaterial units with
tunable electromagnetic performances. The electromagnetic test
results show that the vertical arrangement metacomposites exhibit
negative permittivity in the X and Ku frequency ranges. When the
spacing between ferromagnetic microwires decreased from 1mm
to 0.5mm, a periodic curved length being 2.5mm or 5mm changes
the double natural resonance to single natural resonance, but a
periodic curved length being 7.5mm goes the other way around.
Composed of 0.5mm microwires spacing and 7.5mm periodic
curved length, the metacomposites have double transmission
windows corresponding to the double characteristic peaks of
permittivity. Moreover, the microwave absorption of meta-
composites is considerably improved by an increase in the micro-
wires spacing, and is 27% for 1mm and 36% for 0.5mm. To sum up,
changing the textile structure effectively changes the electromag-
netic response and microwave propagation of metacomposites. In
addition, through the CST simulation, the simulation results show
that the major loss for the textile structured metacomposites under
X and Ku bands derives from electric loss. Small periodic curved
length tends to form uniform distribution, while larger one is prone
to generate spread pattern with minimum loss occurring at the
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curvature points. The reduction of microwires spacing induces
strong long range dipolar resonance and magnetic domain wall
motion, thusing improving the microwave absorption. The simu-
lation results fully demonstrate the microwave absorption mech-
anism of the metacomposites with microwave absorption peak.
Therefore, the metacomposites composed of a textile structure
have a great potential in structural health monitoring, sensing and
stealth applications as structure-function integrated composite.
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