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Polymer modification can improve the stability and corrosion resistance of wood, but it could create defects inside wood
during the modification processing. Detection of defects inside polymer-modified wood can reduce wood losses and prevent
the occurring of defects. Data simulation and tomographic imaging of polymer-modified wood internal defects were carried out
using electromagnetic waves with nondestructive testing. This study constructed the polymer-modified wood models, simulated
the electromagnetic scattering wave, and used the total focusing method to perform tomography of the defects in the polymer-
modified wood. By analyzing the imaging characteristics of different types of defects, the effectiveness of electromagnetic waves in
the detection of internal defects of polymer-modified wood was proved. This method can be extended to test internal defects of
other high molecular polymers.

1. Introduction

As a renewable material, wood has been widely used in
various fields such as construction, decoration, and energy.
However, defects of wood such as warp, crack, and decay
caused by the changing of external temperature and humidity
have caused serious economic losses in wood production
[1]. In order to reduce the defects of wood and improve its
physical and chemical properties, the modification of wood
began in the early 20th century [2, 3]. The stability and
corrosion resistance of polymer-modified wood have been
significantly improved compared to the wood modified by
other modification methods and gradually became the main
method of wood modification [4, 5]. The polymer-modified
wood has a wide range of applications in buildings and
outdoor wood products. However, defects may occur inside
wood during processing or service, and the detection of
defects inside the polymer-modified wood can reduce losses
and prevent from the defect occurring in advance [6].

The nondestructive testing technology can find the
defects of wood by comparing the differences of physi-
cal or chemical characteristics [7]. Methods such as the

electromagnetic wave detection, laser detection, infrared
detection, ultrasonic detection, nuclear magnetic resonance,
andX-ray detection have beenwidely used in themetal defect
detection, ground penetrating radar, medical imaging, and
other fields [8–10]. There are various methods for detecting
polymer-modified wood, such as the infrared detection,
ultrasonic detection, stress wave detection, and X-ray detec-
tion [11–13]. Each of thesemethods has its advantages and dis-
advantages, but there is no single method that can easily and
effectively detect the internal defects of the polymer-modified
wood. Infrared detection method detects the internal defects
of polymer-modified wood by the phenomenon of abnormal
temperature rise, but it is greatly affected by environmental
factors. Sunlight, airflow, air temperature and humidity, and
surface leakage current would affect the detection signals of
the infrared detection method [14]. The ultrasonic detection
method requires coupling agent and needs to select a probe
that matches the acoustic impedance which requires close
contact with the surface of the testing samples, which limits
its application range [15]. The stress wave detection requires
the sensors to be nailed to the polymer-modified wood,
which would cause damage.The X-ray inspection equipment
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costs too much and also has a safety concern; e.g., if used
improperly, it can cause radiant damage to human body [16].

In this paper, the total focusing method was applied
to make the image inversion of the electromagnetic wave
propagation data in the composite insulator to achieve the
purpose of nondestructive testing. The total focus method is
mostly used in phased array ultrasonic monitoring systems;
this method has been widely used in many fields such as
petroleum exploration and industrial product testing [17, 18].
The principle is to coherently sum all the elements to focus
at each point in the image reconstruction area. This method
candefine various reconstructionnetworks and achieve high-
precision reconstruction [19, 20].

2. Method

The total focusing method collects data by the full matrix
capture method, and the acquisition step is to record the
signals between all array elements as shown in Figure 1.
The signals collected by the transmitting element 𝑖 and the
receiving element 𝑗 are denoted by 𝐸(𝑡, 𝑢𝑖, V𝑗), where 𝑢𝑖 and
V𝑗, respectively, represent the positions of the transmitting
array elements and the receiving array elements. If 𝑁 repre-
sents the total number of elements, the data set is defined as
𝐸(𝑡, 𝑢, V)(1 ≤ 𝑖 ≤ 𝑁, 1 ≤ 𝑗 ≤ 𝑁). As for reconstruction of any
sample point (𝑥, 𝑦) in the solution domain, it can be given by
the following.

𝑂 (𝑥, 𝑦) =
𝑁

∑
𝑖=1

𝑁

∑
𝑗=1

𝐸(𝑟1 + 𝑟2
c/√𝜀 + 𝜏, 𝑢𝑖, V𝑗) (1)

In the formula 𝑟1 = √(𝑥 −𝑢𝑖)2+𝑦2, 𝑟2 = √(𝑥 − V𝑗)2 + 𝑦2, c
is the propagation speed of electromagnetic waves in vacuum,
𝜀 is the relative dielectric constant of the backgroundmedium
(assuming that the polymer-modified wood material is uni-
form and isotropic) [21, 22], and 𝜏 is the time constant. The
calculation process is equivalent to focus at each point (𝑥, 𝑦).

The time constant 𝜏 consists of two parts: one is from
the gprMax simulation software, and the other depends
on the wavelength of the excited electromagnetic wave.
There is a “zero zone” of the initial emission time in the
gprMax simulation software, and no electromagnetic waves
are emitted in this region. That is, the electromagnetic wave
starts to emit later than zero-time. In the imaging result, the
data of each sampling point comes from the value at the
peak of the Ricker wave, which corresponds to 𝜆/2c. The
time constant 𝜏 corresponding to the electromagnetic wave
of 1 GHz is 1.6121 ns.

A certain transmitting point of the electromagnetic wave
array element transmits a signal which is received by all
other receiving points, which means that “one transmits and
more receive” the electromagnetic wave signal.This process is
repeated for all array elements, whichmeans “point-by-point
transmission, total focus”.

Acrylonitrile is a good wood intumescent agent, which
can be used for impregnating the plasticized wood to increase
its dimensional stability. In this paper, the acrylonitrile
modified wood was taken as an example to develop a defect
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Figure 1: Schematic diagram of data acquisition for the total
focusing method.

simulation model, and its factors were set to be a shape
diameter of 0.18m, a relative dielectric constant of 8, the
dielectric loss tangent of 0.0038, the volume resistivity of
8.93 × 108M ∙ Ω ∙ cm, the surface resistivity of 9.287 ×
108M ∙ Ω, and the heat distortion temperature of 307∘C. A
two-dimensional space model of the solution domain (0.2m,
0.2m) was developed using the gprMax simulation software,
on a circumference with a center of (0.1m, 0.1m) and a radius
of 0.09m, N=16 array elements, which were equally spaced
and each array element had a transmitter and a receiver.
The transmitter sequentially emits a Ricker wave with a
frequency of f=1GHz, and the waveform function is 𝜒(𝑡) =
−𝐴[2𝜋2𝑓2(𝑡 − √2/𝑓)2 − 1]𝑒−𝜋2𝑓2(𝑡−√2/𝑓)2 , 𝑡 > 0, received by
all receivers. Time window 𝑡𝑤 = 2y/(c/√𝜀) + 1/𝑓 + 𝜏 ≈ 9ns.

3. Experimental Results and Analysis

In this study, the circular polymer-modifiedwoodmodelwith
preset defects was taken as the research sample. The elec-
tromagnetic wave was used to simulate the nondestructive
testing of polymer-modified wood. The position, size, shape,
and other related information of the defects were obtained
by the electromagnetic wave propagating in the medium.
Specifically, it involved the influence of the type, position,
shape, and quantity of the defect medium on the inversion
imaging of the electromagnetic wave total focusing method.

3.1. Single Circular Air Defect Simulation Imaging. The inter-
nal defects of the polymer-modified wood were set to be a
circular air diameter of 0.02m, and the circle center at (0.1m,
0.1m). As shown in Figure 2, the model was simulated using



Advances in Polymer Technology 3

polymer-modified 
wood

Air scatterer

0.1m 0.2m0

0.1m

Transmitters Receivers

0.2m

Figure 2: Single circular air defect model diagram.
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Figure 3: Single circular air defect inversion imaging diagram.

the gprMax software. The inversion results are shown in Fig-
ure 3. As shown in the figure, the air defect (weak scattered)
was insensitive to the scattering of electromagnetic waves,
there were obvious bright spots at the 16 array elements, and
the defect position information was not obvious.

3.2. Single CircularMetal Defect Simulation Imaging. In order
to explore the problem that the air defect imaging was not
obvious, the defect was set to a circular metal with a diameter
of 0.02m, and the circle center at (0.1m, 0.1m). Figure 4 shows
the model that was simulated by using gprMax software.
The inversion results are shown in Figure 5. As shown in
Figure 5, the metal defects (strong scatterers) were sensitive
to electromagnetic waves, and the total focusing method can
clearly and accurately image the metal defects.
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Figure 4: Single circular metal defect model.
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Figure 5: Single circular metal defect inversion image.

3.3. Improvement of the Total Focusing Method of Weak
Scatterers. By comparing the A-scan data of the metal defect
model, the air defect model and the no defect model at the
same array are shown in Figure 6. It was found that the curves
of the metal defect model and the air defect model were
similar to those of the defect-free model in the range of 0 to
2.57 ns, where the data came from the electromagnetic wave
signals emitted by the transmitter at the same array element,
which was not directly received by the receiver through the
scatterer. In the range of 2.57 ns to 4 ns, the curve of the
metal defect model was significantly different from that of the
defect-free model, and the difference between the air defect
model and the defect-free model was small, where the data
was from the scattering field data of the electromagnetic wave
in the medium propagation process. In the range of 4 ns to
8 ns, the curves of the three models were similar, and the
data fluctuation amplitude was much smaller than the data
fluctuation in the range of 0 to 4 ns, where the data came
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Figure 6: Comparison of A-scan scan data at the same array.
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Figure 7: Comparison of scattering fields between metal defect
model and air defect model.

from the scattering on the circumference of the background
medium.

As shown in Figure 7, after subtracting the metal defect
model data and the no defect model data, the scattering
field data of the metal defect model was obtained. After the
air defect model data and the no defect model data were
subtracted, the scattering field data of the air defectmodelwas
obtained. Comparing the curves of the two models, it can be
found that the scattering field data of the twomodels were not
zero in the range of 2.7 to 4 ns, the scattering field intensity of
the metal defect in the range of 0 to 2.57 ns was much larger
than the scattering field intensity of the air defect, and the
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Figure 8: Image of the air defect model after pretreatment.

scattering field of the air defect was similar to the scattering
field intensity at 2.57 to 4 ns.

Since we only cared about the scattering field data at
the defect and needed to eliminate scattering field data from
background media as much as possible, we pre-zero the
scattered field data in the range of 0 to 2.57 ns and 4 to 8 ns
and then made the inversion imaging calculation with the
total focusing method.The image of the air defect model after
preprocessing is shown in Figure 8.

3.4. Simulated Imaging of Air Defects in Different Shapes
and Positions. The internal defects of the polymer-modified
wood were set to a circular air with a diameter of 2 cm, and
the circle center at (0.1m, 0.05m) as shown in Figure 9(a).
Figure 9(b) shows that the rectangular air gap has a slit length
of 0.1m and width of 0.02m. The vertex coordinates are
sequentially A (0.05m, 0.099m), B (0.05m, 0.101m), C (0.15m,
0.101m), and D (0.15m, 0.099m), by using gprMax software to
separate the two models and perform simulation calculations
as shown in Figure 9(b). The inversion results are shown in
Figures 10(a) and 10(b). The inversion calculation of the total
focusing method can accurately detect the shape information
of the defects, but the position information of the inversion
imaging had a certain error compared with the model. The
simulation position of the defect was compared with the
model position and it can be found that it rotated about 12.5∘
clockwise with the center of the model as the center.

3.5. Multiple Circular Air Defect Simulation Imaging. The
internal defects of the polymer-modified wood were set to
two circular airs of 0.02m in diameter, and the centers at
A (0.05m, 0.1m) and B (0.15m, 0.1m), respectively, as shown
in Figure 11(a), with three diameters of 0.02m. The circular
air, centered at A (0.7m, 0.7m), B (0.10m, 0.13m), and C
(0.13m, 0.07m) as shown in Figure 11(b), was obtained using
the gprMax software to separate the two models’ simulation
calculation. The inversion results are shown in Figures 12(a)
and 12(b). The inversion calculation of the total focusing
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(a) Circular defect inversion imaging
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(b) Slot defect inversion imaging

Figure 10

method can detect multiple circular defect information, but
the position information had an error of about 12.5∘.

3.6. Discussion and Analysis. The total focusing method for
electromagneticwave scattering field data reconstruction that
inverted spatial scatterer images from time-domain signals
from all combinations of transmit-receive array elements
was used in this study. The simulation results showed that
the scattering field data could be reconstructed at each
sampling point in space using the total focusing method,
so that the position where the scattering field value was
prominent formed a “bright spot” to achieve the purpose of
imaging. The strength of the “bright spot” depended on the
scattering intensity of the scatterer on the electromagnetic
wave, and the metal scatterer had a better imaging effect

than the air scatterer. In order to solve the problem that the
air scatterer imaging was not ideal, the direct wave data in
the scattered field was preprocessed and then the inversion
imaging calculation was performed. The deviation between
the simulation imaging results of the gap model and the
multicircle model and the position of the scatterer in the
model was expected to be solved by increasing the transmit-
receive array elements (N>16).
4. Conclusion

In this paper, the objective of imaging the internal defects
of polymer-modified wood was realized by the forward
modeling of electromagnetic wave and the inversion imaging
calculation of the total focusing method. By measuring the
scattered waves generated at the normal tissue and defect
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(a) Double-circle defect inversion imaging
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(b) Three-circle defect inversion imaging

Figure 12

interface inside the polymer-modified wood, the type, loca-
tion, shape, and quantity of internal defects imaging of the
polymer-modified wood were recognized according to the
differences in the amplitude and speed of electromagnetic
wave propagation inside different media.The scheme verified
the feasibility of the total focusing method proposed in this
paper to realize the inversion imaging of polymer-modified
wood internal defects. The experimental results showed that
the gprMax software can correctly simulate the polymer
material and internal defects. The numerical results can be
used for inversion imaging. The scattering intensity of metal
defects on electromagnetic waves was large. Accurate defect
images can be directly obtained in the inversion calculation
of the total focusing method, but for air-based defects, the
intensity of the scattered field at the interface was much
smaller than the intensity of the direct wave, resulting in a
bright spot stronger than the defect at the array element in the

inversion image. After the direct wave data at each dot matrix
was zeroed, the in-focus image inversion was significantly
improved to achieve accurate detection of defective images.
In this paper, using electromagnetic wave technology to carry
out forward modeling and inversion imaging calculation
of polymer-modified wood internal defects, the purpose of
nondestructive testing of polymer-modified wood internal
defects was realized. The method was simple in operation
and fast in imaging calculation. It can provide a basis for
the detection of internal defects in other types of polymer
products or materials.
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