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Abstract: A new method for the determination of the dynamic modulus of elasticity (Ed) of pine
wood, based on the transverse vibration excitation and electromechanical impedance (EMI) response
of the lead zirconate titanate (PZT) transducer is proposed. The influence of the length to thickness
ratio of the pine specimen on the measurement accuracy was studied through modal simulation
analysis. Based on the results of the modal simulation, the size of the pine specimen was optimized,
and the scanning frequency range of the EMI response was determined. On this basis, the EMI
simulation and test of the pine specimen coupled with a PZT patch were carried out to verify the
effectiveness of the novel method. The impedance simulation results of three kinds of pine specimens
show that a unique and significant formant appears in the real part of each EMI response curve,
and the maximum relative errors of the rectangular PZT patch and circular PZT patch are 1.34%
and 1.81%, respectively. The impedance test results of three kinds of pine specimens indicate that
the maximum relative errors of the rectangular PZT patch and circular PZT patch are 1.41% and
1.68%, respectively, compared with the corresponding results obtained by the traditional transverse
vibration method. Simulation and experimental results verify the validity of the proposed method
for the elastic modulus determination of pine wood.

Keywords: dynamic modulus of elasticity; electromechanical impedance (EMI); lead zirconate
titanate (PZT); pine

1. Introduction

Pine is a widely used building material. The growing environment of pine may
influence its mechanical properties [1]. The modulus of elasticity is an important mechanical
property of pine. Therefore, the modulus of elasticity of pine needs to be tested before its
actual use, and the test can be conducted using the static or dynamic method. Compared
with the conventional bending detections of the static method, the dynamic methods are
relatively convenient, economical, and efficient. Research on the dynamic modulus of
elasticity (Ed) of wood can be traced back to the 1950s, and it mainly includes two methods
of longitudinal and transverse vibration excitation. Hearmon et al. [2] determined the
elastic modulus of pine through transverse and longitudinal vibration methods, and their
research showed that the result of the transverse test was 5%–8% smaller than that of the
longitudinal test. Brenndorfer et al. [3] also described the difference between the modulus
of elasticity obtained from transverse and longitudinal vibration methods. Haines’ research
indicated that the transverse vibration method was more accurate than other dynamic
methods for the determination of the elastic modulus of wood [4]. Yin et al. [5] determined
the modulus of elasticity of Canadian conifers with the transverse vibration method,
and the results showed that the elastic modulus based on the transverse vibration had a
strong linear correlation with the static modulus of elasticity. Wang et al. [6] demonstrated
that the transverse vibration method was the best dynamic technology to assess sawn
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timber. The transverse vibration method has been standardized under ASTM D6874-12
for solid wood [7], and many researchers have tested the modulus of elasticity of wood
and wood-based materials using this method. The transverse vibration method often
adopts only the first-order bending mode frequency based on the Euler–Bernoulli theory.
However, this method requires transverse vibration excitation and signal reception to
acquire the fundamental mode frequency. The bending modes of the beam specimen
are generally excited by the external load, and its vibration response is received by the
sensor. The frequency response function (FRF) can be deduced through the signals of
vibration excitation and response, with which the first-order bending mode frequency can
be obtained. Therefore, a two-channel signal acquisition system is usually needed. That is,
the system is relatively complex, occupies a large area, and has a high cost.

Lead zirconate titanate (PZT) is a piezoelectric material that works on the principle
of piezoelectricity. A PZT patch can be used as a sensor and an actuator. PZT as an
actuator can excite the vibration modes of the beam specimen, and PZT as a sensor can
simultaneously acquire the electromechanical impedance (EMI) signal corresponding to
the vibration modes of the PZT-coupled specimen. Li et al. [8] performed a mechanism
analysis on the EMI responses of a smart corrosion coupon, and the result showed that
some vibration modes excited by the PZT were consistent with the peaks of the EMI signals.
Ritdumrongkul’s research also showed that some peak frequencies in the real part of the
EMI signal corresponded to the vibration modes of the beam coupled with a PZT patch [9].
For the small size, light weight, and high accuracy of the PZT patch, measurement and
monitoring based on the EMI have been widely applied by many researchers, such as in
damage monitoring [10,11], bolt connection monitoring [12,13], grinding process monitor-
ing [14,15], wear monitoring [16,17], soil monitoring [18,19], and stress monitoring [20,21].
Carbajo and his research team have preliminarily investigated the feasibility of determining
the elastic moduli of several kinds of materials based on the EMI response of the PZT patch
for the first time [22]. Their research suggests that specimen sizes need to be optimized to
improve detection accuracy. This requires a research method combining computer software
simulation and experiment, which has been widely used in wood property analysis [23,24].

To the authors’ knowledge, no relevant in-depth research has been conducted on the
elastic modulus determination using the electromechanical coupling property. Based on
the dual functions of PZT vibration excitation and sensing, a single PZT patch is proposed
to replace the external excitation device and sensing element in the traditional transverse
vibration method. Firstly, this article analyzed the theoretical feasibility of the proposed
method. Then, the size optimization of the specimen was studied based on the modal
simulation. On this basis, the EMI simulation and experiment of the pine specimen coupled
with a PZT patch were performed for the verification of this novel method of the elastic
modulus determination. The simulation and experimental results indicate that the EMI
response of the PZT-coupled specimen provides a new way to measure the elastic modulus
of pine wood.

2. Materials and Methods
2.1. Materials

Three kinds of pine, namely Korean pine (Pinus koraiensis Siebold and Zucc.), Mon-
golian Scots pine (Pinus sylvestris var. mongolica Litv.), and Chinese white pine (Pinus
armandii Franch.), were selected for experimental research with a moisture content of
approximately 12%. Korean pine and Mongolian Scots pine were produced in Northeast
China, and Chinese white pine was from the Shanxi region of China. All the test specimens
were sawn from logs’ sapwood without any defect, the length direction of each specimen
corresponds to the longitudinal direction of the wood, and the arrangement of annual
rings is diagonal. The densities of the three kinds of pine specimens were 454 kg/m3,
483 kg/m3, and 432 kg/m3, respectively. The size of the specimens used for impedance
measurement is 250 mm × 40 mm × 5 mm (length × width × thickness), and the dimen-
sion of the large specimens for verification by the traditional transverse vibration method
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is 1000 mm × 40 mm × 20 mm. In addition, three kinds of pine, namely Korean pine,
Scots pine (Pinus sylvestris L.), and eastern white pine (Pinus strobus), were selected for
simulation analysis.

2.2. Ed Calculation of the Transverse Vibration Method

Equation (1) is the transverse vibration equation of a free-supported beam specimen
according to the Euler–Bernoulli theory [25].

ρA
∂2v(x, t)

∂t2 + Ed I
∂4v(x, t)

∂x4 = 0 (1)

where ρ is the density, A is the cross-sectional area of the beam specimen, v (x, t) is the
transverse displacement, I is the moment of inertia, x is the longitudinal coordinate of
the beam specimen, t is the time, and Ed is the dynamic modulus of elasticity along the x
direction.

Based on Equation (1), the first-order bending mode frequency of the beam specimen
f 1 can be derived as follows.

f1 =
1

2π

(
4.73

L

)2
√

Ed I
ρA

(2)

where L is the length of the beam specimen. According to Equation (2), the Ed of the
specimen can be calculated as Equation (3) for a rectangular beam.

Ed = 0.9464
ρL4 f 2

1
H2 (3)

where H is the thickness of the beam specimen.
As can be seen from Equation (3), the main task of the transverse vibration method is

to excite the first-order bending vibration mode of the specimen and extract the frequency
of this mode.

2.3. Theoretical Basis of the EMI Method

A theoretical model for the EMI response of the PZT-coupled beam specimen was
proposed by Giurgiutiu and Zagrai [26]. As shown in Figure 1a, the PZT patch with a
length of la locates between xa and xa + la. The PZT patch expands and contracts with the
excitation of a harmonic voltage signal, which creates a longitudinal force on the surface of
the beam specimen. Its effect at the neutral axis of the beam specimen is equivalent to a
longitudinal force and a bending moment according to the theorem of force translation, as
shown in Figure 1b.
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As the PZT patch is excited with a harmonic voltage signal, the longitudinal force
and bending moment make the beam specimen vibrate laterally and longitudinally at
the excitation frequency. The admittance of the PZT coupled with the beam specimen is
expressed as follows:

Y(ω) = jωC
[

1 − k2
31

(
1 − 1

φcot φ + r(ω)

)]
(4)

where C is the electrical capacitance of the PZT patch, K31 is the electromechanical coupling
factor, φ is the phase angle, and r(ω) is the stiffness ratio defined as follows:

r(ω) =
KS(ω)

Kp(ω)
(5)

where Kp(ω) is the quasi-static stiffness of the PZT patch and Ks(ω) is the dynamic stiffness
of the beam specimen, which can be calculated as follows with no consideration of the
modal damping:

KS(ω) = ρA

{
∑∞

n=1
[Un(xa + la)− Un(xa)]

2

ω2
n − ω2 +

(
h
2

)2

∑∞
m=1

[W ′
m(xa + la)− W ′

m(xa)]
2

ω2
m − ω2

}−1

(6)

where ρ, A, and h are the density, cross-sectional area, and thickness of the specimen,
respectively. Un(x), ωn, Wm(x), and ωm are the longitudinal mode shape of the beam
specimen, longitudinal mode frequency, bending mode shape of the specimen, and bending
mode frequency, respectively.

Equation (6) indicates that the resonance peak will appear in the EMI response with the
excitation frequency of the PZT patch equal to the bending mode frequency or longitudinal
mode frequency of the beam specimen.

2.4. Ed Detection Principle Based on the EMI Method

For a PZT-coupled beam specimen, its first-order bending mode frequency is much
lower than its first-order longitudinal mode frequency. Therefore, only the peak point
corresponding to the first-order bending mode frequency will appear in the EMI response
by optimizing the scanning frequency range of the PZT patch, as shown in Figure 2. The
elastic modulus of the specimen material can be calculated based on Equation (3) by
extracting the peak frequency. The above analysis illustrates the feasibility of the proposed
method theoretically.
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3. Results and Discussion
3.1. Size Optimization of the Specimen

Timber is an anisotropic material, but it is often regarded as an orthotropic material
with three orthotropic directions, namely longitudinal (L), radial (R), and tangential (T), in
mechanical analysis [27]. Thus, beam specimens may have the same mechanical properties,
including the elastic modulus along the three orthogonal directions EL, ER, and ET, shear
modulus GLR, GRT, and GLT, Poisson’s ratios νLR, νRT, and νLT, and the density ρ. The
longitudinal modulus of elasticity EL reflects the main mechanical property of pine and is
much larger than the modulus of two other directions. Therefore, in this study, the length
direction of the beam specimen is consistent with the longitudinal direction of the wood,
with which the dynamic modulus of EL (ELd) can be further obtained based on Equation (3).
However, Equation (3) only considers the bending moment of the specimen. In an actual
transverse vibration test, the flexural specimen is also affected by the rotatory inertia and
shearing force, and these effects are improved with the decrease in the length to thickness
ratio (LTR) of the specimen [28]. That is, the length to thickness ratio of the specimen
will affect the measurement accuracy. The appropriate length to thickness ratio must be
determined first prior to optimizing the size of the specimen. Therefore, bending modal
analyses of the pine specimens were conducted by finite element simulation. The finite
element models of free beam specimens were constructed by COMSOL Multiphysics. The
parameters of three kinds of pine are from the literature [29–31] and are shown in Table 1.
Two kinds of pine were selected for modal analysis and the parameters of the specimens
are shown in Tables 2 and 3. The physical field of solid mechanics and eigenfrequency
analysis in the modal simulation were applied for the mode frequency extraction. The
model was meshed at a size of 2 mm to ensure the accuracy of the modal analysis. Modal
analysis results can provide modal frequencies for each vibration mode [32]. Here, only the
frequency corresponding to the first-order bending mode is needed, as shown in Figure 3.
The first-order bending mode frequency of each specimen was extracted, with which the
ELd was calculated based on Equation (3). Then, the relative error can be further obtained
using Equation (7). All the analysis results are shown in Tables 2 and 3.

∆E =
|EL − ELd|

EL
× 100% (7)

Table 1. The material parameters of three kinds of pine.

Property Korean Pine Scots Pine Eastern White Pine

ρ (Kg/m3) 430 505 349
EL (MPa) 8856 14,300 9404
ER (MPa) 986 700 734
ET (MPa) 429 545 357

GLR (MPa) 499 1230 490
GRT (MPa) 42 500 47
GLT (MPa) 450 800 451

νLR 0.43 0.30 0.30
νRT 0.65 0.38 0.40
νLT 0.51 0.40 0.30

Table 2. The influence of LTR on the ELd determination of Korean pine.

No Size (mm) LTR f 1 (Hz) ELd (MPa) Relative Error

1 800 × 40 × 80 10 516.7 6953 21.49%
2 800 × 40 × 40 20 281.9 8279 6.52%
3 800 × 40 × 25 32 179.8 8622 2.64%
4 800 × 40 × 20 40 144.5 8701 1.75%
5 800 × 40 × 16 50 116.0 8762 1.06%
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Table 3. The influence of LTR on the ELd determination of Scots pine.

No Size (mm) LTR f 1 (Hz) ELd (MPa) Relative Error

1 800 × 40 × 80 10 610.9 11,415 20.17%
2 800 × 40 × 40 20 331.4 13,437 6.03%
3 800 × 40 × 25 32 211.0 13,945 2.48%
4 800 × 40 × 20 40 169.6 14,077 1.56%
5 800 × 40 × 16 50 136.1 14,165 0.94%
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Tables 2 and 3 indicate that the detection accuracy increases with the rise of the length
to thickness ratio for the transverse vibration method. The modal analysis results also illus-
trate that the requirement for the length to thickness ratio is higher when the modulus of
elasticity of the specimen is larger. The relative error of ELd is less than 1.5% when the length
to thickness ratio reaches 50 for Korean pine or Scots pine. Therefore, the size of the pine
specimen can be optimized to 250 mm × 40 mm × 5 mm (length × width × thickness)
to save test materials and to reduce the specimen size. Based on the above method of
modal simulation analysis, the first-order bending mode frequencies of three kinds of
optimized pine specimens were obtained, and the detection errors were calculated ac-
cording to Equation (7) and are shown in Table 4. Table 4 illustrates that the maximum
relative error is also less than 1.5% using the optimized specimens, which meets the actual
detection requirement.

Table 4. The measurement accuracy of the optimized specimens.

Species of Pine Korean Pine Scots Pine Eastern White Pine

The first-order bending mode
frequency f 1 (Hz) 371.3 435.4 424.4

ELd (MPa) 8766 14,157 9296
Relative error 1.02% 1.00% 1.15%

The second-order bending mode frequencies and the first-order longitudinal mode
frequencies of three kinds of optimized pine specimens were also extracted, as shown
in Table 5, in the abovementioned modal simulation analysis to determine the scanning
frequency range for the subsequent impedance analysis.

Table 5. Three mode frequencies of the optimized specimens.

Species of Pine Korean Pine Scots Pine Eastern White Pine

The first-order bending mode
frequency (Hz) 371.3 435.4 424.4

The second-order bending mode
frequency (Hz) 1010.2 1185.7 1153.5

The first-order longitudinal mode
frequency (Hz) 9053.4 10,622.0 10,367.0
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3.2. Verification of the Validity of the Proposed Method Based on the EMI Simulation

EMI simulations were performed using COMSOL Multiphysics software (Version 6.0)
to investigate the feasibility of ELd detection based on the EMI response. The thickness
of the PZT patch should be as thin as possible to reduce its influence on the mode of the
specimen. Two shapes of PZT patches were selected for this study. One is a rectangular
PZT patch with dimensions of 20 mm × 10 mm × 0.2 mm (length × width × thickness),
and the other is a circular PZT patch with dimensions of Φ15 × 0.2 mm. Based on the
optimized dimension of the pine specimen, the impedance response simulation model
of the PZT coupled with the specimen was established by the two functional modules
of the piezoelectric effect and frequency domain analysis. The PZT patch was located
at the center of the top surface of the specimen. The connection layer between the PZT
and the specimen was ignored in the simulation model, and the PZT and the specimen
were set as a combination. The PZT patch is composed of PZT-5H piezoelectric material,
and the parameters are listed in Table 6. The polarization direction of the PZT patch was
set perpendicular to its surface. A harmonic excitation voltage with an amplitude of 1 V
was applied to the top surface of the PZT patch, and its bottom surface was set as the
ground. The maximum size of the meshed finite elements was 2 mm, which could meet
the requirement of consisting of five nodes per half wavelength [33]. To ensure simulation
accuracy and save time, the beam specimen was divided into three parts through the
working face during meshing. The two parts without the PZT patch are mapped and swept
meshed, and the maximum element size of the mesh is 2 mm. The part with the PZT patch
was meshed by free tetrahedral mesh, and the maximum element size of the mesh is 1 mm.
The PZT patch was also mapped and swept meshed, and the maximum element size of the
mesh is 0.5 mm. One of the finite element meshes of the PZT coupled with the specimen is
shown in Figure 4.

Table 6. Material properties of PZT-5H.

Parameters Values

Electric permittivity εT
11/εT

22/ εT
33 3130/3130/3400

Piezoelectric strain coefficients (10−10 m/V) −2.74/−2.74/5.93/7.41/7.41
Compliance S11/S12/S13/S22/S23/S33/S44/S55/S66 (10−12 m2/N) 16.50/−4.78/−8.45/16.50/−8.45/20.70/43.50/43.50/42.60

Density ρ (kg/m3) 7500
Dielectric loss factor tanδ 0.02
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Figure 4. Grid diagram of the rectangular PZT coupled with the specimen.

The appropriate scanning frequency range needs to be determined in the impedance
simulation analysis and subsequent test. The harmonic excitation voltage applied to the
PZT should only excite the first-order bending mode of the specimen, and only one peak
frequency corresponding to the first-order bending mode of the specimen will appear in
the impedance response curve. Based on the modal analysis results listed in Table 5, the
frequency range of 300–600 Hz nearly covers the first-order bending mode frequencies of
all the pine specimens and cannot reach other vibration modes of the specimen. Figure 5 is
the stress diagram of the eastern white pine specimen generated after impedance analysis,
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which indicates that the impedance analysis can effectively excite the first-order bending
mode of the specimen [8].

Forests 2024, 15, x FOR PEER REVIEW  8  of  16 
 

 

 

Figure 4. Grid diagram of the rectangular PZT coupled with the specimen. 

The appropriate scanning frequency range needs to be determined in the impedance 

simulation analysis and subsequent test. The harmonic excitation voltage applied to the 

PZT should only excite the first-order bending mode of the specimen, and only one peak 

frequency corresponding to the first-order bending mode of the specimen will appear in 

the impedance response curve. Based on the modal analysis results listed in Table 5, the 

frequency range of 300–600 Hz nearly covers the first-order bending mode frequencies of 

all the pine specimens and cannot reach other vibration modes of the specimen. Figure 5 

is the stress diagram of the eastern white pine specimen generated after impedance anal-

ysis, which  indicates  that  the  impedance  analysis  can  effectively  excite  the first-order 

bending mode of the specimen [8]. 

The impedance signals of the PZT patch coupled with three kinds of pine specimens 

in the range between 300 and 600 Hz with a step of 0.5 Hz were extracted and are shown 

in Figure 6. Figure 6 indicates that only one significant peak point appears in the real part 

of the impedance curve. The peak frequency corresponds to the first-order bending mode 

of the PZT-coupled specimen. A slight difference of approximately 1 Hz is observed be-

tween the peak frequencies of the same specimen coupled with two shapes of PZT patches 

in Figure 6. The reason is that the mode of the PZT-coupled specimen is affected by the 

additional mass of the PZT patch [34], and the mass of the rectangular PZT patch is dif-

ferent from that of the circular PZT patch. For the same specimen, the amplitude of the 

peak frequency of the rectangular PZT in the impedance curve is larger. The reason for 

this is that the rectangular PZT patch produces a larger excitation load under the same 

sinusoidal voltage excitation and the corresponding bending moment is larger. 

 

Figure 5. Stress diagram of the eastern white pine specimen generated after impedance analysis. 

300 350 400 450 500 550 600

0

500

1000

1500

2000

2500

3000

3500

R
ea

l p
ar

t o
f 

im
pe

da
nc

e 
(Ω

)

Frequency (Hz)

(372.0,  2852)

Korean pine

 

Scots pine

300 350 400 450 500 550 600

0

500

1000

1500

2000

2500

3000

R
ea

l p
ar

t o
f 

im
pe

da
nc

e 
(Ω

)

Frequency (Hz)

(436.0,  2609)

 

300 350 400 450 500 550 600
0

500

1000

1500

2000

2500

3000

Eastern white pine

R
ea

l p
ar

t o
f 

im
pe

da
nc

e 
(Ω

)

Frequency (Hz)

(424.0, 2487)

 
(a) 

Figure 5. Stress diagram of the eastern white pine specimen generated after impedance analysis.

The impedance signals of the PZT patch coupled with three kinds of pine specimens
in the range between 300 and 600 Hz with a step of 0.5 Hz were extracted and are shown
in Figure 6. Figure 6 indicates that only one significant peak point appears in the real
part of the impedance curve. The peak frequency corresponds to the first-order bending
mode of the PZT-coupled specimen. A slight difference of approximately 1 Hz is observed
between the peak frequencies of the same specimen coupled with two shapes of PZT
patches in Figure 6. The reason is that the mode of the PZT-coupled specimen is affected
by the additional mass of the PZT patch [34], and the mass of the rectangular PZT patch
is different from that of the circular PZT patch. For the same specimen, the amplitude of
the peak frequency of the rectangular PZT in the impedance curve is larger. The reason
for this is that the rectangular PZT patch produces a larger excitation load under the same
sinusoidal voltage excitation and the corresponding bending moment is larger.
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Figure 6. The EMI simulation results of three kinds of pine specimens. (a) The EMI response curve
of the rectangular PZT coupled with the specimen. (b) The EMI response curve of the circular PZT
coupled with the specimen.

According to the extracted peak frequencies, the ELd values were computed based
on Equation (3) for three kinds of pine specimens, and the relative errors were further
calculated based on Equation (7). The results are summarized in Table 7. The maximum
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relative errors of three kinds of specimens with the rectangular PZT patch and circular PZT
patch are 1.34% and 1.81%, respectively. The rectangular PZT and the circular PZT have
high detection accuracy, which verifies that the proposed method for the ELd determination
of pine based on the EMI response is feasible and effective.

Table 7. The measurement results of ELd, based on the EMI simulation.

Species of Pine PZT Shape f 1 (Hz) ELd (MPa) EL (MPa) Relative Error

Korean pine Rectangular 372.0 8799
8856

0.64%
Circular 371.0 8752 1.17%

Scots pine Rectangular 436.0 14,196
14,300

0.73%
Circular 435.0 14,131 1.18%

Eastern white pine Rectangular 424.0 9278
9404

1.34%
Circular 423.0 9234 1.81%

3.3. Validation of the Effectiveness of the Proposed Method Based on the Test

Three commonly used pine species, namely Korean pine, Mongolian Scots pine, and
Chinese white pine, were selected for the experimental study, which were almost the same
as the pine species selected in the simulation. In addition, it is necessary to use a mature
method to verify the detection accuracy of the proposed method. The proposed method is
essentially a transverse vibration method. The traditional transverse vibration method is
a widely used and standardized method. Therefore, the traditional transverse vibration
method was chosen as the validation method. The experimental specimens were cut from
the same log to ensure the consistency of the test results.

3.3.1. Elastic Modulus Determination by the EMI Method

The measurement system of the EMI method is shown in Figure 7, and it includes
an impedance analyzer and a computer. The type of impedance meter is a ZX80A-2M.
Its sweep frequency range is 300–2M Hz. The frequency accuracy is 0.1 Hz. The system
is simple, economical, portable, covers a small area, and can be used in the field or at
industrial sites. To ensure the accuracy of the test results, three samples were made for
each kind of pine detection. The sizes of the test specimens were almost the optimized
size, and their thicknesses were slightly deviated due to the machining error. For the finite
element simulation of EMI, two shapes of PZT patches were used. One is a rectangular PZT
patch with a size of 20 mm × 10 mm × 0.2 mm, which needs to be customized from the
enterprise. The other is a circular PZT patch, which is a commercial buzzer. The two kinds
of PZT are both PZT-5H piezoelectric materials. To facilitate the adhesion to the specimen,
the rectangular PZT patch adopted a flanging structure; that is, the two electrode wires
of the PZT patch were drawn from its upper surface. The commercial buzzer was made
by pasting a circular PZT patch onto the surface of a thin, round copper sheet, and the
two electrodes can be drawn from the upper surfaces of the PZT patch and the thin copper
sheet, respectively. The diameters of the circular PZT patch and the copper sheet in the
buzzer were 15 mm and 20 mm, respectively, and their thicknesses were all 0.15 mm.

The adhesive has some effect on the PZT impedance [35]. If the amount of glue is
too much, the vibration excitation effect may be weakened, and the main peak of the
impedance response will not be prominent, or may even disappear, so that the first-order
bending mode frequency of the specimen cannot be accurately extracted. To avoid the
influence of adhesive mass on the mode of the specimen and the main peak of the EMI
response, 502 glue was used for connection, the adhesive layer is very thin, and its mass
can be ignored. This glue has a short curing time and can cure completely in about
5 min. The cured pine specimens were placed on a soft foam to satisfy the free boundary
condition during the EMI measurement. The pine specimens were then connected to the
impedance analyzer. The application software for the impedance analyzer was installed on
the computer. After the scanning frequency range of 300–600 Hz was determined using
simulation analysis and the step of 0.5 Hz were set, the EMI signals could be acquired using
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the impedance analyzer and transferred to a computer via a net cable for further analysis.
The EMI signal of each sample was acquired with three repeated measurements. Under the
same measurement conditions, the three repeated measurement results of the specimen
were generally the same, namely the peak frequencies were the same. If the results were
inconsistent, there might have been a problem with the glue and it may have needed to
be reprocessed.
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For three samples of each kind of pine with very close measurement results, if all
three results were different, the sample result with the intermediate detection value was
retained, and if two or three of the results were the same, the sample result with the same
detection value was kept. The EMI signals of three kinds of pine specimens are shown in
Figure 8. Figure 8 indicates that a unique and significant formant appears in each EMI curve.
As concerns the results of the simulation analysis, the peak frequencies of the rectangular
PZT and the commercial buzzer are slightly different for the same pine specimen, which
is caused by the difference in size and mass between the two piezoelectric elements. In
addition, unlike the simulation results, the impedance peak of the circular PZT is relatively
larger, which is caused by the copper sheet in the buzzer. Based on the peak frequencies of
the three kinds of specimens, the ELd values of three kinds of pine were computed and are
listed in Table 8.

The impedance measurements in this work were performed at room temperature,
about 25 ◦C. The impedance amplitude of the PZT is affected by the temperature [36], but
the measurement of the pine elastic modulus only considers the peak frequency of the EMI
response, which is excited by the bending vibration mode of the PZT-coupled specimen.
Therefore, the measurement accuracy of the proposed method will not be affected by the
temperature. During the experiments, it was also found that the peak frequency of the pine
specimen was unchanged at different temperatures, which indicates the applicability of the
proposed method.

3.3.2. Verification of the Effectiveness of the EMI Method

To verify the effectiveness of the proposed method, the test system of the traditional
transverse vibration method was selected to measure the elastic modulus of the above
three kinds of pine and is shown in Figure 9. It includes a stress hammer (the measurement
range is 0–500 N and the sensitivity is 10 mV/N), a sound pressure sensor (the frequency
response range is 20 Hz–20 KHz and the sensitivity is 50 mV/Pa), a data acquisition card
(it is a 24-bit card and the sampling frequency can reach 204.8 kS/s), and the software of
the signal acquisition system based on LabVIEW (version 2011). The beam specimen was
suspended at the nodal point of the first-order bending shape via elastic threads, and the
sound pressure sensor was mounted above the upper surface of the specimen, 3–5 mm
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away from the upper surface, and near the end of the specimen. A rubber hammer head was
used for transverse vibration excitation because the first-order bending mode frequency of
the beam specimen in this experiment is generally below 150 Hz. The sampling frequency
is 500 Hz and the sampling number is 2000. The signal acquisition system collected the
signals of the two sensors simultaneously. The first-order mode frequency was further
acquired according to the time signals of the two sensors. The test device is shown in
Figure 10.
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Figure 8. The test results of three kinds of pine specimens. (a) The EMI response curve of the rectan-
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Figure 8. The test results of three kinds of pine specimens. (a) The EMI response curve of the
rectangular PZT coupled with the specimen. (b) The EMI response curve of the circular PZT coupled
with the specimen.

Table 8. The measurement results of ELd, based on the EMI test.

Species of Pine Size (mm) Density
(kg/m3) PZT Shape f 1 (Hz) ELd (MPa)

Korean pine 250 × 40 × 5.30 454
Rectangular 379.0 8583

Circular 378.5 8560

Mongolian Scots pine 250 × 40 × 5.58 483
Rectangular 481.5 13,296

Circular 480.5 13,240

Chinese white pine 250 × 40 × 5.40 432
Rectangular 502.5 13,829

Circular 500.0 13,692

To ensure the accuracy of the test results, three samples were made for each kind of
pine detection. Each sample was measured five times, and if the frequency of the main
peak was the same three or more times, the measurement was valid, otherwise it needed
to be re-tested. The retention rules of sample test results are consistent with those of the
above EMI method. The size and density of three kinds of pine specimens are shown in
Table 9. The length to thickness ratio of the specimens is approximately 50, which meets
the requirement of the detection accuracy. The curves of the imaginary part of FRF of
three kinds of pine specimens are shown in Figure 11 and the first-order bending mode
frequencies were 110.75 Hz, 119.25 Hz, and 113.25 Hz, respectively. Based on Equation (3),
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the dynamic modulus of elasticity of three kinds of pine were computed. The results are
listed in Table 9.
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Table 9. The detection results of EL using the traditional transverse vibration method.

Species of Pine Size (mm) Density (kg/m3) f 1 (Hz) EL (MPa)

Korean pine 1000 × 40 × 19.95 454 89.8 8706
Mongolian Scots pine 1000 × 40 × 20.42 483 110.8 13,458

Chinese white pine 1000 × 40 × 20.50 432 119.3 13,846
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According to the test results shown in Tables 8 and 9, the detection results of the
proposed method were compared with the corresponding results obtained using the tra-
ditional transverse vibration method based on Formula (7). As shown in Table 10, the
maximum relative errors of three kinds of pine specimens with the rectangular PZT patch
and circular PZT patch are 1.41% and 1.68%, respectively, which further verifies the feasi-
bility and effectiveness of the proposed EMI method for the ELd determination of pine. The
commercial buzzer has nearly the same detection accuracy as the rectangular PZT patch,
which further demonstrates that the EMI method is effective, practical, and economical, for
the commercial buzzer is very cheap and each buzzer costs approximately $0.4.

Table 10. Measurement accuracy of the proposed method.

Species of Pine
Results Using the Proposed Method Results Using the Traditional

Transverse Vibration Method Relative Error
PZT Shape ELd (MPa) EL (MPa)

Korean pine Rectangular 8583
8706

1.41%
Circular 8560 1.68%

Mongolian Scots pine Rectangular 13,296
13,458

1.20%
Circular 13,240 1.62%

Chinese white pine Rectangular 13,829
13,846

0.12%
Circular 13,692 1.11%

Although the measurement accuracy of the proposed method is comparable to that of
the traditional transverse vibration method, and the relative error is within 2%, the detection
accuracy can be further improved. If the size of the specimen is increased appropriately, its
mass is increased, and the influence of PZT mass on the mode of the specimen is further
reduced when the PZT mass is unchanged [37]. However, compared with the traditional
transverse vibration method, the disadvantage of this method is that the PZT patch needs
to be bonded, and the amount of glue needs to be controlled.

This work aims to explore a novel method. The detection system of the proposed
method is simple, economical, portable, and covers a small area. Currently this method
is only used to detect the elastic modulus of several kinds of pine specimens. In the
future, the impedance scanning frequency range and specimen size for other wood and
wood materials will be further studied and optimized to expand the applicability of the
proposed method.

4. Conclusions

In this study, a new method based on the EMI response was verified for the elastic
modulus determination of pine, the main conclusions are summarized as follows:

1. The results of the modal simulation on the transverse vibration method indicate that
the detection accuracy of the dynamic modulus of elasticity is higher when the length
to thickness ratio of the pine specimen is larger. When the length to thickness ratio of
the pine specimen reaches about 50, the detection accuracy meets the actual demand,
with which the size of the pine specimen was optimized for impedance measurement.

2. The scanning frequency range of the EMI detection is determined to be 300–600 Hz
based on the mode frequencies of three kinds of pine specimens, which nearly cover
the first-order bending mode frequencies of all the pine specimens and cannot reach
other vibration modes of the pine specimen.

3. The EMI simulation results illustrate that a unique and significant formant appears in
the real part of each EMI response curve, and the maximum relative errors using the
rectangular PZT patch and the circular PZT patch are 1.34% and 1.81%, respectively,
which verifies the feasibility and validity of the proposed method.

4. The EMI test results indicate that the maximum relative errors using the rectangular
PZT patch and the commercial buzzer are 1.41% and 1.68%, respectively, compared
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with the corresponding results obtained using the traditional transverse vibration
method, which verifies the effectiveness and practicality of the EMI method.
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