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New impedance measurement system estimating cross-sectional moisture 
distribution in cylindrical bodies and electric network modeling

Abstract This work aimed to measure the cross-sectional 
moisture distribution in a cylindrical body using a double-
glass-tube model fi lled with water and to construct an elec-
tric network model that explains the effects of moisture 
distribution. A new impedance measurement system intro-
ducing an intermediate electrode was exploited. The elec-
trode was used to segregate the target local current from 
the whole current in a cross section of a specimen. Three 
model cylinders with different moisture distributions were 
used, and absolute values of impedance and phase were 
measured over the frequency range 1 kHz to 1 MHz. By 
introducing an intermediate electrode, frequency responses 
of the impedance and the phase showed characteristic 
changes in the high-frequency range associated with the 
moisture distributions. The trends were simulated numeri-
cally by using electric network analysis. The proposed 
method enabled measurement of a selective current path in 
the cross section of a cylindrical body.

Key words Impedance measurement · High frequency · 
Intermediate electrode · Moisture distribution · Electri-
cal model

Introduction

Moisture measurement in logs and standing trees is a key 
technology not only for improvement of timber drying but 
also for nondestructive evaluation, especially for segregat-
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ing logs and standing trees with high moisture content. At 
present, X-ray computed tomography (CT),1 magnetic reso-
nance imaging (MRI),2 and neutron beam imaging3 methods 
are effi cient as nondestructive tests of the cross-sectional 
moisture distribution of logs and standing trees, but these 
techniques are too expensive for everyday use in wood 
industries. A lateral vibration technique for estimating the 
core moisture content of standing trees has been also pro-
posed,4 but the method shows wide deviation of estimated 
moisture content. Electrical techniques are currently used 
for portable moisture meters, and some electric meters of 
the dielectric type are approved as practical tools for sawn 
softwood timbers.5 This equipment makes relatively deep 
penetration of the electric fi eld into timber possible, but they 
are not able to detect the moisture content in the core parts 
of logs and standing trees. Some impedance techniques have 
been studied for timber6–10 and logs11 from the point of view 
of tomography methods, but they have not been adequately 
developed for application to logs and standing trees.

Our impedance method introduces an intermediate elec-
trode between the supply and detection electrodes and 
could segregate a target electric current, enabling enhanced 
measurement of impedance in the cross section of a cylin-
drical body.12 In preliminary measurements applied to wood 
branches during natural drying, we found a particular 
change in the impedance frequency response curves that 
showed a peak or a local increase in the high-frequency 
range;13 this change was caused by the moisture gradient in 
the specimen. The present work was conducted to analyze 
the effect of the cross-sectional moisture distribution on 
impedance measurement by using glass tube models and to 
form an electrical network model explaining the cross-
sectional moisture distribution of cylindrical bodies.

Materials and methods

Basic concept of the new impedance measurement

Figure 1 shows a schematic explaining the effect of the 
intermediate electrode for the proposed impedance mea-
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surement. Without the intermediate electrode, all electric 
fi eld lines which start from the supply electrode end at the 
detection electrode, which is connected to an impedance 
meter. On the other hand, the intermediate electrode traps 
some of the electric fi eld lines and they are introduced into 
a voltage source. Accordingly, the remained electric fi eld 
lines, which are located in the core part of the cylindrical 
body, are collected and introduced into the impedance 
meter. This means that the impedance of the core part can 
be selectively measured by introducing the intermediate 
electrode. The trapping of the electric fi eld lines by the 
intermediate electrode induces a change in the frequency 
response of the impedance.

Basic concept of the electric network for double-cylinder 
models

Three different cylinder models composed of two glass 
tubes with different diameters are considered, as shown in 
Fig. 2. The outer space, inner space, or both are fi lled with 
water. The outer space represents sapwood and the inner 
space represents heartwood in the cross section of a log.

The effect of moisture distributions on the impedance 
frequency response was analyzed by using network analysis 
of equivalent electric circuits.14 The network model shown 
in Fig. 3 was composed of two kind of elements, i.e., resistors 
and capacitors, and was made up of three groups: (1) capaci-
tors (CE and CEi) between the electrodes on the surface of 
outer tube and the water inside the tube, (2) resistors and 
capacitors for water in the tube (R and C) between the 
supply and the detection electrode or the intermediate elec-
trode, and (3) the capacitor and the resistor for water in the 
tube (Cp and Rp) between the supply and detection elec-
trodes. As an approximation, resistors connected in parallel 

Fig. 1. Schematic of the effect of the intermediate electrode. V, sup-
plied voltage; A, ampere meter; Es, supply electrode; Ed, detection 
electrode; Ei, intermediate electrode
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Fig. 2. Cylinder models. b, width of supply and detection electrodes; d, 
electrode distance; w, intermediate electrode width
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with capacitors CE and CEi are ignored because the glass 
tube is an insulator. The target impedance Z is then defi ned 
as the ratio of the excitation voltage V to current i in the 
network model. The impedance meter gives absolute values 
of the impedance |Z| and the phase θ, i.e., the phase is 
defi ned as the phase difference between the detected 
current and the applied voltage:

Z Z Z= ℜ( ) + ℑ( )j  (1)

θ = ℑ( )
ℜ( )

−tan 1 Z
Z

 (2)

The original network model was partially rewritten for 
convenience of mathematical treatment. The T-network in 
Fig. 3b was transformed into an electrically equivalent 
π-network in Fig. 3c.15 The impedance parameters in Fig. 3 
are given as follows.
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Finally, the target impedance Z is given by,
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Experimental setup of cylinder models

The cylinder models were composed of two glass tubes with 
different diameters as shown in Fig. 2. The outer tube diam-
eter was 30 mm and the inner tube diameter was 19 mm. 
The outer space, inner space, or both spaces were fi lled with 
distilled water.

Ring shaped aluminum electrodes were attached around 
the outside of the outer tube. The widths of the supply (Es) 
and detection (Ed) electrodes were 20 mm. We call the 
shortest distance between the supply and detection elec-
trodes, d, the electrode distance. We located the intermedi-
ate electrode (Ei) between the supply and detection 
electrodes; the nominal width of the intermediate electrode 
was varied between 20 and 80 mm. There net width, w, is 
shorter than the electrode distance by 2 mm because of the 
clearances of 1 mm between the supply or detection elec-
trode and the intermediate electrode.

An impedance meter (HIOKI LCR 3531 Z) was used to 
measure the absolute value and the phase of the impedance 
over the frequency range 1 kHz to 1 MHz. Open and short 
circuit compensation was done before measurement to 
cancel the effect of cable impedance between the imped-
ance meter and the electrodes. The measurement was done 
at room temperature, i.e., about 20°C.

Results and discussion

Effect of water distribution and the intermediate 
electrode on impedance and phase

Figure 4 shows the frequency responses of the impedance 
and the phase for three different water distributions. The 
water distributions in the glass tubes very much affected 
these responses. In the case without the intermediate elec-
trode (solid symbols), the logarithm of the impedance 
decreased almost linearly with the increase of the logarithm 
of the frequency. On the other hand, by introducing the 
intermediate electrode (open symbols), a marked local 
increase (or shoulder) of impedance was apparent in the 
high-frequency range. The phase shows a large increase as 
a result of introduction of the intermediate electrode. A 
phase peak appears in association with the large impedance 
change. The largest changes occurred when the water was 
present only in the outer glass tube. This situation may occur 
when a standing tree has core decay. An intermediate 
change occurred when all spaces were fi lled with water. This 
situation may occur in general cases of logs and standing 
trees under green conditions. The least change occurred 
when the water was present only in the inner glass tube. This 
situation may occur when drying has been carried out for 
some time and a steep moisture gradient occurs in a log. The 
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Fig. 4. Frequency characteristics of the impedance and the phase. Solid 
symbols, without the intermediate electrode; open symbols, with the 
intermediate electrode; triangles, water in all spaces; squares, water in 
the outer tube; circles, water in the inner tube; supply and detection 
electrodes widths, 20 mm; intermediate electrode width, 40 mm
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increases of the impedance and the phase in the high-
frequency range were very particular, and these specifi c 
responses were found in our preliminary measurement 
during a drying process of sugi branches.13 The phenomenon 
looks like the effect of a local resonance associated with an 
inductor, and we explain the cause by using the electric 
network model in the following section. As shown in Fig. 4, 
the introduction of the intermediate electrode enhances the 
effect of the water distribution.

Figure 5 shows the effect of the width of the intermediate 
electrode on the impedance for two extreme moisture dis-
tributions: model 2 (water in the inner tube only, solid 
symbols) and model 3 (water in the outer tube only, open 
symbols). The width of the intermediate electrode affects 
the impedances considerably in the high-frequency range. 
The magnitude of the impedance depended on the spatial 
water distributions. When the outer tube was fi lled with 
water (open symbols), for an 80-mm intermediate electrode, 
the impedance showed a dramatic increase above 10 kHz 
and the phase increased beyond 0°.

Simulation of the frequency responses of the impedance 
and the phase

Individual electric constants of the elements were obtained 
by a trial-and-error method in order to fi t the impedance 

and phase curves for the two extreme models, model 2 and 
model 3, as shown in Table 1. Prior to the curve fi tting, the 
effect of the electric constant for each element on the target 
impedance curve was simulated and the major constants 
that affected the basic form of the impedance curve were 
chosen; then minor constants were chosen to obtain a better 
fi t. The lines indicating the impedance and the phase in Fig. 
6 were generated using the individual electric constants 
found by curve fi tting as described above. Figure 6 shows 
that the simulation results quantitatively well represent the 
frequency responses of the impedance and the phase that 
are shown in Fig. 4. The local increase, or shoulder, of the 
impedance change is marked when water is present in the 
outer tube only, and the magnitude of the impedance is 
larger at low frequencies when the inner tube only is fi lled 
with water. The particular impedance and phase changes 
were thus well simulated by a network model composed of 
resistors and capacitors only. The electric constants shown 
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Fig. 5. Effect of the intermediate electrode width on the impedance 
and the phase. Open symbols, water in the outer tube only; solid 
symbols, water in the inner tube only. The widths of the intermediate 
electrode were 20, 40, and 80 mm, circles, squares, and triangles, 
respectively

Table 1. Electric constants used for investigating the effect of water 
distribution were obtained from trial and error fi tting to the impedance 
and phase curves

Model R (MΩ) C (pF) Rp (MΩ) Cp (pF) CE (pF) CEi (pF)

Model 2 7 3 5 0.4 3.5 10
Model 3 0.5 0.8 4 0.3 50 100
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Fig. 6. Simulation results of the frequency characteristics of the imped-
ance and the phase. Symbols, experiment; lines, calculation; squares, 
water in the outer tube only; circles, water in the inner tube only
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in Table 1 refl ect the spatial confi guration of the moisture 
distributions. The capacitance C and the resistance R were 
much larger and the resistance Rp and the capacitance Cp 
were a little larger when the inner tube alone was fi lled with 
water. The capacitances CE and CEi were smaller when the 
inner tube alone was fi lled with water because the distance 
from the surface electrodes to the water front in the tube 
was longer.

From T-π transformation,15 the T network that is com-
posed of Z2 and Z3 in Fig. 3b can be transformed into the 
π-network that is composed of Z0 and Z12 in Fig. 3c. Then, 
the equivalent impedance Z12 becomes:
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Equation 7 is complicated, and the sign of the imaginary 
part of Z12 has the possibility to become positive, i.e., the 
equivalent element works as an inductor when the sign of 
the imaginary part is positive16 under some electrical con-
ditions. An inspection of Eq. 7 using the set of electric 
constants in Table 2 showed the case that a parallel com-
bination of Z12 and the subnetwork of Zp, i.e., ZT in Eq. 5, 
formed an apparent parallel-resonance circuit, even though 
the circuit model used was composed of only resistors and 
capacitors. Figure 7 shows the example of the impedance 
plane fi gure that exhibits the formation of an apparent 
parallel-resonance circuit under particular conditions. This 
local network induces the local peak of the impedance in 
the high-frequency range. The origin is the introduction of 
the intermediate electrode that forms capacitor CEi in the 
circuit. Another interpretation of the effect of the interme-
diate electrode is that the electrode segregates the electric 
fi eld lines in the near-surface zone of the specimen and 
introduces them into the voltage source as shown in Fig. 

Table 2. Electric constants for inspecting the local parallel resonance

Model R (MΩ) C (pF) Rp (MΩ) Cp (pF) CE (pF) CEi (pF)

Model 3 0.5 0.8 4 0.3 50 100
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Fig. 7. Impedance plane fi gure of the local parallel resonance com-
posed of elements Z12 and Zp

1. Accordingly, our method evaluates the electric proper-
ties resulting from the remaining electric fi eld lines in the 
deep zone.

The existence of parallel resistance Rp was assumed 
because water is a conductor, and this constant corresponds 
to that of the core part and may give us useful information 
about core moisture in a cylindrical body such as a log. The 
effect of resistance Rp is shown in Fig. 8. The magnitude of 
Rp affects the intensity and the sharpness of the impedance 
peak. The sharpness increases with increase of resistance Rp. 
This simulation result is interesting because the sharpness 
may indicate the degree of drying in the core part of a log. 
The change of the magnitude of the impedance becomes 
small when Rp is larger than 100 × R. Table 3 shows the 
individual constants used in the calculation.

The effect of the intermediate electrode width was also 
simulated. Taking the spatial arrangement of each electric 
element into consideration, we can assume (1) increases 
of the resistances R and Rp and the capacitor CEi and (2) 
decreases of the magnitudes of the capacitances C and Cp 
with increases of the intermediate electrode width. The 
capacitor CE, however, does not change. Table 4 shows the 
individual electric constants obtained from a trial-and-error 
approach. Figure 9 explains very well the effect of the inter-
mediate electrode width on the impedance frequency 
responses. The effect of resistor R was minor in the high-
frequency range because resistor R forms a parallel connec-
tion with capacitor C. The agreement between the simulation 
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Fig. 8. Effect of the parallel resistance Rp on the impedance. Squares, 
Rp = 5R; triangles, Rp = 10R; open circles, Rp = 100R; fi lled small circles, 
Rp = 1000R; R = 500 kΩ
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resistance Rp
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Table 4. Electric constants for inspecting the effect of the intermediate 
electrode width

Intermediate 
electrode width

R 
(MΩ)

C 
(pF)

Rp 
(MΩ)

Cp 
(pF)

CE 
(pF)

CEi 
(pF)

Narrow (20 mm) 0.25 1.6 1 2.00
50

50
Middle (40 mm) 0.50 0.8 4 0.30 100
Wide (80 mm) 0.70 0.4 80 0.06 200

Water distribution, model 3
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Fig. 9. Effect of the intermediate electrode width on the impedance 
and the phase. Symbols, experiment; lines, calculation; triangles, wide 
electrode (80 mm); squares, middle-width electrode (40 mm); circles, 
narrow electrode (20 mm)

and the experimental values was also good for the phase 
diagram, as shown in Fig. 9.

The electric constants obtained here would not be equal 
to the real values of the body. The real body consists of 
continuous material. Although further modeling based on 
the concept of a distributed constant network may give 
better fi ttings, the simple discrete model used has explained 
well the essence of the frequency characteristics of the 
impedance. The characteristic effects of the intermediate 
electrode are: (1) that the electrode forms part of a local 
T-network element in the equivalent network model and 
induces local parallel resonance, (2) and that the effect 
refl ects the moisture gradient in the cylindrical body. The 
proposed new impedance measurement system should con-
tribute to nondestructive evaluation of cross-sectional mois-
ture distributions in logs and standing trees.

Conclusions

The proposed impedance measurement system introducing 
an intermediate electrode enabled the segregation of mea-
surement of the target area in the cylindrical body. The 
width of the intermediate electrode can regulate the target 
area. The proposed equivalent electrical network model 
could represent well the frequency responses of the imped-
ance under different moisture distributions.
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