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Estimations of the moisture content 
above the fiber saturation point in sugi wood 
using the correlation between the specific 
dynamic Young’s modulus and tangent loss
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Abstract 

A novel method for estimating the wood moisture content above the fiber saturation point (FSP) is proposed, and 
the method performance is confirmed. Previous studies have highlighted that there is a negative linear correlation 
between the specific dynamic Young’s modulus (log (E/ρ)) and tangent loss (log (tanδ)) of clear small wood speci-
mens. We confirm that this correlation can be obtained for air-dried commercial lumber from Japanese cedar, or sugi 
(Cryptomeria japonica), via experimental analysis. The best-fit linear regression line of this correlation only changes by 
the apparent density above the FSP (i.e., only by the moisture content of the specimen) when E and tanδ are kept 
constant in this high moisture content range. Here, we derive an equation to calculate the moisture content using log 
(E/ρ) and log (tanδ) based on the regression line of sugi wood at the FSP. A 45-day drying test was conducted on 23 
green lumber specimens, with the E/ρ and tanδ values calculated from the natural resonance frequency fr, the loga-
rithmic decrement λ and dimensions at various drying stages. The estimated moisture contents are in good agree-
ment with the measured values, confirming the performance of proposed moisture content method.
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Introduction
Non-destructive and practical methods for estimating 
the moisture content of green wood and wood during 
the drying process are important. However, there are 
currently no methods that satisfy all of these demands, 
particularly when acquiring moisture content estima-
tions in regions above the fiber saturation point (FSP). 
Popular methods involve moisture meters that employ 
electric capacitance or electrical resistance, but these 
instruments are not good at measuring the moisture con-
tent above the FSP. Furthermore, they can only evaluate 
the moisture content near the wood surface, obtaining 
measurements within several centimeters of the surface 

at most, such that it is difficult to obtain the average 
moisture content of lumber with a larger cross section. 
Moisture meters that employ microwave transmission 
are sometimes equipped on-site for deeper measure-
ments; however, these instruments are expensive, and 
their measured values are strongly influenced by densi-
ties above the FSP [1, 2]. Near-infrared ray [3, 4] and 
X-ray [5] methods have also been employed to estimate 
the moisture content, even above the FSP. However, the 
near-infrared ray method can only evaluate the moisture 
content near the wood surface, and it is influenced by the 
wood quality, such as the grain angle, juvenile wood, and 
knots. The X-ray method is impractical in that it requires 
a large equipment for radiation shielding.

Previous studies [6–10] have reported that the appar-
ent dynamic modulus of elasticity calculated from the 
propagation speed of the sound or stress wave increased 
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as the moisture content increased above the FSP. Guan 
et al. [11] tried to estimate the moisture content of lum-
ber using these characteristics, but a correction that used 
values before the drying process was necessary to elimi-
nate the influence of inherent variations in the mechani-
cal properties of the wood specimens. Toyoshima et  al. 
[12] estimated the moisture content using the stress 
wave velocity by classifying the specimens into groups 
based on their apparent density. The vibrational proper-
ties of wood can also be an indicator of moisture content. 
For example, the resonance frequencies and calculated 
dynamic moduli of elasticity both vary as a function of 
the weight as it increases above the FSP. Some basic stud-
ies and advances have been conducted based on these 
characteristics. Guan et  al. [13, 14] estimated the mois-
ture content gradient in lumber using the ratio of the 
natural frequencies for several vibration modes. Aratake 
et al. [15] estimated the moisture content using the ratio 
of the natural frequencies for higher vibration modes 
to those at the initial stage of drying to avoid influences 
from the inherent variations in the mechanical properties 
of the wood specimens. Kamaguchi et al. [16, 17] and Iki 
et al. [18] applied the lateral impact vibration method to 
sugi (Cryptomeria japonica) and todomatsu (Abies sacha-
linensis) tree stems, and successfully obtained rough esti-
mates of the heartwood moisture content. Tsutsumi et al. 
[19] predicted the average moisture content precisely 
using statistical models based on the vibrational spectra.

Wood is a viscoelastic material, with a dynamic modu-
lus that accounts for both the storage modulus (elasticity) 
and loss modulus (energy loss). The ratio between the loss 
and storage moduli of a viscoelastic material is generally 
defined as tanδ. tanδ can be calculated simultaneously 
and relatively easily via the free–free vibration method, 
which is often used to measure the elasticity modulus of 
wood. Previous studies have investigated the relationship 
between the specific elasticity modulus and tanδ to better 
understand wood properties. The relationship between 
the specific elasticity modulus and tanδ has been widely 
investigated to improve the properties of wood speci-
mens used for musical instruments [20–36]. Norimoto 
et  al. [25] reported that the relationship between log 
(E/ρ) and log (tanδ) for small clear specimens exhibited 
a strong negative correlation [20–28], with this correla-
tion attributed to the microfibril angle (MFA). Ono and 
Norimoto [22–24] noted that this correlation could be 
found in all wood species. Several reports [29–33] have 
since evaluated the changes in the mechanical proper-
ties of chemically modified wood using this correlation. 
For example, Akitsu et al. [30] reported that the regres-
sion line of this correlation shifted when the cell walls 
were modified by substituents or molecules via chemical 
treatment. Other reports [33–36] have investigated the 

influence of heartwood extract on this correlation. For 
example, Yano [33] reported that the heartwood extract 
of western red cedar largely contributed to the decrease 
in tanδ. However, few researchers have investigated the 
dependency of this correlation on the moisture content. 
Sasaki et  al. [26] and Akitsu et  al. [32] concluded that 
the regression line increased as the moisture content 
increased up to the FSP, but no reports have investigated 
the response of this correlation above the FSP. Further-
more, an exhaustive literature search indicates that this 
correlation has only been investigated using small clear 
specimens, with no reports using lumber or logs that 
possess defects, such as knots or grain slope.

Here, we propose a new method for estimating the 
moisture content above the FSP using the vibrational 
properties of wood, while avoiding the inherent effects of 
the density or mechanical properties variation of wood. 
We first conducted experiments to identify the correla-
tion between log (E/ρ) and log (tanδ) for air-dried com-
mercial sugi lumber. The best-fit linear regression line of 
the correlation shifted as a function of the apparent den-
sity above the FSP when E and tanδ were kept constant. 
We then derived an equation from this observation to 
calculate the moisture content using log (E/ρ), log (tanδ), 
and the best-fit regression line of the correlation that was 
applicable for sugi wood. We finally verified the efficacy 
of our proposed estimation method by conducting dry-
ing tests for 45  days using 23 green lumber specimens, 
by calculating the E/ρ and tanδ values from the natural 
resonance frequency fr, the logarithmic decrement λ and 
dimensions at various stages during the drying process.

Theoretical background
Previous studies have used small clear specimens to dem-
onstrate that the relationship between log (E/ρ) and log 
(tanδ) exhibits a strong negative correlation [20–28]. 
These studies have concluded that each species should 
only have one correlation between the specific dynamic 
Young’s modulus (log (E/ρ)) and tangent loss (log (tanδ)) 
for any moisture content below the FSP. This correlation 
can be expressed as:

where ρ30 denotes the density for 30% moisture content 
(FSP), and the tanδ and E values are for the FSP.

The change in this correlation for moisture contents 
above the FSP is then discussed. The E and tanδ values 
are constant for moisture contents above the FSP [37, 
38], whereas the apparent density ρ changes with the 
moisture content. The density ratio above the FSP (mu) 
is defined as:

(1)log(tanδ) = alog

(

E

ρ30

)

+ b,
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where u represents the moisture content (%) and is above 
the FSP. Equation (2) can be rewritten as:

Substituting Eq. (3) into Eq. (1) yields:

Equation (4) highlights that a, which is the slope of the 
regression line of the correlation between log (E/ρ) and log 
(tanδ), should be constant for any moisture constant above 
the FSP, whereas the value of the segment varies as a func-
tion of mu. The regression line will therefore shift horizon-
tally due to changes in the moisture content, as shown in 
Fig. 1.

Equation (4) can be rewritten to yield:

Equation (6) is then derived as:

where p = 1
a and q = − b

a . Substituting 
ρu = (1+ 0.01u)ρ0 and ρ30 = 1.3ρ0 into Eq. (2) yields:

(2)mu =
ρu

ρ30
,

(3)ρ30 =
ρu

mu
.

log (tanδ) = alog

(

Emu

ρu

)

+ b,

(4)log (tanδ) = alog

(

E

ρu

)

+ alogmu + b.

alogmu = log (tanδ)− alog

(

E

ρu

)

− b,

(5)logmu =
1

a
log (tanδ)− log

(

E

ρu

)

−
b

a
.

(6)mu = 10
p log (tanδ)−log

(

E
ρu

)

+q
,

Substituting Eq. (7) into Eq. (6) then yields:

The moisture content u can be obtained via Eq.  (8) 
using E/ρu and tanδ for a wood specimen of a given spe-
cies when the a and b values for the wood species are 
known (e.g., calculated in advance). Here E/ρu represents 
the specific dynamic Young’s modulus when the moisture 
content of the specimen is u.

In order to calculate both E/ρ and tanδ, only the natural 
resonance frequency fr, the logarithmic decrement λ and 
dimensions are needed. First two can be measured from 
free–free flexural vibration tests. Note that there is no 
need to measure density separately because fr is not the 
function of E, but the function of E/ρ.

The natural resonance frequency fr of the free–free 
flexural vibration of square timber can be written as:

where h and l denote the thickness and length of the 
wood specimen, respectively. Log (E/ρ) can be derived 
from Eq. (9) as:

Equation  (10) shows that log (E/ρ) can be obtained 
from the dimensions and resonance frequency of the 
wood specimen.

The logarithmic decrement λ can be calculated from 
the damped vibration waveform, such that tanδ can be 
expressed as:

Materials and experimental methods
Specimens
Three specimen groups of sugi (Cryptomeria japonica) 
were analyzed.

Group A: air‑dried specimens
Ten specimens, each approximately 45  mm × 50  mm 
in cross section and 1000  mm in length, were cut from 
four pieces of lumber from the Kyoto University experi-
mental forest and conditioned in a room at 23  °C and 

mu =
1+ 0.01u

1.3
,

(7)u = 130mu − 100.

(8)u = 130× 10
p log (tanδ)−log

(

E
ρu

)

+q
− 100.

(9)fr = 2.267×
π

4
√
3
×

h

l2
×

√

E/ρ,

(10)log (E/ρ) = 2 log

(

l2fr

h

)

− 2.90.

(11)tanδ =
�

π
.

Fig. 1 Shift of the regression line of the correlation between log (E/ρ) 
and log (tanδ) due to changes in the moisture content u 
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50% relative humidity on average. The moisture content 
of the specimens, which was estimated via the oven-dry 
method, was 12–14%. The specimens were designated 
A1-1–A4-3, and were either boxed heart or without 
core in cross section. The specimens possessed different 
defects, such as knots and grain slope. Table 1 shows the 
specifications of the Group A specimens.

Group B: green specimens from the boxed heart cross section
Nine green specimens were prepared. They were cut 
from logs that were cut, pruned, and conditioned in the 
forest for a month. The nominal dimensions of each spec-
imen were 44.5 mm in square cross section and 1000 mm 
in length, and each specimen was almost entirely heart-
wood. Both end surfaces were sealed to avoid a moisture 
content gradient in the longitudinal direction.

Group C: green specimens without a core cross section
Fourteen green specimens were prepared following 
the same procedure employed for the Group B speci-
mens. The nominal dimensions of each specimen were 
51.1 mm × 55.4 mm in cross section and 1060–1070 mm 
in length, with most taken from the boundary between 
heartwood and sapwood. Both end surfaces were sealed 
to avoid a moisture content gradient in the longitudinal 
direction.

Method to measure the vibrational characteristics
Each specimen was supported horizontally and hung 
with two ropes at the node positions for the primary 
mode of flexural vibration. The center of the specimen 
was then struck with a hammer to excite a flexural vibra-
tion. A piezoelectric acceleration sensor (TEAC 701, fre-
quency range is 3–30,000 Hz, machine weight is 3.04 g) 
was attached 20  mm from the hammer strike posi-
tion. The signal from the sensor was amplified 100-fold 
using an amplifier (TEAC SA-611), high-pass filtered at 

10 Hz, and processed using a FFT analyzer (Ono Sokki, 
CF5220). The logarithmic decrement λ was obtained 
from the time-domain signal during the 1.0-s period after 
the each hammer strike. The natural resonance frequency 
fr was obtained from frequency-domain signal. The signal 
from the sensor was sampled at either 1024 or 2560 Hz, 
providing a frequency resolution of either 0.5 or 1.25 Hz, 
and processed using an exponential window in the FFT 
transform. The vibration test was repeated four times and 
the average fr and λ were calculated in order to increase 
the accuracy of the measurement values. The resonance 
frequency range was 100–200 Hz in this experiment. Pre-
vious reports [39, 40] suggested that tanδ could be evalu-
ated independently in this frequency range.

Experimental methods and conditions
The Group B specimens were dried for 43 days under a 
roof in open-air conditions. The Group C specimens were 
dried for 47 days in an air-conditioned room at 23 °C and 
50% relative humidity. Vibration tests were conducted 16 
times at 1–4-day intervals on each specimen during the 
drying process. The weight and dimensions of each speci-
men were also measured prior to each vibration test. The 
dimensions were measured using a caliper (0.05-mm 
resolution), and were represented by the average of three 
measurements along the clear surface. Moisture meas-
urements were acquired for some of the specimens via 
the oven-dry method during each vibration test.

Results and discussion
Influence of defects on the correlation between the specific 
dynamic Young’s modulus and tangent loss
Figure 2 shows the correlation between log (E/ρ) and log 
(tanδ) for the Group A specimens, which exhibits a lin-
ear regression with a correlation coefficient of 0.96. The 

Table 1 Specification of Group A specimens

Specimens Density 
(kg/m3)

Knots Grain slope Cross section

A1-1 512 With With Without core

A1-2 467 With With Without core

A1-3 538 With Without Boxed heart

A1-4 555 With Without Boxed heart

A2-1 427 With Without Without core

A2-2 413 With Without Without core

A3-1 447 Without With Without core

A4-1 416 With Without Without core

A4-2 430 Without Without Without core

A4-3 375 Without Without Without core

Fig. 2 Correlation between log (E/ρ) and log (tanδ) for the Group A 
specimens. The solid line is the best-fit regression line for the Group 
A specimens. The dashed line is the best-fit regression line of hinoki 
small clear specimens from a previous report [25]
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best-fit regression line for the Group A specimens (solid 
line) approximately coincides with the best-fit regression 
line for small clear specimens of hinoki (Chamaecyparis 
obtusa) (dashed line), which were measured in a previous 
study [25]. The correlation of the small clear specimens 
was reported to be derived from the MFA [28]. Accord-
ing to this study, when the MFA is small mechanical 
property of specimens depend largely on the microfi-
bril of  S2 layer in cell walls, which is elastic component, 
however, when the MFA become larger, this depend also 
on the matrix in  S2 layer, which is viscoelastic compo-
nent. Therefore, dynamic Young’s modulus of specimen 
should become smaller and tangent loss become larger 
in accordance with the increase of MFA. Our experiment 
suggests that the correlation is not heavily influenced by 
knots or juvenile wood in the heartwood since all of the 
Group A specimens satisfied the correlation, even though 
they possess knots and grain slope, and are either boxed 
heart or without core in cross section.

We address this observed correlation by associating 
the knots, grain slope, and juvenile wood in the heart-
wood with MFA. Previous research [21, 22, 27] has sug-
gested that small clear specimens with various grain 
slopes satisfied the same correlation as that derived from 
MFA. McDonald and Bendtsen [41] measured the grain 
slope angle near knots using an electrostatic capacitance 
device, and suggested that knots could be regarded as 

the local grain slope. These studies suggest that the grain 
slope and local grain slope around knots can be regarded 
as MFA in a broad sense. Defects that cannot be regarded 
as MFA, such as cracks derived from dead knots, are 
thought to have little influence on the correlation at our 
specimen size. Hirakawa and Fujisawa [42] and Hirakawa 
et  al. [43] suggested that the dynamic Young’s modulus 
of small clear sugi specimens could be easily predicted 
from the MFA of  S2 layers of latewood tracheids and their 
air-dried densities via multiple regression analysis, which 
was applied to sugi logs [43]. It was clear that the heart-
wood of these sugi logs contained juvenile wood. There-
fore, this juvenile wood could also be regarded as MFA in 
a broad sense.

We conclude that the correlation can be applied not 
only to small clear specimens, but to specimens with 
defects, such as knots and grain slope, and juvenile wood. 
This result acquired by using air-dried specimens is con-
sidered to be applied to the correlation of specimens at 
other higher moisture contents.

Influence of moisture content on the correlation
Figure 3 shows the relationship between log (E/ρ) and log 
(tanδ) for the Group C specimens during the drying pro-
cess. The measured moisture contents, which were calcu-
lated via the oven-dry method, are provided next to the 
samples. The samples of the each plot symbol in Fig.  3 

Fig. 3 Relationship between log (E/ρ) and log (tanδ) for the Group C specimens during the drying process. The moisture contents, which were 
calculated via the oven-dry method, are provided next to each sample. The ellipses are drawn to show each plot group approximately aligned 
along a straight line with a certain slope
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belong to the same group of moisture contents at every 
20% interval. The ellipses are added in Fig. 3 to show that 
each plot group approximately aligned along a straight line 
with a certain slope. These results are as expected from the 
theoretical background, as shown in Fig. 1. Although tanδ 
and E theoretically should not change above the FSP, the 
tanδ values decrease and E values increase for most of the 
specimens at the initial stage of drying process even when 
the average moisture contents of specimens are above FSP. 
This may be because the surface moisture contents of the 
specimens got to be below the FSP due to the moisture 
content gradients in cross sections. However, we did not 
consider the influence of the moisture content gradient on 
the moisture content estimations during this experiment.

Correlation between the specific dynamic Young’s modulus 
and tangent loss at the FSP
In order to estimate the moisture content of the specimens, 
it is necessary to acquire the regression line at the 30% 
moisture content (FSP), as shown in Eq. (1). However, it is 
difficult to get enough number of specimens precisely at 
30% moisture content. Therefore, to acquire the regression 
line, we used the E and tanδ values of specimens group B 
and C when their drying process commenced as represent-
ative values of the vibrational characteristics above the FSP, 
and the density values at 30% moisture content ρ30 of speci-
mens group B and C calculated from their oven-dried den-
sities and Eq. (12). Figure 4 shows the correlation between 
log (E/ρ30) and log (tanδ) for the Group B and C specimens, 
which exhibit a high degree of correlation. The best-fit 
regression line in Fig. 4 was calculated as Eq.  (13), where 
a = − 1.126 and b = 12.76. All sugi lumbers at 30% moisture 
content should satisfy this regression line.

(12)ρ30 = 1.3ρ0,

Estimation of the moisture content using measured 
coefficients and the theoretical estimation method
Moisture contents of specimens group B and C during 
drying were estimated using Eq.  (8). Here a and b coef-
ficients were calculated in the previous section, and the 
E/ρ and tanδ values were calculated from the fr, λ and 
dimensions measured at the moisture content we aim to 
achieve. The estimated moisture contents were defined as 
uE. The measured moisture contents, which were calcu-
lated via the oven-dry method, were defined as uM. Fig-
ure 5 shows the relationship between uE and uM for the 
case where uM is larger than 30%. The moisture content 
could be estimated with high accuracy using our pro-
posed method. The width of the 95% prediction intervals 
of the measured moisture contents was approximately 
35% (broken lines in Fig. 5), assuming a normal distribu-
tion of the errors. This error could be attributed to as fol-
lows: the error in measurement of vibrational properties, 
the moisture content gradient in cross section and the 
variation of mechanical properties from the regression 
line of Eq. (13). First error could be less when specimens 
are larger in size. Further studies are needed in order to 
clarify the influence of moisture content gradient and 
variation of mechanical properties from the regression 
line on the accuracy of our proposed method.

Conclusion
The correlation between log (E/ρ) and log (tanδ) for small 
clear specimens was also confirmed for lumber with 
defects. This was investigated because lumber defects, 
such as knots and grain slope, can be regarded as MFA 
variations in a broad sense. We proposed a novel method 
for estimating the moisture content of sugi wood above 
the FSP based on the correlation between log (E/ρ) and 
log (tanδ) for sugi at the FSP by measuring the wood 
specimen dimensions and two vibrational properties of 
the natural resonance frequency fr, the logarithmic dec-
rement λ, which can be measured from their flexural 
vibration. We conducted a series of experiments to con-
firm the efficacy of our method in estimating the mois-
ture content. The moisture content could be estimated 
with high accuracy using our proposed method. Further 
investigations about moisture content gradient and vari-
ation of mechanical properties from the regression line 
are needed for more accurate estimation. Moreover, this 
method can be applied to any wood species where the 
regression line of the correlation between log (E/ρ) and 
log (tanδ) at the FSP is already known.

(13)log(tanδ) = −1.126log(E/ρ30)+ 12.76.

Fig. 4 Correlation between log (E/ρ30) and log (tanδ) for the Group B 
and C specimens, and the best-fit regression line. This regression line 
satisfies all of the sugi samples at 30% moisture content (FSP)
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