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Abstract 

The purpose of this paper was to confirm the influence of pulsive pressure waves on the liquid penetration into wood 
in the semi-opened container. Wood block sample was irradiated by the pulsive pressure waves in the semi-opened 
container filled with water used as a liquid. The irradiation was also performed in the closed container for the com-
parison. The water penetration into the sample was promoted by the pressure-wave irradiation. There was little dif-
ference in the degree of the penetration between the closed and the semi-opened containers. It was presumed from 
the measured hydraulic pressure that the pressure-wave energy irradiated on the sample in the closed container was 
higher than that in the semi-opened container. It was also presumed that the cavitation generation was promoted in 
the semi-opened container. This indicates that the cavitation as well as the pressure waves themselves affected the 
liquid penetration into wood. The compressive deformation of the sample irradiated in the semi-opened container 
was slightly smaller than that in the closed container. This indicates that the pulsive pressure-wave irradiation in the 
semi-opened container promoted the liquid penetration into wood with less compressive deformation.
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Introduction
Impregnation of wood with liquid is one of the most 
important techniques to improve its disadvantages and to 
add new properties to it. For the effective impregnation, 
the liquid is required to be penetrated into wood so that 
the unpenetrated areas are as small as possible. The most 
popular impregnation is the pressure process, which is 
composed of immersing wood in the liquid under vacu-
umed pressure, exposing the liquid to an atmospheric 
pressure, and often placing it under pressurized pressure. 
In this process, the liquid penetrates wood mainly due to 
the liquid flow driven by higher hydraulic pressure at the 
wood surface than that at the tip of the penetration inside 
wood.

The flow of the liquid is often disturbed by the discon-
tinuous flow paths, which causes the unpenetrated areas 
remained in wood. The discontinuity also leads to the 
collapse of wood, because of the lower pressure required 
to deform wood than the pressure required for the liquid 
flow. The discontinuity is mainly due to the closed tissues 
such as the aspirated pits in softwood and the tyloses in 
hardwood (for example, [1]). Therefore, the treatment 
for decreasing the discontinuity by breaking the closed 
tissues has been studied in biological (for example, [2]), 
chemical (for example, [3]), or physical way (for example, 
[4]).

Pressure-wave treatment is one of the promising tech-
niques for decreasing the discontinuity. This technique 
has an advantage of both decreasing the discontinuity 
and promoting the liquid penetration in one process. 
In the technique, the pressure waves are irradiated on 
wood through the surrounding liquid, causing the kinetic 
momentum of the liquid in wood. The impact of the 
momentum is expected to break the closed tissues, which 
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can decrease the discontinuity. The previous studies have 
shown that the liquid penetration was promoted by irra-
diating the pressure waves such as ultrasonic waves (for 
example, [5]), sonic waves [6], and shockwaves [7].

The conventional pressure-wave treatments have sev-
eral practical problems. The ultrasonic- and sonic-wave 
irradiations generally have a small effect on the liquid 
penetration, since these waves do not have much energy 
enough to affect deeply inside wood [5, 6]. To enhance 
the effect, the sonic waves were irradiated on wood 
under the pressurized pressure in a closed pressure con-
tainer [6], but the pressure container takes cost to ensure 
safety especially in legal perspective. Furthermore, the 
shockwave irradiation is dangerous though it may have 
a larger effect on the liquid penetration. This is because 
the explosives [7] or the electrical discharge [8] is used as 
a wave source. The pressure-wave treatment, therefore, 
will become more useful, if it has a large effect on the liq-
uid penetration in a low-cost container with a safe wave 
source.

In this study, we proposed the pulsive pressure-wave 
irradiation on wood in a semi-opened container filled 
with liquid. The container was hit to oscillate the waves. 
This wave source was far safer than the explosives and the 
electrical discharge. The semi-opened container was used 
to enhance the safety in low cost compared to the closed 
container. Furthermore, in the semi-opened container, 
the liquid penetration is expected to be promoted by 
the cavitation in the liquid as well as the pressure waves 
themselves propagated in wood, detailed in “Materials 
and methods.” The cavitation is known as the phenom-
enon, where the minute bubbles are grown under nega-
tive gauge pressure and are subsequently burst under 
increasing pressure to generate the impact [9]. The liquid 
penetration into wood can be promoted, if the cavitation 
bubbles were burst to add the impact on the closed tis-
sues. In a previous study [5], the cavitation was suggested 
to promote the penetration, though it has not yet been 
well examined.

The purpose of this paper was to confirm the influence 
of the pulsive pressure waves on the liquid penetration 
into wood in the semi-opened container. The apparatus 
equipped with the semi-opened and closed containers 
was experimentally produced. The degree of the penetra-
tion, or the retention, after the irradiation of the pulsive 
pressure waves on a wood block sample was evaluated by 
using the closed or semi-opened container. The retention 
was discussed in terms of the pressure-wave energy and 
the cavitation, which was presumed using the pressure 
variation around wood. The compressive deformation 
of wood during the pressure-wave irradiation was also 
evaluated by comparing the dimension of the irradiated 
sample with that of the non-irradiated one.

Materials and methods
Concept of an experimental system
Figure 1 shows the conceptual diagram for an apparatus 
composed of the semi-opened container with the pool, 
and the tube connecting them. All components are filled 
with the liquid which is assumed to be continuous from 
the wave source to the closed tissues in wood. The pul-
sive pressure waves are generated by hitting the container 
(Fig. 1a). A part of the waves must be propagated through 
the liquid into wood. This can cause the kinetic momen-
tum in cell cavities to add the impact on the closed 

Fig. 1 Conceptual diagram for an apparatus with a semi-opened 
container to generate both pressure waves and cavitation. a 1st 
phase, b 2nd phase, c 3rd phase
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tissues. Another part of the waves must cause the liquid 
flow in the tube toward the pool. The kinetic momentum 
in the tube should make the hydraulic pressure in the 
container negative (Fig.  1b). Cavitation bubbles there-
fore can be formed in the liquid inside the container and 
the wood block. The lower pressure inside the container 
than the pressure outside should subsequently cause 
the kinetic momentum in the tube toward the container 
(Fig.  1c), causing the positive pressure in the container. 
Thus, the cavitation bubbles can burst to add the impact 
on the closed tissues. Only in this container, however, it 
was difficult to discuss the influence of the cavitation, 
since both the pressure waves themselves and the cavita-
tion can promote the liquid penetration into wood. Thus, 
an apparatus with the closed container is also designed 
(Fig.  2). In this container, only the pressure waves can 
affect the liquid penetration. The influence of the cavita-
tion will be revealed if the degree of the penetration for 
the semi-opened container (Fig.  1) is compared to that 
for the closed one (Fig. 2). 

Preparation of an apparatus and samples
Figure  3 shows the experimental apparatus to irradiate 
the pulsive pressure waves on a wood sample in a closed 
or a semi-opened container. The container is capable of 
being separated into two pieces at the joint coupler so 
that the sample is placed on and taken out of the con-
tainer. The fixture with sealant allows to fix the sample 
without the liquid leakage from the container. A feed 
pump has an adequate ability to supply the liquid to 
fill up the container. To realize a closed container, the 
valves A, B, and C are closed. However, to realize a semi-
closed container, only the valve B is opened. To generate 
the impulsive pressure waves, the container filled with 
the liquid is fixed to the ground and hit by dropping a 

hammer (2 kg) along a guide pole from 80 cm height. The 
temporal variability of the hydraulic pressure in the con-
tainer after hitting was measured by using a digital pres-
sure sensor (GM-025, Keyence Co.) connected to a data 
collecting system (NR-500 and NR-HA08, Keyence Co.). 
The 90% response time of the sensor and the sampling 
interval of the system were 5 ms and 50 μs, respectively. 
The experimental apparatus was placed in a room with a 
temperature of 23–24 °C. Distilled water at 22–23 °C was 
used as the liquid.

The wood samples with 15  mm (R) × 15  mm 
(T) × 150  mm (L) were prepared from the heartwood 
blocks of kiri (Paulownia tomentosa) and Alaska cedar 
(Chamaecyparis nootkatensis). The samples were dried at 
105 °C to be an oven-dried condition. Mass and volume 
of the dried sample, m0 and v0, were measured.

Experimental procedure
The liquid was penetrated into a wood sample in three 
kinds of impregnation conditions: control and pressure-
wave irradiations in the closed and semi-opened contain-
ers. The oven-dry density and the number of test samples 
for each impregnation condition are summarized in 
Table 1.

The procedure in common with all the impregnation 
conditions was performed as the following. The dried 

Fig. 2 Conceptual diagram for an apparatus with a closed container 
to generate pressure waves

Fig. 3 Experimental apparatus
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sample with the mass of m0 was placed under a vacu-
umed pressure (An absolute pressure of 0.8  kPa) with 
the temperature of 23–24  °C. An hour later, the sample 
was quickly immersed in the liquid under the vacuumed 
pressure. The start time of the immersion is defined at 
the origin of time, i.e., t = 0. At t = 6 s, the liquid that sur-
rounded the sample was quickly exposed to an atmos-
pheric pressure. The sample was maintained in the 
liquid for promoting the liquid injection into wood until 
t = 9 min 30 s so that the liquid could be continuous from 
the wood surface to the closed tissues. Mass of the liq-
uid-injected sample, mi, was measured at t = 10 min. The 
sample was placed in the apparatus (Fig. 3) with all valves 
closed, and the valves A and C were opened at t = 11 min. 
The apparatus was fully filled with the liquid and the air 
in the apparatus was expelled by using the feed pump 
at t = 11  min 30  s. The valves A and B were closed and 
opened, respectively, and the pool was filled with the liq-
uid using the pump, and the valve C was subsequently 
closed at t = 11 min 40 s. The treatment for each impreg-
nation condition was started at t = 11 min 57  s and fin-
ished at t = 42  min. The sample was taken out of the 
apparatus at t = 42  min, and mass of the treated sam-
ple, mw, was measured at t = 43  min. The samples were 
subsequently immersed in the liquid at t = 43  min 30  s. 
The immersion was maintained to obtain the maximum 
volume of the samples. For the kiri samples, the volume 
after the 3-day immersion was defined as the maximum 
volume, vs, since the moisture content (MC) reached to 
248–280%, which was far larger than the fiber saturation 
point (FSP). While for the Alaska cedar samples, the vol-
ume after the 5-day immersion was defined as vs, since it 
took 5 days for the MC to reach 85–104%, being far larger 
than the FSP.

The treatment for each impregnation condition 
between t = 11  min 57  s and 42  min was performed as 
the following. For pressure-wave irradiation in the semi-
opened container, the hitting of the container, which was 

started at t = 12 min, was repeated 3 times at the inter-
val of 20  s. The 3-times repeated hittings were totally 
repeated 10 times at the intervals of 3 min, say, the total 
number of the hittings was 30. For pressure-wave irra-
diation in the closed container, the valve B was closed 
3  s before every hitting and was opened 3  s after every 
hitting, while the procedure of the hitting itself was the 
same as that in the semi-closed container. For control, the 
container was not hit at all with the valve B being opened.

Definition of parameters
The cavity filling rates before and after the treatment for 
each impregnation condition were defined as follows:

 where ρc represents oven-dry density of cell wall (= 1.5 g/
cm3), and ρl density of the liquid, or the distilled water 
(= 1.0 g/cm3). The value of ξi was evaluated as an indica-
tor of the permeability unique to each wood sample. The 
value of ξw − ξi was evaluated as an indicator of the liquid 
penetration during the treatment.

The maximum volumetric swelling  βm was defined as 
the following equation:

The compressive deformation was evaluated by com-
paring the value of βm for the pressure-wave irradiation 
with that for the control.

Results and discussion
Cavity filling rate for the samples of kiri and Alaska 
cedar is shown in Figs.  4 and 5, respectively. The filling 
rate before the treatment, ξi, indicating the permeabil-
ity unique to each sample, was distributed in the similar 
range for all treatment conditions. The change in the fill-
ing rate, ξw − ξi, indicating the liquid penetration during 

(1)ξi = 100 (mi −m0)/{ρl(vs −m0/ρc)}[%],

(2)ξw = 100 (mw −m0)/{ρl(vs −m0/ρc)}[%],

(3)βm = 100 (vs − v0) /v0[%].

Table 1 Oven-dry density and number of test samples for each treatment condition

a Average
b Standard deviation

Species Treatment condition Oven-dry density, m0/v0 (g/
cm3)

Number 
of test 
samples, n

kiri Control (no irradiation) 0.274a ± 0.010b 4

Pressure-wave irradiation in a semi-opened container 0.279 ± 0.013 4

Pressure-wave irradiation in a closed container 0.279 ± 0.009 4

Alaska cedar Control (no irradiation) 0.492 ± 0.027 6

Pressure-wave irradiation in a semi-opened container 0.492 ± 0.022 6

Pressure-wave irradiation in a closed container 0.491 ± 0.020 6
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the treatment, for the pressure-wave irradiations was 
larger than that for control in both species. The values of 
ξw − ξi for the kiri samples (Fig. 4) were larger than those 
for the Alaska cedar ones (Fig. 5). This may be due to the 
thinner closed tissues for kiri than those for Alaska cedar. 
In Figs.  4 and 5, the values of ξw − ξi for the irradiation 
in the semi-opened container were distributed in the 
same range as those in the closed one. This indicates that 
there was little difference in the degree of the penetration 

between the closed and the semi-opened containers for 
both species.

The representative examples of temporal variability of 
hydraulic pressure in the container are shown in Figs. 6 
and 7. The maximum hydraulic pressure, implying the 
pressure-wave energy irradiated on the sample, for the 
Alaska cedar sample (Fig.  7) was larger than that for 
the kiri sample (Fig.  6). This may be due to the less air 
remained in the Alaska cedar sample than that in the kiri 

Fig. 4 Cavity filling rate for samples of kiri

Fig. 5 Cavity filling rate for samples of Alaska cedar

Fig. 6 Temporal variability soon after a generation of pressure waves 
for sample of kiri

Fig. 7 Temporal variability soon after a generation of pressure waves 
for sample of Alaska cedar
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sample, leading to the less absorption of the pressure-
wave energy to the remained air.

The maximum hydraulic pressure for the closed con-
tainer was larger than that for the semi-opened one for 
both wood species (Figs. 6 and 7). This was because the 
part of the liquid was able to be flown into the pool for 
the semi-opened container. Thus, the pressure-wave 
energy irradiated on the sample in the closed container 
was presumed to be higher than that in the semi-opened 
container. From this viewpoint, the liquid penetration 
in the closed container would be larger than that in the 
semi-opened one, because the pressure waves would add 
the larger impact on the closed tissues in the closed con-
tainer. However, in Figs.  4 and 5, there was little differ-
ence in the degree of the penetration between the closed 
and the semi-opened containers for both species. To 
explain this inconsistency, the other factors except the 
pressure-wave energy should be taken into consideration. 
The cavitation is considered to be one of the largest fac-
tors. In the semi-opened container in Figs. 6 and 7, soon 
after the first increase in the pressure, the gauge pressure 
decreased to a negative value getting closer to − 0.1 MPa 
with minimum absolute pressures at 2.6 kPa and 0.6 kPa, 
respectively. The cavitation bubbles in water are known 
to be formed [9], if the pressure is smaller than water 
vapor pressure (2.6–3.0 kPa at 22–24 °C [10]). Thus, the 
cavitation generation was presumed to be promoted in 
the semi-opened container. On the other hand, the gauge 
pressure in the closed container did not get closer to 
− 0.1 MPa. It was therefore presumed that the cavitation 
bubbles were not formed in the closed container. These 
findings indicate that the cavitation promoted the liquid 
penetration into wood.

The maximum volumetric swelling of the treated sam-
ples, βm, is shown in Fig. 8. For both species, the value of 
βm for the semi-opened container was the same as that 
for the control, while the value for the closed container 
was slightly smaller than that for the control. This indi-
cates that the wood sample was compressed in the closed 
container by the higher pressure at the liquid which sur-
rounds the sample than the pressure inside the sample 
(Figs.  6 and 7). It was also indicated that the volume of 
wood was not so decreased in the semi-opened con-
tainer. This may be due to the hydraulic pressure at the 
surrounding liquid experienced both higher and lower 
than the pressure inside the sample (Figs. 6 and 7). These 
findings indicate that the cavitation generation caused 
the liquid penetration into wood with less compressive 
deformation.

Conclusion
The purpose of this paper was to confirm the influence 
of the pulsive pressure waves on the liquid penetration 
into wood in the semi-opened container. The wood block 
samples of kiri and Alaska cedar were irradiated by the 
pulsive pressure waves in the closed or semi-opened con-
tainer filled with liquid. The liquid penetration into the 
samples was promoted by the pressure-wave irradia-
tion for both species. The degree of the penetration into 
kiri sample was higher than that into Alaska cedar one. 
There was little difference in the degree of the penetra-
tion between the closed and the semi-opened contain-
ers for both species. It was presumed from the measured 
pressure that the pressure-wave energy in the closed con-
tainer was higher than that in the semi-opened container. 
It was also presumed that the cavitation generation was 
promoted in the semi-opened container. These findings 
indicate that the cavitation promoted the liquid penetra-
tion into wood. The compressive deformation during the 
pressure-wave irradiation was evaluated by comparing 
the maximum volumetric swelling for the irradiated sam-
ple with that for the non-irradiated one. The compressive 
deformation for the semi-opened container was slightly 
smaller than that for the closed container. This indicates 
that the pulsive pressure-wave irradiation in the semi-
opened container promoted the liquid penetration into 
wood with less compressive deformation.

It is practically required to improve the usability and 
safety of the apparatus with higher effect on the liquid 
penetration. Further studies are also necessary to clarify 
the physical behavior of the pressure-wave propagation 

Fig. 8 Maximum volumetric swelling for treated samples. Error bars 
represent standard deviations
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in wood, to confirm the generation of the cavitation 
around the closed tissues in wood, and to investigate the 
distribution of compressive deformation after the wave 
irradiation. From the anatomical viewpoint, the closed 
tissues and cell walls are needed to be observed during or 
after the wave irradiation followed by the cavitation. It is 
necessary from the chemical viewpoint to investigate the 
influence of kinds of the liquid.
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