
Tanaka et al. Journal of Wood Science            (2025) 71:3  
https://doi.org/10.1186/s10086-025-02174-4

ORIGINAL ARTICLE Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Journal of Wood Science

Formulation of maximum weight percent 
gain of wood impregnated with resin 
considering cell wall swelling and resin 
concentration distribution: in the impregnation 
of six softwood species with phenol 
formaldehyde resin
Soichi Tanaka1*  , Masako Seki2, Mitsuru Abe2 and Tsunehisa Miki2 

Abstract 

Weight percent gain (WPG) is used as an index of the quantity of impregnated resin into wood. It is well‐known 
that the maximum value of WPG is roughly calculated using the volume of cell lumen included in wood. In this study, 
we proposed the theoretical formula that calculates the maximum value of WPG (W-value), with higher accuracy 
by considering the cell wall swelling and resin concentration distribution as well as the cell-lumen volume. In this 
paper, the WPG of wood for six softwood species was measured after the injection with phenol–formaldehyde resin 
solution and after the subsequent conditioning and drying. The measured WPG values after each process were 
successfully explained by the W-value calculated using the theoretical formula. It was suggested from the calcula-
tion that the WPG was greatly influenced by the cell wall swelling and by the difference in solution concentration 
between the cell lumen and the transient pore in the cell wall. The influences were also suggested to be larger 
for wood with higher density.

Keywords Impregnation, Weight percent gain, Cell wall swelling, Concentration distribution of solution, Resin 
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Introduction
Impregnation of wood with chemicals is widely used 
to stabilize the dimension of wood [1], to improve the 
durability of wood [2, 3], and to fix the shape after defor-
mation processing of wood [4]. In the process of the 

impregnation, a solution of the chemicals is injected into 
wood, followed by conditioning and drying to evaporate 
the solvent or water [5] for adding various performances. 
During the injection phase, irregular treatment occurs 
due to obstructions in liquid permeation [6] caused by 
aspirated pits in the tracheid and by tyloses in the ves-
sel. Irregular treatment can cause the problem of reduc-
ing the performance such as decay resistance [2] and 
fire retardance [3]. Therefore, for enhancing the product 
quality, many studies have aimed to improve the liquid 
permeability and thereby to address the treatment irreg-
ularities [3, 6]. For the quality control, it is necessary to 
have an indicator to evaluate the treatment irregularities. 
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The weight percent gain (WPG) due to the treatment 
has been widely used as such an indicator. As the meas-
ured WPG approaches the theoretical maximum WPG, 
referred to as “W-value” in this paper, the treatment 
becomes increasingly uniform. However, few studies 
have focused on calculating W-value after the injection 
phase. The W-value is determined by the mass of solution 
required to fill all the voids included in wood. Further-
more, the mass of the solution should be determined by 
“the volume of all voids in wood” and “the solution con-
centration, or solution density, in wood”.

All voids in wood are mainly composed of cell lumen 
and transient pore in the cell wall. If the volumetric 
change in the cell lumen with swelling and shrinkage of 
wood is considered negligible [7], the volume of the cell 
lumen can be determined by the density and the vol-
ume of oven-dry wood [8]. The transient pore, on the 
other hand, is generated when the cell wall is swollen 
by a swelling agent represented by water. The maximum 
specific volume of the transient pore can be considered 
as that of the cell wall swelling, referred to as “cell wall 
swelling coefficient” in this paper. The cell wall swelling 
coefficient is equal to the proportionality constant in the 
directly proportional relationship between the oven-dry 
density and the external swelling rate of wood, and it has 
been estimated to 0.28  cm3/g when the swelling agent is 
water [7]. It is well‐known that the cell wall swelling var-
ies with the type of swelling agent such as water, organic 
solvent [9], and resin causing the bulking effect on wood 
[10] and with their mixing ratio [11], or solution concen-
tration. Thus, the cell wall swelling coefficient should be 
affected by these factors. Consequently, the volume of all 
voids in wood can be explained by the cell-lumen volume 
and the cell wall swelling coefficient.

The solution concentration should not be considered 
uniform throughout wood. In the cell lumen, the con-
centration can be equal to the injected solution concen-
tration, since the solution can be free from the cell wall 
as water in the cell lumen is regarded as free water [8]. 
While in the transient pore in the cell wall, the solu-
tion concentration can be different from that in the cell 
lumen. This is supported by the study [12] on the positive 
or negative adsorption of polymers on the cell wall when 
wood flour is immersed in polymer solutions.

Previous studies have established the formula for calcu-
lating the W-value after the injection phase considering 
only the cell-lumen volume [13, 14]. However, no for-
mula has been established that takes account of the cell 
wall swelling coefficient and of the solution-concentra-
tion distribution as well as of the lumen volume.

Even if the measured WPG became closer to the 
W-value after the injection phase, it is nevertheless of 
practical issue to calculate the W-value for predicting 

the WPG after the phase of the conditioning and dry-
ing following the injection phase. In recent years, new 
deformation processing techniques, such as wood flow 
forming [15], have been developed to promote the use of 
wood as an industrial material. In such a technique, the 
resin impregnation has been applied as a pre-treatment 
or post-treatment. It was reported [4] that the WPG after 
conditioning and drying of the resin-solution injected 
wood greatly affected the density and mechanical prop-
erty of the produced material. It is therefore necessary 
to predict the W-value after conditioning and drying for 
controlling the quality of the material.

The purpose of this study was to formulate the W-val-
ues after the solution injection into wood and after the 
subsequent conditioning and drying. The cell wall swell-
ing and the difference in solution concentration between 
the cell lumen and the transient pore were incorporated 
into the formula as well as the volume of cell lumen. In 
this paper, the WPG after injection of phenol–formal-
dehyde (PF) resin solution into wood and after the sub-
sequent conditioning and drying were measured and 
compared with the W-value obtained from the theoreti-
cal formula for investigating the validity of the formula.

Theory
The model for the formulation of the W-value in the resin 
impregnation is shown in Fig. 1. The main assumptions of 
the model are shown as the following:

1. Wood is composed of cell lumen and cell wall, and 
the cell wall includes pure wood substance (pure cell-
wall substance) [8] and transient pore.

2. Injection allows the solution to fill up all the cell 
lumen, and it also causes the maximum swelling of 
the cell wall where all the transient pore is filled up 
with the solution.

3. The specific volume of cell wall swelling is propor-
tional to the mass of oven-dried wood, or pure wood 
substance, mo, and the proportionality coefficient is 
defined as the cell wall swelling coefficient, k.

4. When the cell wall swells, the volume and density 
of pure wood substance are constant, and the vol-
ume of the transient pore changes in the range from 
0 to kmo. This means that the cell wall has the vol-
ume of vws in oven-dry state and it has the volume of 
vws + kmo after the cell wall swelling due to the injec-
tion.

5. The volume of the cell lumen, vcl, remains constant 
even when the cell wall swells.

6. The solution concentration and density are equal to u 
and ρs, respectively, in the cell lumen and to u’ and ρs 
’, respectively, in the transient pore.
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Being based on this model, the mass of wood without 
treatment in oven-dry state, after solution injection, and 
after conditioning and drying, mo, mi, and mf, respectively, 
are expressed as the following:

(1)mo = ρovo = ρwsvws,

(2)mi = mo + ρsvcl + ρ
′

skmo,

where ρo and ρws are the densities of oven-dry wood and 
pure wood substance, respectively, and vo is the volume 
of wood, and the following equation holds.

(3)mf = mo + uρsvcl + u′ρ
′

skmo,

(4)vo = vws + vcl,

Fig. 1 Model for W-value formulation in resin impregnation when considering cell wall swelling and concentration distribution of resin solution. 
mo, mi, and mf; mass of wood without treatment in oven-dry state, after solution injection, and after conditioning and drying, respectively. ρo, 
ρws, ρs, and ρ’s; densities of oven-dry wood, pure wood substance (pure cell-wall substance), solution in cell lumen, and solution in transient pore, 
respectively. k; cell wall swelling coefficient. u and u’; concentrations of solution in cell lumen and in transient pore, respectively. vo, vws, and vcl; 
volumes of wood, pure wood substance, and cell lumen, respectively
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Substituting the Eqs. (1)-(4) for the WPG after solution 
injection, Wi = (mi ‒ mo) / mo, and the WPG after condi-
tioning and drying, Wf = (mf ‒ mo) / mo, the W-values of 
Wi and Wf, respectively, are obtained as the following:

where ρs is the density of the impregnated solution and 
can be estimated using the following equation, which is 
quoted from the reference [16].

where ρr and ρw are the densities of resin and solvent 
(water), respectively.

(5)

(6)

(7)

Materials and methods
Measurement of WPG in impregnation
Twelve pieces of specimens with a dimension of 3  mm 
(R, radial) × 10  mm (T, tangential) × 40  mm (L, longitu-
dinal) were cut from hinoki (Chamaecyparis obtusa), 
sugi (Cryptomeria japonica), or akamatsu (Pinus densi-
flora). For Radiata pine (Pinus radiata), twelve specimens 
with the same dimension were cut from the earlywood 

Fig. 2 Relationship between solution concentration in cell lumen, 
u, and cell wall swelling coefficient, k. Each line is a function 
given in Eqs. (8)-(10). EW, earlywood; LW, latewood

Fig. 3 Relation a of kρ’s to k for calculating ρ’s and b Relation of u’kρ’s 
to kρ’s for calculating u’ in case of u = 0.2. EW, earlywood; LW, latewood



Page 5 of 9Tanaka et al. Journal of Wood Science            (2025) 71:3  

or latewood. All the specimens were dried in the drying 
chamber at 105  °C for at least 24  h. The mass, mo, and 
volume, vo, of the specimens in oven-dry condition were 
measured to evaluate the oven-dry density, ρo.

The specimens were then injected with an aqueous 
solution of PF resin (PX-341, Aica Kogyo Co., Ltd.) with 
a solid concentration of u = 0, 0.1, 0.2, or 0.3 at room 
temperature. In the injection, the specimens were placed 
under a vacuumed pressure of 1.0 kPa for 1 h and then 
submerged in the solution with the vacuumed pressure 
maintained, followed by being placed in the solution 
under an atmospheric pressure for 1–2  days. The mass, 
mi, and volume, vi, of the specimens were measured after 
being taken out from the solution. The specimens were 
conditioned at 20 °C under 59%RH for 5–7 days, and sub-
sequently dried at 40  °C under a vacuumed pressure of 
1.0 kPa in the sealed container with  P2O5. The mass mf of 
the sample after conditioning and drying was measured.

The WPGs of each specimen after the injection and 
after the subsequent conditioning and drying were deter-
mined to be Wi = (mi ‒ mo) / mo and Wf = (mf ‒ mo) / mo, 
respectively.

Setting of coefficients in calculation
In all the calculation in this paper, the densities of pure 
wood substance, PF resin, and solvent (water) were con-
stant to be, ρws = 1.5 g/cm3 [8], ρr = 1.4 g/cm3, ρw = 1.0 g/
cm3, respectively. The density of resin solution, ρs, was 
estimated using Eq. (7) for each concentration, u.

Calculation of cell wall swelling coefficient
For each concentration, u, and for each wood species, the 
cell wall swelling coefficient, k, was calculated as βi /ρo, 
where βi is volumetric swelling coefficient of wood, cal-
culated as (vi − vo)/vo.

The relationship between u and k is shown in Fig.  2. 
The measured values for u = 0 were distributed in the 
range of k = 0.18–0.36  cm3/g. For u = 0.1–0.3, the distrib-
uted range was shifted to about k = 0.22–0.44  cm3/g. The 
average value for all species of k increase with increasing 
u in the range of u = 0–0.1 and was nearly constant in 
the range of u = 0.1–0.3. For the calculation of W-value 
as shown below, it is necessary to specify the range over 
which k is distributed for each u. Thus, the representa-
tive function for this tendency, k = kmid(u), shown by the 
dashed line in Fig. 2, was given as the following:

The maximum and minimum function, k = kmax(u), and 
k = kmin(u), shown by the chain-dotted and dotted lines in 

(8)

Fig. 2, were also given by considering the measured values 
as follows:

Calculation of density and concentration of solution 
in transient pore
In the solution impregnated wood, the concentration of the 
solution has been suggested to differ between in cell lumen 

(9)

(10)

Fig. 4 Calculated relations to solution concentration in cell lumen, 
u, of a solution density in transient pore ρ’s and of b solution 
concentration in transient pore, u’. Solid lines are the expressions 
given in Eqs. (11)-(12)
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and in transient pore [11]. This also suggests that the den-
sity of the solution can also differ between them. The den-
sity and concentration in transient pore in cell wall were 
calculated here. For each concentration, u, and for each 
wood species, the values of kρ’s and u’kρ’s were calculated 
using Eqs. (5) and (6), by substituting the measured values 
for Wi and Wf, respectively. Figure 3a, b shows the relation 
of kρ’s to k and the relation of u’kρ’s to kρ’s, respectively, for 
u = 0.2. The slope of the regression line for the relation in 
Fig. 3a or Fig. 3b can be calculated as the density or con-
centration of the solution in transient pore, ρ’s or u’. The 
calculated values of ρ’s and u’ means the representative 
density and concentration of the solution in transient pore 
for all species. The same calculations for u = 0, 0.1, and 0.3, 
were also performed.

The calculated relation of ρ’s to u and the calculated rela-
tion of u’ to u are shown in Fig. 4a, b, respectively. These 
relations are the representative of all species, since these 
were calculated using Fig.  3a, b. Both the solution den-
sity ρ’s and solution concentration u’ in the transient pore 
increased with increasing solution concentration in the cell 
lumen, u. The solution concentration in the transient pore 
was especially indicated to be considerably larger than in 
the cell lumen. Equations for ρ’s and u’ as a function of u, 
calculated by regression of a linear equations on the plots 
in Fig. 4, are expressed as the following:

Calculation of W‑value
For comparing W-value with the measured WPG, 
the normalized W-values, Wi/ρs + 1/ρws and Wf/
(uρs) + 1/ρws, as a function of 1/ρo were calculated using 
Eqs. (5) and (6), respectively, with the substitution of 
the Eqs. (8)-(12) for k, u’, and ρ’s.

For discussing the factors affecting the WPG, the 
W-values, Wi and Wf, were also calculated.

Results and discussion
Comparison of W‑values with measured WPG
Figure 5a–d shows the relationship between the inversed 
oven-dry density, 1/ρo, and the normalized W-val-
ues, Wi/ρs + 1/ρws, after injection of the solution with 
u = 0–0.3. The normalized W-values obtained in calcula-
tion, shown by the lines, were directly proportional to the 
inversed density. The measured values, shown by plots, 
were distributed around the lines. This indicates that the 
maximum WPG increased with increasing the volume of 
cell lumen in wood being inversely proportional to the 

(11)

(12)

Fig. 5 Relationship a–d between inversed oven-dry density, 1/ρo, and normalized W-value, Wi/ρs + 1/ρws, after injection of solution with u = 0–0.3. 
e–g Relationship between inverse of oven-dry density, 1/ρo, and normalized W-value, Wf/(uρs) + 1/ρws, after conditioning and drying of specimen 
injected with solution of u = 0.1–0.3. EW, earlywood; LW, latewood



Page 7 of 9Tanaka et al. Journal of Wood Science            (2025) 71:3  

density. The normalized W-value obtained in calculation 
increased with increasing the value of k from kmin to kmax. 
The measured values were located between the lines for 
the minimum and maximum function, kmin and kmax. For 
the specimens with the k-values closer to kmin and kmax 
in Fig.  2, the measured values showed the tendency to 

be closer to the line for kmin and kmax, respectively. These 
findings indicate that the measured values were well‐
explained by the W-values and that the maximum WPG 
was increased by the cell wall swelling.

Figure  5e–g shows the relationship between the 
inversed oven-dry density, 1/ρo, and the normalized 
W-value, Wf/(uρs) + 1/ρws, after the conditioning and dry-
ing of the specimen injected with solution of u = 0.1‐0.3. 
The calculated W-value and the measured values for 
Wf/(uρs) + 1/ρws showed the same tendency as those for 
Wi/ρs + 1/ρws (Fig. 5a–d). The increase in Wf/(uρs) + 1/ρws 
with the increasing k from kmin to kmax was more evident 
in comparison with Wi/ρs + 1/ρws. This indicates that the 
influence of cell wall swelling on the maximum WPG was 
more evident after the conditioning and drying than after 
the injection.

Essential factors affecting maximum WPG
As suggested above, the measured WPG was well‐
explained by the maximum WPG calculated using the 
proposed formula of W-value. It is well‐known that the 
maximum WPG is mainly affected by the volume of cell 
lumen in wood [13, 14]. The WPG may also be affected 
by other two factors, or the cell wall swelling and concen-
tration difference between cell lumen and transient pore. 
For demonstrating the extent of the influence of these 
two factors on the maximum WPG, the W-values after 
the conditioning and drying were calculated in various 
cases.

The calculated relationships between solution concen-
tration, u, and W-value, Wf, are shown for wood with 
oven-dry density of ρ0 = 0.3 and 0.7  g/cm3 in Fig.  6a, b, 
respectively. The W-value without considering cell wall 
swelling, shown by gray solid line, was smaller than the 
value with consideration of the swelling, shown by other 
lines. The W-value was especially higher with larger cell 
wall swelling in order of kmax, kmid, and kmin, shown by 
chain-dotted, dashed, and dotted lines, respectively. The 
W-value was also higher when considering the solution-
concentration difference between cell lumen and tran-
sient pore, u and u’, respectively, shown by black lines 
in Fig. 6a, b. These trends became more pronounced for 
higher wood density. It was suggested from these find-
ings that the WPG was greatly influenced by the cell wall 
swelling and also by the difference in solution concentra-
tion between the cell lumen and the transient pore. It was 
also suggested that the influences were larger for wood 
with higher density because of the larger volume of the 
transient pore in cell wall which was included in wood.

Fig. 6 Calculated relationship between solution concentration, 
u, and W-value after conditioning and drying, Wf without (k = 0) 
and with (others) considering cell wall swelling or resin concentration 
distribution
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Conclusion
For resin impregnation of wood, the theoretical for-
mula that calculates the maximum value of WPG, 
W-value, was proposed when considering the cell wall 
swelling and resin concentration distribution as well 
as the cell-lumen volume. The WPG of wood impreg-
nated with phenol–formaldehyde resin solutions was 
measured for several softwood species after injection 
and after the subsequent conditioning and drying. 
The validity of the proposed formula was investigated 
by being compared with the measured WPG in nor-
malized form.

The measured WPG values in normalized form were 
successfully explained by the W-value calculated as the 
normalized form using the theoretical formula. The 
W-value was increased with increasing the cell wall 
swelling coefficient. It was also increased when consid-
ering the difference in solution concentration between 
the cell lumen and the transient pore. These findings 
suggest that the WPG was greatly influenced by the cell 
wall swelling and by the difference in solution concen-
tration between the cell lumen and the transient pore 
in the cell wall. The influences were also suggested to be 
larger for wood with higher density.

Appendix
See Fig. 7 here.

The density of the resin solution is represented in 
Eq.  (7), which is quoted from the reference [16]. The 
purpose here was to confirm the accuracy of this equa-
tion by comparison with the experimental results. The 
volume and mass of the aqueous solution of PF resin 
(PX-341, Aica Kogyo Co., Ltd.) were measured for esti-
mating the density of the solution for concentrations of 
u = 0, 0.1, 0.2, 0.3, 0.4, and 0.5. Figure 7 shows the rela-
tionship between the concentration and the density of 
the solution. The plotted values, which were obtained 
through measurement, were well‐explained by the cal-
culated line using Eq.  (7). This indicates that Eq.  (7) is 
valid in the concentration range of u = 0–0.5. However, 
it is necessary to verify the applicability of Eq. (7) each 
time a solution containing a different chemical or sol-
vent is used.
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WPG  Weight percent gain
RH  Relative humidity
EW  Earlywood
LW  Latewood
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