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Densified wood is a promising engineered wood product, especially for 
heavy-duty applications. This study optimized the temperature and 
duration of the thermo-hygromechanical (THM) densification process 
applied to sugar maple (Acer saccharum Marsh.) wood. The response 
variables studied were compression set recovery and hardness.  The THM 
densification process was performed at three temperatures (180°C, 200 
°C, and 220 °C), densification times (450 s, 900 s, and 1350 s), and post-
treatment times (900 s, 1350 s, and 1800 s). Response surface 
methodology was used to analyze the impact of the three parameters. The 
effect of temperature on the density profile across thickness was also 
determined. The results suggested that the optimum densification 
conditions resulting in high hardness and low compression set recovery 
were obtained at a temperature of 180 °C, a densification time of 1004 s, 
and a post-treatment time of 1445 s. Additionally, the density of the 
densified samples was relatively homogeneous across thickness, 
although it was dramatically increased compared with control samples. 
However, density did not increase linearly with temperature. A much 
higher weight loss occurred at 220 °C, resulting in a significant decrease 
in density and hardness, whereas little compression set recovery was 
observed for sugar maple densified at this temperature. 
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INTRODUCTION 
 

Wood densification is a modification technology that compresses wood to obtain a 

higher density material. It has been used since 1900, when the first patent for the 

densification process was filed by Sears (Kollman et al. 1975). Most of the mechanical 

properties of wood are proportional to its density (Kollman and Côté 1968; Laine et al. 

2013; Rautkari et al. 2013). The main purpose of densification is to enhance wood density, 

which improves its mechanical performance and commercial value. Wood species with a 

high initial density, e.g., sugar maple, can also be further improved in terms of hardness, 

bending strength, and bending modulus of elasticity (MOE) by densification (Fang et al. 

2011; 2012b).  

Many researchers have treated wood with heat and compression to improve its 

physical and mechanical properties (Navi and Heger 2004; Kamke 2006; Boonstra and 

Blomberg 2007). This treatment was then called thermo-mechanical densification. 

Although this method has been found to enhance the mechanical properties of wood, the 

compressed shape produced by densification is not stable. The wood has been observed to 
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revert to its original shape when it is remoistened and heated. This phenomenon is known 

as the shape memory effect (Navi and Heger 2004). Therefore, chemical, physical, or 

mechanical post-treatments have been needed to prevent wood from recovering its original 

shape. However, these post-treatments are time-consuming and expensive. Thermo-

hygromechanical (THM) compression treatment is a modified method that utilizes steam, 

heat, and pressure to densify wood.  THM compression effectively eliminates the shape 

memory effect in compressed wood while improving its physical, mechanical, and 

dimensional stability (Navi and Girardet 2000; Heger et al. 2004; Fang et al. 2012a; Li et 

al. 2013).  

Compression set recovery (CSR) is an important issue in wood densification 

because it is an indication of wood dimensional stability and determines its potential end-

uses. For these reasons, it has been studied rather extensively (Ito et al. 1998; Dwianto et 

al. 1998; Higashihara et al. 2000; Fang et al. 2010; Kutnar and Kamke 2012a; Laine et al. 

2013; Popescu et al. 2014). The release of elastic strain energy stored in amorphous and 

semi-crystalline cellulose and in microfibrils is the main cause of the set recovery (Laine 

et al. 2013). Three fundamental mechanisms have been proposed to prevent CSR 

(Norimoto et al. 1993): relaxation of internal stresses, formation of cross-linkages between 

matrix components, and isolation of the wood polymers under the effect of moisture and 

heat to prevent re-softening. Navi and Heger (2004) reported that hemicellulose hydrolysis 

occurring during the THM process played an important role in relaxing the internal stresses 

of the wood components. Hemicelluloses are the least able to withstand heat among the 

three major components of wood. In the presence of heat and steam, they may degrade 

severely, and the bonds connecting the molecules of the matrix (hemicelluloses and lignin) 

may be broken and reformed. In addition, the thermal degradation of the hemicelluloses 

reduces the hygroscopicity of wood and weakens the connection between the microfibrils 

and lignin (Navi and Heger 2004), providing additional void space for the rearrangement 

of microfibrils and the release of internal stresses (Inoue et al. 1993). 

This study investigated the effects of THM densification temperature and time on 

the compression set recovery and hardness of densified wood. The impact of temperature 

and treatment time on the density profile of densified wood was also investigated. This 

study is part of a larger initiative to optimize the THM densification process for sugar 

maple wood to obtain high-quality densified wood products.  

 

 

EXPERIMENTAL 
 
Materials 

Thinly sawn strips of sugar maple (Acer saccharum March.) wood obtained from a 

hardwood flooring plant were used. Based on the mass and volume at a relative humidity 

(RH) of 65% and a temperature (T) of 20 °C, the strips had an average density of 734 kg/m3 

and dimensions of 5.7 mm (radial) × 695.0 mm (longitudinal) × 84.0 mm (tangential). 

Upon reception, the strips were placed in a climate room at 20 °C and 65% RH until an 

equilibrium moisture content of approximately 12% was achieved. 

 

Methods 
Thermo-hygromechanical densification process 

A steam injection press with dimensions 862 mm × 862 mm was used for the 

densification treatment (Fang et al. 2012a). Steam injection holes with a diameter of 1.5 
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mm were distributed uniformly at 32 mm intervals on both the upper and lower platens of 

the press. The press platens were preheated to the target temperature before treatment. The 

densification process was composed of three main steps (Fig. 1): wood softening, wood 

compression, and post-treatment. Eight strips per test were softened with steam at a 

maximum pressure of 550 kPa under an increasing mechanical pressure up to 6 MPa. The 

strips were then compressed to the target thickness (2.85 mm), corresponding to a 

compression set of 50%. Steam was continuously injected during the whole densification 

process. After post-treatment, the steam injection was stopped and steam was released 

through the holes in the platens. Prior to the determination of their properties, all treated 

specimens were stored in a climate room at 20 °C and 65% RH until their equilibrium 

moisture content was reached. 

 
Fig. 1. Thermo-hygromechanical densification process. A: Thickness; B, C: top and bottom platen 
steam pressure, respectively; D, E: top and bottom platen temperature; F: platen load 

 

Optimization of the THM densification process 

The full factorial experimental design is the traditional method used to study main 

effects and the interactions of several factors on a response variable. However, with an 

increase in the number of experimental factors, the number of combinations grows rapidly, 

requiring a considerable amount of experimental time and resources to analyze the data. 

Response surface methodology (RSM) is a combination of mathematical and statistical 

techniques that is well suited for situations where a response variable is simultaneously 

influenced by several factors. Based on the fit of the experimental data to the empirical 

models, linear or quadratic polynomial equations are used to analyze the response 

variables. In these equations, the effects of experimental factors and their interactions on 

the response variables can be statistically evaluated. Consequently, RSM can model and 

optimize several factor levels to identify the optimum experimental conditions (Del 

Castillo 2007; Bezerra et al. 2008). 
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In RSM, the Box-Behnken design is most often used for a three-level factorial 

experiment. This design selects points located on a hypersphere equidistant from center 

points as experimental arrangements (Bezerra et al. 2008). A Box-Behnken experimental 

design with 3 factors, 3 levels, and 15 runs was chosen to optimize the THM densification 

process. In this study, the center point was repeated three times to further balance the 

variance in the middle region of the experiment. Compression set recovery (CSR) and 

hardness (H) were chosen as response variables because they are of primary importance in 

applications such as hardwood flooring. The three independent variables and their coded 

levels are listed in Table 1.  
 

Table 1. Code and Factor Levels Chosen for the Trials 

Factor  
Code and Level 

-1 0 +1 

A - Temperature (°C) 180 200 220 

B - Densification time (s) 450 900 1350 

C - Post-treatment time (s) 900 1350 1800 

 
Statistical analysis 

The statistical analysis software SAS 9.4 (Cary, NC, USA) was used to perform the 

normality tests for CSR and the hardness data and to investigate whether a transformation 

of the response variable was needed and which transformation was suitable using the Box-

Cox methodology. Predictions of the response variables in the experimental ranges were 

also obtained using SAS 9.4. The analysis of the regression and response surface studies 

were performed using the statistical software Design Expert 8.0.6 (Stat-Ease, Inc, 

Minneapolis, MN, USA). The response variable was determined by a polynomial equation 

(Eq. 1), 
 

𝑅 = 𝜕0 + ∑ ∂𝑖
3
𝑖=1 𝑥𝑖 + ∑ ∂𝑖𝑖

3
𝑖=1 𝑥𝑖

2 +∑ ∂𝑖𝑗  
3
𝑖,𝑗=1(𝑖≠𝑗) 𝑥𝑖𝑥𝑗                       (1) 

 

where R is the response variable, 𝜕0 is a constant, and 𝜕i, 𝜕ii, and 𝜕ij are the coefficients of 

linear effect, quadratic effect, and interaction effect, respectively. Finally, xi and xj 

represent the independent variables. 

 

Properties Determination 
Brinell hardness test 

The hardness of the specimens before and after densification was measured using 

a test machine (MTS-QTestTM/5, Eden Prairie, MN, USA) with a load cell of 10 kN. The 

measurements were performed according to EN 1534 (2000), with an indenter of 10 mm 

in diameter. The maximum load applied was 1000 N, which was reached in 15 s and then 

maintained for 25 s. Eight replications were performed for each type of specimen, and the 

average value was used. The Brinell hardness was calculated as follows, 
 

H = F/(πDh)                                                                                  (2) 
 

where H is Brinell hardness (MPa), F is the maximum applied load (N), D is the diameter 

of the indenter (mm), and h is the maximum depth of the indentation (mm). Once the load 

was applied to the specimen, the measurement of the depth of the indentation began, and 

its change over time was recorded by the computer. At the end of the measurement period, 

the maximum depth of the indentation obtained was used for calculation in Eq. 2. 
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Compression set recovery 

Five swelling/drying cyclic recovery tests were conducted to determine the 

compression set recovery of wood. After densification, the specimens (50 mm longitudinal 

× 50 mm tangential) were first dried in an oven to determine their oven-dry thickness before 

swelling. Oven-dried samples were immersed in water at room temperature for 24 h and 

oven-dried again for 24 h. The thickness was measured at each wet and oven-dry condition. 

The compression set recovery was calculated as follows, 
 

CSR= [(ts-to) / (tu-to)] × 100                                                  (3) 
 

where CSR is the compression set recovery (%), ts is the oven-dry thickness after swelling 

(mm), to is the oven-dry thickness before swelling (mm), and tu is the initial uncompressed 

thickness (5.7 mm) at T = 20 °C and RH = 65%.  

 

Validation of Model Optimized Parameters 
To determine how closely the experimental results fit the model results, the eight 

specimens were densified according to the optimized parameters obtained from the 

analysis. The compression set recovery and hardness of the densified samples were 

measured following the aforementioned methods for validation purposes. 

 

Density Profile 
Specimens with dimensions 50 mm × 50 mm were used to measure the density 

profile before and after densification using an X-ray densitometer (Quintek Measurements 

Systems model QDP-01x, Knoxville, TN, USA) at intervals of 0.02 mm through the 

thickness. To investigate the effect of temperature on the density profile, three groups of 

specimens (eight strips in each group) were densified at temperatures of 180 °C, 200 °C, 

and 220 °C, respectively. Both densification time and post-treatment time were kept at 900 

s for these three groups of specimens.  

 
 
RESULTS AND DISCUSSION 

 
Response Results 

The average compression set recovery and hardness values obtained for each 

treatment are presented in Table 2. The CSR of densified sugar maple ranged from 1.1% 

for the No. 13 test (densification temperature: 220 °C; densification time: 900 s; post 

treatment time: 1800 s) to 19.2% for the No. 10 test (200 °C, 1350 s, and 900 s, 

respectively). The maximum value of CSR was approximately 17 times that of the 

minimum CSR. The hardness of the densified samples varied from 25.2 MPa for the No. 

13 test to 51.4 MPa for the No. 12 (densification temperature: 180 °C, densification time: 

1350 s, and post treatment time: 1350 s). The maximum value of hardness was 

approximately twice the minimum value. The values of CSR and hardness varied as a 

function of the process parameters used. Furthermore, lower CSR values and higher 

hardness values were not obtained under the same experimental conditions. Therefore, it 

was necessary to analyze the effects of the process parameters on CSR and hardness and 

further optimize the densification process to achieve the best balance between the two 

response variables. At first glance, a relatively high hardness and low compression set 

recovery was obtained simultaneously for treatment Nos. 11, 12, 14, and 15. 
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Table 2. Average Compression Set Recovery and Hardness Obtained for the 
Treatments Applied  

No. 
Temperature 

(°C) 

Densification 

time 

(s) 

Post-treatment 

time 

(s) 

Compression 

set recovery (%) 

(n=5) 

Hardness 

(MPa) 

(n=8) 

1 200 450 900 13.0 (4.5) 35.7 (7.1) 

2 200 1350 1800 14.4 (4.5) 33.5 (5.0) 

3 220 900 900 3.7 (1.2) 33.3 (10.1) 

4 220 1350 1350 2.3 (1.5) 31.2 (12.3) 

5 180 900 900 10.6 (1.3) 39.3 (6.1) 

6 200 450 1800 10.4 (2.9) 50.4 (4.6) 

7 200 900 1350 12.3 (4.4) 46.9 (5.9) 

8 180 450 1350 15.5 (3.1) 49.4 (3.2) 

9 220 450 1350 4.6 (2.9) 36.3 (14.1) 

10 200 1350 900 19.2 (3.0) 39.0 (5.7) 

11 180 900 1800 8.6 (2.0) 46.2 (3.2) 

12 180 1350 1350 5.7 (4.5) 51.4 (4.7) 

13 220 900 1800 1.1 (0.7) 25.2 (6.3) 

14 200 900 1350 7.9 (3.4) 46.8 (5.0) 

15 200 900 1350 8.9 (2.3) 46.9 (6) 

*Standard deviations given in parentheses 

 

Analysis of variance and quadratic model for compression set recovery 

Normality tests performed on CSR data showed that a natural logarithm 

transformation was needed for the CSR data. An analysis of variance was performed for 

the impact of temperature, densification time, and post-treatment time on the natural 

logarithm of CSR (lnCSR). Table 3 shows the main effects of the three factors on lnCSR 

and their interaction effects. The significant terms were A (p = 0.0101) and A2 (p = 0.0164), 

indicating that temperature had a significant linear and quadratic effects on lnCSR at a 

confidence level of 95%. Neither of the other two factors and none of the interactions 

between two of the three factors were statistically significant. The coefficient of 

determination (R2) of the model was 0.88, which indicated that 88% of the lnCSR variation 

was explained by the model. 

A second-order polynomial regression equation was determined to express lnCSR 

as a function of temperature (A), densification time (B), and post-treatment time (C) at their 

coded levels (value range between -1 and 1): 

 

lnCSR = + 2.25 – 0.65 A - 0.12  B – 0.24  C + 0.077  A B - 0.25 A C  

  -0.016 B  C – 0.85 A2 + 0.3  B2 + 0.074 C2         (R2 = 0.88)                       (4) 

 

In Eq. 4, the terms with a negative coefficient resulted in a decrease in lnCSR. The 

coefficients with a larger absolute value had more of an impact on the lnCSR. Combined 

with the results of Table 3, it was concluded that temperature was the dominant parameter 

controlling lnCSR and CSR. 
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Table 3. Analysis of Variance Results of lnCSR versus Temperature (A), 
Densification Time (B), and Post-treatment Time (C) 

Source Sum of 
squares 

DF Mean 
square 

F value p value Remarks 

A 3.42 1 3.42 16.20 0.0101 Significant 

B 0.12 1 0.12 0.57 0.4856  

C 0.47 1 0.47 2.21 0.1971  

A x B 0.024 1 0.024 0.11 0.7517  

A x C 0.25 1 0.25 1.19 0.3245  

B x C 0.001 1 0.001 0.005 0.9467  

A2 2.66 1 2.66 12.59 0.0164 Significant 

B2 0.34 1 0.34 1.62 0.2589  

C2 0.02 1 0.02 0.095 0.7709  

 

Effect of process factors on compression set recovery and reliability of the quadratic 

model  

According to the analysis of variance results presented in Table 3, the interaction 

effects between temperature, densification time, and post-treatment time on lnCSR were 

not significant. Therefore, the three-dimensional response surface plots of lnCSR against 

two of the three parameters considered are not presented. Figure 2a presents the effects of 

temperature, densification time, and post-treatment time on lnCSR (a), recalling that 

densification time and post-treatment time had no significant effect on lnCSR. As shown 

in Fig. 2a, lnCSR decreased dramatically when the densification temperature exceeded 200 

°C (factor coded level = 0). The lowest lnCSR was obtained for the specimens densified at 

220 °C for a post-treatment time of 1800 s, suggesting a permanent compression set. The 

lower lnCSR obtained at a high temperature (220 °C) might have been due to the hydrolysis 

of hemicellulose. As a result, the hygroscopicity of the wood decreased, and the connection 

between the microfibrils and lignin weakened, providing additional void space for the 

rearrangement of the microfibrils and release of the internal stresses (Navi and Heger 

2004). Therefore, the shape memory effect was reduced, and the dimensional stability 

improved. According to Inoue et al. (1993), the decreased hygroscopicity of the wood 

could be attributed to the transformation of highly hygroscopic hemicellulose into low-

hygroscopic furfural substances after the high temperature treatment. This was in 

agreement with the current results, which showed that only the linear and quadratic effects 

of temperature had a significant impact on lnCSR.  

Figure 2b shows the predicted values calculated from Eq. 4 against the actual values 

of lnCSR. Most of the points are arranged along a straight line, representing a perfect 

prediction, which indicated that the quadratic model (Eq. 4) was appropriate for predicting 

the variation of lnCSR. However, some actual values deviated from the predicted values, 

which caused a decrease of the R2 of the model to 0.88.  
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Fig. 2. (a) Effect of temperature (A), densification time (B), and post-treatment time (C) on lnCSR; 
(b) Comparison between actual and predicted values of lnCSR  

 
Table 4. Analysis of Variance for Results of Hardness versus Temperature (A), 
Densification Time (B), and Post Treatment Time (C)  

Source Sum of 
squares 

DF Mean 
square 

F value p value Remarks 

A 454.51 1 454.51 70.43 0.0004 Significant 

B 34.86 1 34.86 5.40 0.0677  

C 8.00 1 8.00 1.24 0.3162  

A x B 12.60 1 12.60 1.95 0.2211  

A x C 56.25 1 56.25 8.72 0.0318 Significant 

B x C 102.01 1 102.01 15.81 0.0106 Significant 

A2 65.78 1 65.78 10.19 0.0242 Significant 

B2 1.20 1 1.20 0.19 0.6839  

C2 163.08 1 163.08 25.27 0.0040 Significant 

 

Analysis of variance and quadratic model for hardness 

The normality tests performed on hardness data showed that no transformation was 

needed for the hardness in order to meet the assumption of a normal distribution. An 

analysis of variance was performed on the impact of temperature, densification time, and 

post-treatment time on the hardness (Table 4). The p value of A was 0.0004, which 

indicated that temperature had a very significant impact on hardness at a confidence level 

of 95%. Given the results presented in Table 2, the hardness decreased significantly when 
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the temperature exceeded 200 °C. The results in Table 4 also showed that the interaction 

terms of temperature (A) × post treatment time (C) (P = 0.0318) and densification time (B) 

× post treatment time (C) (p = 0.0106) were significant. The R2 of the model was 0.96, 

which indicated that only 4% of the total hardness variation could not be explained by the 

model.  

A second-order polynomial equation was determined to express the hardness as a 

function of temperature (A), densification time (B), and post-treatment time (C) at their 

coded levels (value range between -1 and 1):  

 

Hardness  = + 46.87 - 7.54  A - 2.09  B + 1.00  C - 1.77  A  B - 3.75  A  C  

   -5.05  B  C - 4.22  A2 - 0.57 B2 - 6.65  C2          (R2=0.96)                                 (5) 

 

In Eq. 5, the terms with a negative coefficient are those that resulted in a decrease in 

hardness. The coefficients with a larger absolute value had more of an impact on hardness.  
 
Effect of process factors on hardness and reliability of the quadratic model  

According to the analysis of variance results presented in Table 4, the interaction 

between temperature and densification time was not significant. Therefore, the three-

dimensional response surface plots of hardness against these two parameters are not 

presented.  

Figure 3 presents the interaction effects of (a) temperature and post-treatment time 

on hardness; (b) densification time and post-treatment time on hardness; (c) temperature, 

densification time, and post treatment time on hardness; and (d) the comparison between 

actual and predicted values of hardness. In general, the mechanical properties of wood 

tended to increase as density increased. Previous works (Fang et al. 2012b; Kutnar and 

Kamke 2012a; Rautkari et al. 2013) have shown that the surface density of wood increases 

after densification treatment. Therefore, the hardness of densified wood was expected to 

increase following THM densification. Fukuta et al. (2007) reported that hardness did not 

increase linearly with density. The extent of the change in wood hardness was dependent 

upon many factors, including species and densification process parameters (Kamke 2006). 

For instance, softwood species exhibit a higher increase in hardness following 

densification.  

As shown in Figs. 3a and 3c, hardness decreased with increasing temperature. This 

result is in agreement with the results reported by Fang et al. (2012a) and Li et al. (2013). 

The reason for the decrease in hardness as temperature increased could be explained by the 

advanced degradation of lignin and hemicelluloses (Fang et al. 2012b). Additionally, acetic 

acid is released during the degradation of hemicellulose. This can impact the cellulose 

microfibrils in the amorphous regions by breaking the bonds joining the units of glucose, 

resulting in shorter cellulose chains and therefore in a lower degree of polymerization of 

cellulose. As shown in Figs. 3b and 3c, the variation in densification time had little impact 

on hardness. Also, a higher hardness value could be obtained at a middle level of post-

treatment time. In Fig. 3d, the actual hardness values were quite close to the predicted 

values, which indicated that the quadratic model developed for hardness had a higher 

reliability than the model developed for lnCSR. The R2 of the regression model (Eq. 5) was 

0.96, which demonstrated that it was appropriate. 
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Fig. 3. a) Response surface plots of hardness versus temperature and post-treatment time; b) 
response surface plots of hardness versus densification time and post-treatment time; c) effect of 
temperature (A), densification time (B), and post-treatment time (C) on hardness; and d) 
comparison between actual and predicted values of hardness 

 

Desirability functions of compression set recovery and hardness 

To find optimal conditions on multi-response variables, general transformations of 

the response variables into desirability functions can be performed (Derringer 1980). In 

this study, based on the experimental data, predictions of response variables obtained from 

the regression equations (Eqs. 4 and 5) in the experimental ranges considered for 

temperature, densification time, and post-treatment time are presented in Table 5. The 5th 

and 95th percentiles of the predicted values of the response variables were used to develop 

the desirability functions described below. 

 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Fu et al. (2016). “THM densification of maple,” BioResources 11(4), 8844-8859. 8854 

Table 5. Predictions of Response Variables in the Experimental Ranges  

Response 
variable 

Minimum 5th 
pctl 

10th 
pctl 

25th 
pctl 

50th 
pctl 

75th 
pctl 

90th 
pctl 

95th 
pctl 

Maximum 

lnCSR  0.36 1.05 1.31 1.84 2.26 2.44 2.59 2.68 3.05 

Hardness 

(MPa) 

16.26 33.30 35.46 39.22 43.65 47.47 49.74 50.82 53.58 

pctl: percentile 

 

Hardness should be maximized, while CSR should be minimized. Thus, the 

desirability functions were constructed as follows (Derringer 1980; Bezerra et al. 2008), 

 

𝑑 1 =

{
 

 
0 if H�̂� < 33.30

(
H�̂�−33.30

50.82−33.30
)   if 33.30 < H�̂� < 50.82

1 if H�̂� > 50.82 }
 

 
                               (6) 

 
where Hp̂ is the predicted hardness (Eq. 5), d1 is the desirability coefficient for hardness, 

and 

 

𝑑 2 = {

1 if lnCSR̂  < 1.05

(
lnCSR̂−2.68

1.05−2.68
)    if 1.05 < lnCSR̂ < 2.68

0 if lnCSR̂ > 2.68

}                                    (7) 

 

where lnCSR̂ is the predicted lnCSR (Eq. 4) and d2 is the desirability coefficient for lnCSR. 

The overall desirability for response variables D is defined as a function of d1 and d2 as 

follows, 
 

𝐷 = (𝑑1
𝑤1𝑑2

𝑤2)
1

2                                                                           (8) 
 

where D is the overall desirability for the response variables, w1 is the weight coefficient 

for hardness, and w2 is the weight coefficient for lnCSR. The weight coefficients show the 

degree of importance given to the response variable by the user. 

CSR and hardness are considered equally important in applications such as 

hardwood flooring. In this case, their weight coefficients can be considered equal to one 

(w1 = w2 = 1). Thus, Eq. 8 can be expressed as: 
 

𝐷 = (𝑑1𝑑2)
1

2                                                                                                  (9) 

 

The optimum solutions (a high hardness while maintaining a relatively low lnCSR 

value) were obtained from SAS 9.4 using the Grid-search method, which could be used to 

find an optimum for the overall desirability (Park and Park 1998). Based on the predicted 

data for hardness and lnCSR and Eqs. 6, 7, and 9, the corresponding values of d1, d2, and 

D could be calculated. Using the desirability functions approach, the optimum conditions 

of temperature, densification time, and post-treatment time were determined as: 180 °C, 

1004 s, and 1445 s, respectively. Under these conditions, lnCSR and hardness were 

predicted to be 2.03 and 50.55 MPa, respectively (Eqs. 4 and 5).  
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Table 6 presents the results of the predicted values of the response variables and 

the overall desirability obtained from all the experimental design conditions (Table 2, Nos. 

1-13) as well as those from the optimum conditions (No. 14). Because both high hardness 

and low compression set recovery were desired in this study, the values of d1 and d2 were 

expected to be close to one, or the highest possible value of D was desired. The values of 

d1 and d2 did not reach one value simultaneously under any given experimental conditions. 

The lowest lnCSR value was obtained at the highest temperature (220 °C), when the 

hardness value was too small. Finally, the overall desirability D reached its highest value 

(0.63) under the optimum conditions. 

Validation of the approach was performed by the THM densification of eight 

specimens under the optimum conditions mentioned above. The experimental result for 

lnCSR under the optimum conditions was 2.95 (s = 0.22), which was higher than the 

predicted value (2.03). This deviation might have been due to the relatively lower accuracy 

of the quadratic model for lnCSR (R2 = 0.88). The experimental hardness obtained was 

52.12 (s = 15.12) MPa, which was close to the predicted value (50.55 MPa). 

  

Table 6. Results of Predicted Values of Response Variables and the Overall 
Desirability Obtained from the Experimental Design Conditions and Optimum 
Conditions for w1=w2=1 

No. 
Temperature 

(°C) 

Densification 

time 

(s) 

Post-

treatment 

Time 

(s) 

Predicted  

hardness 

(MPa) 

Predicted 

lnCSR 

 

d1 

 

d2 

 

D 

1 200 450 900 35.69 2.97 0.14 0 0 

2 200 1350 1800 33.51 2.25 0.01 0.26 0.06 

3 220 900 900 31.21 1.31 0 0.84 0 

4 220 1350 1350 30.68 1 0 1 0 

5 180 900 900 38.79 2.11 0.31 0.35 0.33 

6 200 450 1800 47.79 2.52 0.83 0.10 0.28 

7 200 900 1350 46.87 2.25 0.77 0.26 0.45 

8 180 450 1350 49.94 2.55 0.95 0.08 0.28 

9 220 450 1350 38.40 1.09 0.29 0.98 0.53 

10 200 1350 900 41.61 2.76 0.47 0 0 

11 180 900 1800 48.29 2.13 0.86 0.34 0.54 

12 180 1350 1350 49.3 2.15 0.91 0.33 0.54 

13 220 900 1800 25.71 0.33 0 1 0 

14 180 1004 1445 50.55 2.03 0.98 0.4 0.63 

 

Density Profiles 
There is a common agreement that the density of wood has a major impact on its 

mechanical and physical properties. To characterize density across thickness and 

investigate the effect of treatment temperature on density, the density profiles of the control 

samples and samples densified at different temperatures (180 °C, 200 °C, 220 °C) were 

measured (Fig. 4). The density of the control sample was almost constant throughout the 

thickness, with the exception of the lower density values in the vicinity of both surfaces. 

The density of THM-densified samples increased compared to the control sample and was 

fairly constant across thickness but decreased sharply near the surface. Furthermore, 
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different treatment temperatures resulted in different density profiles. These differences 

could be observed by comparing the surface and core densities. The lower densities 

observed on both surfaces of the densified wood could have been due to the degradation of 

polymers at the wood surfaces in contact with the hot platens and to the thickness recovery 

close to the surface, as proposed by Kutnar and Kamke (2012b). The wood density did not 

increase linearly with treatment temperature. The highest core density and the highest 

surface density gradient were obtained at 200 °C rather than at 220 °C. A higher percentage 

of weight loss occurred at 220 °C, which might have been induced by the degradation of 

wood components, resulting in a decrease in the overall density. 

 

 
 

Fig. 4. Typical density profile through the thickness of the control sample and samples densified 
at 180, 200, and 220 °C 

 
 
CONCLUSIONS 

 
1. The optimum densification conditions were: temperature at 180 °C, densification time 

of 1004 s, and a post treatment time of 1445 s. The predicted results of lnCSR and 

hardness based on the optimum conditions were 2.03 and 50.55 MPa, respectively. The 

highest value of overall desirability (0.63) obtained corresponded to the optimum 

conditions. 

2. The high hardness value and low compression set recovery were difficult to obtain 

simultaneously under the given experimental conditions. The lower lnCSR value could 

be obtained at a higher temperature (220 °C), but the hardness decreased dramatically.  

3. The accuracy of the quadratic model for hardness was better than that for the 

compression set recovery, which indicated that hardness could be predicted more easily 

and accurately.  

4. Temperature was the dominant parameter influencing compression set recovery and 

hardness of the densified wood.  
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5. The density of the densified samples was dramatically increased compared to the 

control sample and was fairly constant across the thickness but decreased sharply near 

the surface. A higher percentage of weight loss occurred at 220 °C, resulting in an 

important decrease in the density and hardness of wood. However, almost no 

compression set recovery was observed for the sugar maple densified at 220 °C. 
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