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wood species (Albert and Liew 2022b). Densification has 
been in development for over a century and continues to 
evolve to produce wood products with desirable properties 
(Tu et al. 2014). The technology has been proven to enhance 
the physical and mechanical properties of low-density 
wood, enabling it to compete with existing medium-heavy 
hardwood (Ran et al. 2023). Various densification methods, 
e.g., thermo-mechanical (TM), thermo-hydro-mechanical 
(THM), and viscoelastic-thermal compression (VTC), have 
almost similar procedures, which are differentiated by the 
presence of pre- and post-treatment (e.g., steaming, cool-
ing) (Neyses 2016; Schwarzkopf et al. 2018; Wang et al. 
2023; Ran et al. 2023). TM focuses on heat and pressure, 
THM combines thermal and moisture treatment, while VTC 
emphasizes thermal softening (Zhao et al. 2015; Fu et al. 
2017; Srivaro et al. 2021). All of these processes improve the 
properties of wood. Despite the advancements in wood den-
sification, set-recovery—a phenomenon in which densified 

Introduction

In recent years, densification technology has been studied to 
improve the properties of low-density wood in response to 
the demand for sustainable products (Neyses 2016; Pelit et 
al. 2018). The wood-based industry has been facing a short-
age of raw materials over the past two decades, particularly 
in the case of medium-heavy hardwood, which requires an 
extended period prior to harvesting and processing (Albert 
and Liew 2022a). Researchers identified the potential of 
densification as a strategy to optimize the utilization of 
wood resources, especially when applied to fast-growing 
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performance, eco-friendly wood materials.
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wood tends to recover in thickness over time—remains a 
limitation in the field (Bavaneghi and Ghorbani 2015).

Set-recovery is mainly influenced by relative humid-
ity and moisture, i.e., densified wood cells tend to recover 
upon exposure to moisture (Neyses et al. 2016b; Luan et 
al. 2022). During densification, the applied pressure and 
elevated temperature caused the amorphous regions of the 
wood to become more pliable, which led to temporary plas-
ticization (Neyses 2016). The softening behaviour of wood 
polymers has long been attributed to their glass transition 
temperatures, where hemicellulose and lignin become 
more deformable within the 90–170  °C range depending 
on moisture content (Navi and Heger 2004; Kretschmann 
2010). This viscoelastic transition explains the temperature-
dependent pliability observed during densification. Primary 
components (e.g., lignin, cellulose, and hemicellulose) 
that form the wood’s structure undergo reorganization, 
enabling the material to be reshaped and compressed, which 
therefore results in an increase in density and mechanical 
strength (Laine et al. 2016; Alinoori et al. 2020). Upon the 
completion of densification, the plasticized wood is cooled 
and dried, where the temperature begins to drop below the 
respective glass transition temperatures of lignin, cellulose, 
and hemicellulose, causing them to solidify, and densified 
wood retains its thickness (Gonca Düzkale et al. 2019; 
Albert and Liew 2022b).

However, this state is unstable because if the densified 
wood is exposed to moisture or humidity, it tends to recover 
in thickness (Neyses et al. 2016b). This phenomenon 
occurred due to the recovery of elastic deformation in crys-
talline cellulose (Bekhta et al. 2015; Neyses 2016; Zhan and 
Avramidis 2018). In reality, densified wood did not recover 
to the initial thickness, but it will influence its properties, 
i.e., thickness recovery caused the reduction in density and 
mechanical strength (Laine et al. 2016). A previous study 
on set-recovery suggested that this reduction might occur 
due to (1) damaged wood cells due to densification, and (2) 
plasticization, leading to a certain degree of internal stress 
relaxation in the wood (Neyses 2016; Neyses et al. 2016b). 
Therefore, various approaches, such as chemical modifi-
cation (acetylation and formaldehydation), pre- and post-
densification treatment (heat and steam), and mechanical 
fixation (adhesive impregnation), have been taken to over-
come this issue (Budakçı et al. 2016; Laine et al. 2016).

While a large number of studies have resulted in the 
reduction of set-recovery, there is no approach that success-
fully eliminates it due to the hygroscopic nature of wood 
(Buchelt et al. 2014; Neyses et al. 2016a; Schwarzkopf 
2021). Although the relationship between densification and 
set-recovery had been reported in previous studies, most 
of those works involved temperate hardwoods and longer 
pressing durations (Navi and Heger 2004; Tu et al. 2014).

The present study extended this understanding by apply-
ing a short-duration densification process to Paraserianthes 
falcataria, a fast-growing tropical species with low density. 
The objective of this research was to examine the influ-
ence of varying compression ratios (40%, 50%, and 60%) 
on the set-recovery and density of densified Paraserianthes 
falcataria laminas. Utilizing a chemical-free densification 
process involving three distinct short-duration phases – 
pressing, venting, and cooling – the study sought to iden-
tify the relationship between compression ratio and the 
set-recovery and density of the wood. This approach offers 
a deeper insight into refining densification techniques for 
low-density woods, contributing to the development of opti-
mized and sustainable practices in the wood industry.

Materials and methods

Densification

Kiln-dried laminas of Paraserianthes falcataria (EMC: 
12%) were cut into dimensions of 300 mm (l) x 50 mm (w) 
x 20 mm (t). This moisture level is commonly used for wood 
processing, as it provides adequate flexibility for deforma-
tion while preventing surface cracking or moisture-related 
swelling during and after pressing (Laine et al. 2016). The 
mean density of the laminas prior to densification was 
315.09  kg/m3. The densification was conducted using a 
hot-press machine with pressing temperature and pressure 
of 105 ± 5  °C and 6  MPa, respectively (Fig.  1). Although 
previous densification studies applied higher pressing tem-
peratures (120–180  °C), a lower temperature was used in 
this study to prevent surface burning of the laminas. This 
condition also allowed partial softening of hemicellulose, 
which improved compressibility during the densification 
process while preventing severe cell rupture. The method 
was adapted from Albert and Liew (2025).

The total duration for the overall densification process 
was 900  s, which is illustrated in Fig.  2. Three compres-
sion ratios (40%, 50%, and 60%) were applied, and 30 rep-
licates were densified for each group (Fig. 3). To achieve 
the targeted compression ratios, steel stoppers of specified 
thickness were positioned on the surface of the lower plate 
during hot pressing (Table 1).

The compression ratio was calculated using the method 
of Albert and Liew (2025) and is presented in the following 
equation:

CR =
ti-tf
ti

× 100� (1)
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Fig. 3  Laminas densified at different compression ratios

 

Fig. 2  Schematic visualization of distinct phases during the densification process

 

Fig. 1  Hot-press machine used for the densification

 

1 3

83



Journal of the Indian Academy of Wood Science (2026) 23:81–92

(Fig. 4). The pressing and venting phases were repeated for 
180 s and 100 s, respectively. After these cycles, the laminas 
underwent a short 60-second pressing phase, followed by 
a 300-second cooling phase. The cooling phase was initi-
ated by switching off the heat and activating the water pump 
to circulate water through the upper and lower plates to 
reduce the temperature to below 100 °C. The laminas were 
maintained under pressure during cooling to minimise set 
recovery. At this temperature, hemicellulose and lignin tran-
sitioned below their glass transition temperature and began 
to resolidify while pressure was maintained (Neyses 2016). 
This re-solidification under compression stabilised the 
deformed cell structure and limited elastic rebound when 

where CR is compression ratio (%), ti is the initial thickness 
(mm), and tf is the final thickness (mm).

The densification was initiated by pressing for 180  s 
and then venting for 100 s. The purpose of venting was to 
release moisture trapped inside the laminas, because con-
tinuous pressing without venting caused irregular shapes 
in the densified laminas, such as swelling and cracking 

Table 1  Steel stopper thickness used for each compression ratio
Compression ratio (%) Thickness of the steel stopper (mm)
40 12
50 10
60 8

Fig. 4  Comparison of laminas densified without and with the venting phase

 

Fig. 5  Thickness measurement points for the set-recovery observation

 

1 3

84



Journal of the Indian Academy of Wood Science (2026) 23:81–92

Density observation

The density of the densified laminas was also observed at 
24-hour intervals and continued until the seventh day using 
gravimetric method. A total of 30 replicates were measured 
from each compression ratio. The density was measured by 
referring to Albert (2022):

Density (kg/m2) = Mass (kg)
Volume

(m2)� (3)

Statistical analyses and modelling approach

The statistical analyses and modelling were executed using 
R (Version 4.3.1). Preliminary assessment of the data dis-
tribution via Shapiro-Wilk tests indicated non-normality 
across the data sets. Therefore, non-parametric tests such 
as the Kruskal-Wallis test were performed to assess the 
effects of different compression ratios on the set recovery 
and density, while post-hoc test (Dunn test) was performed 
to find multiple comparison between groups. Furthermore, 
two modelling approaches, Generalized Additive Model 
(GAM) and Transformed Ordinary Least Square (TOLS) 
regression were performed to investigate the relationship 
between compression ratio and set-recovery, with den-
sity as the additional predictor. This dual-model approach 
allowed for a comprehensive understanding of the relation-
ships between those variables. The GAM was specifically 

later exposed to moisture (Neyses 2016). Upon the comple-
tion of the densification, the densified laminas were condi-
tioned at a room temperature of 25 °C and relative humidity 
of 65%. Prior to further observation, the laminas achieved 
an average moisture content of 10–11%.

Set-recovery observation

The observation of set-recovery was performed through 
calipers measurement. Following conditioning, the thick-
ness of the densified laminas was measured, by referring to 
guideline in Fig. 5. The set-recovery of 30 replicates from 
each compression ratio were measured. This procedure was 
repeated at 24-hour intervals and continued until the sev-
enth day.

The thickness of the current measurement and that of the 
measurement taken 24 h earlier were used to calculate set-
recovery, as described by Albert (2022):

SR =
tf − ti

tf
× 100� (2)

where SR is the set-recovery (%), tf is the final thickness 
(mm), and ti is the initial thickness (mm).

Table 2  Mean values of set-recovery and density of laminas densified with different compression ratios
Day Compression ratio (%) Set Recovery (%) Density (kg/m³)

df Mean SD Chi-sq p-value df Mean SD Chi-sq p-value
1 40 2 1.29a 0.39 45.64 < 0.0001 2 512.87a 64.39 49.23 < 0.0001*

50 2.40b 0.50 614.70b 59.14
60 3.02b 1.48 689.62c 80.13

2 40 2 0.96a 0.25 66.58 < 0.0001 2 509.20a 64.00 45.34 < 0.0001*
50 0.63b 0.24 601.98b 56.60
60 2.03c 0.34 671.17c 78.02

3 40 2 0.28a 0.15 62.15 < 0.0001 2 508.67a 64.04 44.00 < 0.0001*
50 0.45a 0.19 600.32b 56.48
60 1.16b 0.34 665.71c 77.49

4 40 2 0.18a 0.07 55.24 < 0.0001 2 507.76a 63.98 43.82 < 0.0001*
50 0.22a 0.08 599.21b 56.45
60 0.53b 0.17 663.80c 77.36

5 40 2 0.10a 0.03 39.22 < 0.0001 2 507.23a 63.88 43.71 < 0.0001*
50 0.21b 0.09 597.97b 56.31
60 0.23b 0.08 663.25c 77.44

6 40 2 0.07a 0.03 30.69 < 0.0001 2 506.87a 63.79 43.40 < 0.0001*
50 0.12b 0.05 597.24b 56.32
60 0.15b 0.07 662.37c 77.39

7 40 2 0.07a 0.04 2.61 0.2717 2 506.50a 63.73 43.77 < 0.0001*
50 0.09a 0.06 596.68b 56.22
60 0.09a 0.04 661.76c 77.25

Different superscripts abc indicate a significant difference among the compression ratios (p value < 0.05)
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where SR is the set-recovery (%), α0 is the intercept, α1 
and α2 are the coefficients for CR (compression ratio) and 
D (density), respectively; ε is the error term. Several diag-
nostic metrics such as Akaike Information Criterion (AIC), 
Bayesian Information Criterion (BIC), Mean Squared Error 
(MSE), Means Absolute Error (MAE), and Cross-validation 
(CV) error were performed to evaluate the performance of 
both models. These metrics were chosen for their capability 
to provide a comprehensive assessment of model fit and pre-
dictive accuracy (Cuny et al. 2013). The AIC is expressed 
as:

AIC =2k − 2ln (L) � (6)

where k represents the number of parameters in the model, 
and ln(L) denotes the model’s likelihood (Cuny et al. 2013). 
This metric is useful for model selection, where it balances 

useful in capturing the non-linear relationship and interac-
tions between compression ratios, density and set-recovery 
(Cuny et al. 2013). The GAM is computed as:

SR =β 0 + f1 (CR) + f2 (D) + ϵ � (4)

where SR is the set-recovery (%), β0 is the intercept, f1 and 
f2 are smooth functions (k = 3) for CR (compression ratio) 
and D (density), respectively; ε is the error term. In contrast, 
the TOLS regression, with a log-transformation applied to 
the set-recovery, provided insights into the potential mul-
tiplicative effects of compression ratio and density on set-
recovery (Schmidt and Finan 2018). The TOLS is computed 
as:

log(SR) =α 0 + α 1 × CR + α 2 × D + ϵ � (5)

Fig. 6  Set-recovery: a schematic visualization of set-recovery during post-densification; b seven days set-recovery (mean values) observation for 
the densified laminas
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where n is the number of observations, yi is the observed 
value, and y̌i is the predicted value. MSE gives a measure 
of quality of an estimator, where the value is non-negative 
(Mermi et al. 2024). The MAE is calculated as:

MAE =
1
n

∑ n

i=1
|yi − ŷi|� (9)

where n is the number of observations, yi is the observed 
value, and ŷi is the predicted value. Similar to MSE, MAE 
value is non-negative; however, it is more robust to outliers 
as it does not square the error terms (Schmidt and Finan 
2018). CV error is computed as:

the model’s complexity against its goodness of fit (Mermi et 
al. 2024). The BIC is calculated as:

BIC =ln (n) k − 2ln (L) � (7)

where n is the number of observations, k is the number of 
parameters in the model, and ln(L) is the model’s likelihood 
(Cagatay et al. 2016). Similar to AIC, BIC penalizes the 
number of parameters in the model, but generally applies 
more penalty for model complexity, especially for large n 
value (Mermi et al. 2024). The MSE is calculated as:

MSE =
1
n

∑ n

i=1
(yi − ŷi)2� (8)

Fig. 7  Density: a the lumens of 
the densified laminas; b observa-
tion of density (mean values) 
over a seven-day period for the 
densified laminas
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laminas’ set recovery is no longer affected by the compres-
sion ratios.

The density observation, on the other hand, exhibited a 
consistent pattern. From the first to the fourth day, the den-
sity of the densified laminas demonstrated a relatively stable 
trend, which might indicate the laminas’ inherent structural 
rigidity (Fig. 7a-b) (Neyses et al. 2016a; Darwis et al. 2017). 
Unlike set-recovery, where internal adjustments and stress 
relaxation led to fluctuations, the density of the densified 
laminas was less influenced by such internal changes. This 
might be caused by the small percentage of set recovery or 
recovery in thickness, which did not significantly affect the 
volume and mass of the densified laminas (Buchelt et al. 
2014; Neyses et al. 2016a; Schwarzkopf 2021).

From the fifth day onwards, this trend of consistent 
density continued without notable fluctuations, a key char-
acteristic for applications where uniform and stable mate-
rial properties are essential (Laine et al. 2016; Albert and 
Liew 2023). The consistent density across all compres-
sion ratios suggests that the densified laminas possessed a 
high degree of homogeneity and structural integrity, mak-
ing them suitable for applications that demand predictable 
and stable material behaviour under stress (Albert and Liew 
2023). Significant differences in density were observed 
across all compression ratios throughout the seven-day 
observation period. The chi-squared values remained high 
(43.40-49.23), and the p-values indicated strong statisti-
cal significance (p < 0.0001). These results indicate that the 
level of compression remarkably influences density and 
remains consistent throughout time. Notably, the compres-
sion ratios appear to have a persistent and measurable effect 
on the material’s density, an observation that may inform 
industrial applications where material density is a critical 
factor (Albert and Liew 2022a; Ran et al. 2023).

Comparative performance of models

In overall, GAM captured the relationship between set-
recovery, density, and compression ratio better than TOLS. 
The prediction for each day was visualized in Fig. 8, while 
the goodness of fit for each model for the respective seven 
days was displayed in Table 3.

Based on the outcomes in Fig. 8, GAM captured the non-
linear relationship between set-recovery, density, and com-
pression ratios, while TOLS captured the linear relationship 
that showed an exponential trend. Despite the presence of 
outliers in the actual data points, both models still managed 
to capture the relationship accurately, and both approaches 
proved that set-recovery increased as the compression ratio 
increased. The model diagnostics (Table  3) indicated that 
GAM generated better predictions than TOLS because 
GAM captured lower values in all metrics. Lower AIC and 

CV Error =
1
k

∑ k

i=1
Ei� (10)

where k is the number of folds, Ei is the error metric (mean 
squared error) computed on the i-th fold. This metric pro-
vides a robust assessment by mitigating the potential bias 
introduced by a single train-test split (Cuny et al. 2013).

Result and discussions

Non-parametric tests

The results for the Kruskal-Wallis and Dunn tests were pre-
sented in Table 2, while the set-recovery and density obser-
vations were illustrated in Figs. 6 and 7, respectively.

During the first four days, the set-recovery for varying 
compression ratios showed notable fluctuations, which 
indicate the densified laminas’ natural adaptive response 
to the compressive forces applied during the densification 
(Laine et al. 2014; Nilsson et al. 2014; Schwarzkopf 2021). 
It is possible that, during this period, the laminas undergo 
adjustment phase, where the internal structure of the wood 
cells reacts to the applied pressure, potentially involving 
microstructural reorientations and physicochemical trans-
formations, suggesting a dynamic interaction between the 
lamina’s structure and the external stresses, i.e., the relax-
ation of internal stresses (Fig. 6a), which led to a recovery 
in thickness aided by surrounding humidity (Neyses 2016; 
Darwis et al. 2017; Ran et al. 2023).

Subsequently, from the fifth day onwards, a notable shift 
towards stabilization in set-recovery rates was observed 
across all compression ratios, where this phase of stabili-
zation indicates that the densified laminas achieved a state 
of equilibrium after a four-day adaptation phase (Fig. 6b). 
Although high compression ratios of up to 60% were applied, 
the laminas were able to achieve a stable set-recovery rate, 
which showed the capability of the densified laminas to 
attain an equilibrium state following a period of adaptation, 
highlighting their suitability for applications that require 
long-term stability and durability. From the first until the 
sixth day, there were significant differences between com-
pression ratios of 40%, 50% and 60%. With chi-square 
values ranging from 30.69 to 66.58 and p-value < 0.05, it 
was affirmed that compression ratio affected set-recovery. 
This trend, however, was slightly different on the seventh 
day, where no significant difference was found between the 
compression ratios. This outcome indicates the stabilization 
of the material, where the initial effect of compression or 
internal stress relaxation has equilibrated, and the densified 

Fig. 8  Comparison of GAM, TOLS, and actual data over seven days
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the usage of low-density timber such as Paraserianthes fal-
cataria in the industry.

Conclusions

The application of short-duration densification has resulted 
in the production of densified laminas of Paraserianthes 
falcataria with desirable properties. The outcomes from 
the non-parametric tests indicated that the compression 
ratio significantly influenced set recovery and density. Ini-
tially, set recovery shows variability, suggesting an adapta-
tion phase, but it stabilizes over time. Density, in contrast, 
consistently aligns with the compression ratio, indicating 
a direct response to mechanical stress. Furthermore, the 
utilization of advanced modelling techniques, Generalized 
Additive Model (GAM) and Transformed Ordinary Least 
Square (TOLS) regression, provided a robust predictive 
trend. These models broadened our understanding of the 
densification process beyond the examined ratios, including 
a range of 10% to 80% compression ratios. It revealed GAM 
have higher prediction accuracy, given that it achieved 
lower model diagnostic metrics values than TOLS. Despite 
that, the outcomes from both models indicated that increas-
ing compression ratios resulted in increasing set-recovery. 
These outcomes are critical for timber manufacturing, 
where understanding material behaviour under compres-
sion can lead to better-quality products. The novelty of this 
study was in applying a short-duration, three-phase densi-
fication process to a tropical fast-growing species (Para-
serianthes falcataria), achieving stable densification under 
lower pressing temperature and reduced pressing time. This 
approach shortens the overall process while maintaining 
consistent material stability. Besides that, the study also 
contributes to the field by providing a clearer understanding 
of how compression ratio affects set-recovery and density, 
aiding in the development of more efficient and sustainable 
timber utilization strategies.
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BIC indicate better model fit, where these metrics penalize 
models’ complexity, favouring more parsimonious mod-
els while balancing the goodness of fit (Cuny et al. 2013; 
Schmidt and Finan 2018; Mermi et al. 2024). As for MSE 
and MAE, lower values are indicative of higher prediction 
accuracy (Cuny et al. 2013). The difference between these 
two metrics is that MSE is sensitive to outliers, while MAE 
provides a more robust error measurement (Mermi et al. 
2024). CV error, which is used in cross-validation, assesses 
the model’s capability to generalize to new data (Schmidt 
and Finan 2018). A low CV error value is indicative of the 
model’s accuracy in predicting unseen data, which enhances 
the model’s reliability and usefulness in practical applica-
tions (Schmidt and Finan 2018).

During Days 1 (Fig. 8a) and 3 (Fig. 8c), both models have 
shown an increasing trend, where the 80% compression 
ratio obtained the maximum predicted set-recovery value of 
5.68%. However, an irregular trend was captured by GAM 
on Day 2 (Fig. 8b), where 10% compression ratio was pre-
dicted to have a higher set-recovery than 50% compression. 
This prediction contradicted the hypothesis of the study: a 
higher compression ratio results in increased set-recovery. 
Nevertheless, this outcome did not reflect the overall pattern 
captured by the model.

During Day 4 (Fig. 8d), GAM also predicted that 10%, 
20%, and 30% compression ratios would have higher set-
recovery than 50% compression ratios; however, the pre-
dicted values were lower compared to the prediction on Day 
2. From Day 5 until Day 7 (Fig. 8e-g), GAM predictions 
showed that 10% and 20% compression ratios had stable 
set-recovery, which indicated that the laminas had already 
attained an equilibrium state after the adaptation phase. 
TOLS, on the other hand, was more consistent throughout 
Days 1–6 (Fig. 8a-f), where the model captured an increas-
ing trend. On Day 7 (Fig. 8g), both models predicted stable 
trends, indicating that the laminas had already stabilized and 
did not recover in thickness further.

The outcomes from both models have significant implica-
tions for the development of high-performance wood-based 
materials, where the accuracy of the predictions would assist 
researchers and practitioners in finding the balance between 
set-recovery and compression ratios, which would optimize 

Table 3  Model diagnostics computed from the generalized additive model (GAM) and TOLS (Transformed ordinary least Square) regression
Day AIC BIC MSE MAE CV

GAM TOLS GAM TOLS GAM TOLS GAM TOLS GAM TOLS
1 -291.47 150.80 -281.47 160.80 0.98 0.96 0.64 0.68 0.002 0.002
2 34.99 134.58 47.48 144.58 0.10 0.33 0.24 0.49 0.087 0.435
3 9.57 120.42 21.96 130.41 0.07 0.07 0.19 0.18 0.070 0.072
4 -119.35 103.88 -106.94 113.88 0.02 0.02 0.10 0.10 0.023 0.022
5 -211.63 97.27 -199.47 107.27 0.01 0.01 0.06 0.06 0.007 0.007
6 -275.78 124.80 -265.82 134.76 0.003 0.003 0.04 0.04 0.003 0.003
7 -291.47 150.80 -281.47 160.80 0.002 0.04 0.002 0.03 0.002 0.002
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