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ABSTRACT 
 

Determining wood density is essential for assessing its mechanical 
properties and industrial suitability, yet traditional methods are destructive 
and impractical for standing trees or finished products. This study 
investigates the application of infrared thermography (IRT) as a rapid, 
nondestructive method for estimating wood density from cooling behavior. 
Mahogany (Swietenia macrophylla King.) and yemane (Gmelina arborea 
Roxb.), two economically important plantation species in the Philippines, 
were examined under controlled heating and natural cooling conditions. 
Twelve samples with varying densities at 60°C were analyzed, and their 
cooling curves were modeled using the first-term transient plane-wall 
solution. A strong inverse correlation was found between density and 
cooling rate constant (kapp), with coefficients of determination (R²) values 
of 0.90 for mahogany and 0.97 for yemane, confirming that denser samples 
cooled more slowly. Additionally, a 21% difference in cooling rates 
between mahogany and yemane at similar densities suggests that species-
specific characteristics may influence heat loss. These results demonstrate 
the potential of IRT as a rapid, nondestructive tool for estimating wood 
density, with applications in timber grading, quality assessment, and forest 
resource monitoring; accordingly, this approach could be adapted for rapid 
on-site density estimation in timber grading and monitoring. 

 

1. Introduction 

Mahogany (Swietenia macrophylla King.) and yemane (Gmelina arborea Roxb.) are among 
the most widely cultivated industrial tree plantation species (ITPS) in the Philippines. These 
species are valued for their rapid growth, favorable wood properties, and adaptability to plantation 
management, making them key sources of timber for the domestic market. They are extensively 
used in construction, furniture manufacturing, paneling, and veneer production due to their 
workability and versatility (Abarquez et al. 2015; Alipon et al. 2019; Cossid et al. 2025; Gilbero 
et al. 2019; Marasigan et al. 2025). In 2022, the DENR–FMB (2023) reported that mahogany 
contributed 65,870.62 m³ and yemane 26,599.08 m³ to the country’s plantation timber production. 
A key determinant of the suitability of these woods for such uses is their density, a physical 
property strongly correlated with strength, durability, dimensional stability, and machinability. 
Density is also a critical parameter for classifying timber, predicting mechanical performance, and 
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ensuring quality control in industrial applications (Xin et al. 2022). In conventional practice, 
density is determined using ASTM D2395 test methods for wood and wood-based materials 
(ASTM International 2022). 

Traditionally, destructive methods such as oven-drying and weighing yield exact wood 
density but are impractical for standing trees or finished products. Nondestructive testing (NDT) 
is therefore preferred to estimate density via indirect measurements correlated with it (Henriques 
et al. 2025). NDT approaches investigated include organoleptic, acoustic, and quasi-non-
destructive techniques. Organoleptic methods are qualitative and evaluator-dependent (Josifovski 
et al. 2023). Acoustic stress wave and ultrasonic techniques relate wave velocity to timber density 
but can be limited by internal cracks that distort measured velocities (Duong and Kanninen 2024; 
Íñiguez-González et al. 2015; Martiansyah et al. 2022; Tiitta et al. 2020). Additionally, quasi-non-
destructive tests, such as the pilodyn, screw withdrawal, and resistograph drilling, show strong 
correlations between density and penetration depth or withdrawal resistance (Bobadilla-
Maldonado et al. 2025; Henriques et al. 2025). In parallel with these techniques, Infrared 
thermography (IRT) has also advanced in recent years, with applications in building inspection 
and wood evaluation (Fox et al. 2019; Pitarma et al. 2019; Vössing and Niederleithinger 2018). 

IRT is a promising NDT method that maps surface temperature based on emitted infrared 
radiation, allowing detection of thermal patterns without physical contact (Azzi et al. 2025; Qu et 
al. 2020). In active IRT, a controlled heat source is applied to the specimen, and the surface 
temperature is monitored during the cooling phase. Because wood’s thermal conductivity (kₜ), 
specific heat capacity (cₚ), and diffusivity (α) are influenced by density and moisture content, 
cooling behavior therefore carries information about these properties (Hung Anh and Pásztory 
2021; Jang and Kang 2022). Denser wood generally stores more heat and thus cools more slowly 
than lighter wood of the same initial temperature, assuming similar specific heat capacity (Maeda 
et al. 2021). Conversely, low-density wood tends to release heat more quickly, resulting in a 
steeper temperature drop. This principle suggests that the cooling rate of a heated wood sample 
could serve as an indirect indicator of its density. 

Indeed, previous studies have found that surface temperature decay parameters measured by 
IRT correlate with wood density and moisture content (Antikainen et al. 2015; Borghese et al. 
2024; López et al. 2018). López et al. (2018) demonstrated that the variation in surface temperature 
during cooling is statistically related to density, enabling quantitative density estimates via 
thermographic data. They reported that by 10 minutes into the cooling phase, the linear correlation 
between temperature drop and density reached an R² > 0.95. Similarly, Antikainen et al. (2015) 
successfully used active IR heating and imaging to estimate the moisture content of birch veneer, 
noting that thermal decay rates were sensitive to differences in density and moisture. These works 
collectively suggest that IRT, which has been used qualitatively in the past (e.g., to identify wet or 
decayed zones in structures), can be developed into a quantitative tool for evaluating wood 
properties (Borghese et al. 2024; Xin et al. 2021). 

However, the applicability of active IRT for tropical plantation-grown hardwoods remains 
underexplored, especially for high-value species such as mahogany and yemane. Although these 
species are widely cultivated and utilized in the Philippines (Alipon et al. 2019; Cossid et al. 2025; 
Gilbero et al. 2019), few studies have investigated active IRT for estimating density or other 
mechanical properties in these species. Recent IRT work linking thermal decay to 
density/mechanics focuses on non-Philippine taxa and contexts (Borghese et al. 2024; López et al. 
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2018; Xin et al. 2021, 2022). Consequently, the applicability of tropical plantation-grown timbers 
remains uncertain, leaving a gap in understanding despite their high economic importance to the 
country. Addressing this knowledge gap is essential for determining the potential of IRT in tropical 
hardwood quality assessment. 

To address this gap, the present study applies the IRT cooling rate approach to mahogany 
and yemane samples, aiming to quantify the relationship between their thermal decay parameters 
and measured densities and to evaluate the feasibility of IRT as a rapid, nondestructive method for 
density estimation, providing a scientific basis for its integration into wood quality assessment and 
potential adoption in industrial and field applications where speed, accuracy, and preservation of 
the material are essential. 

 

2. Materials and Methods 

2.1. Sample Preparation 

Mahogany and yemane samples were collected from Candelaria and Tiaong, Quezon 
Province, Philippines, respectively. The trees were approximately 15 to 30 years old. Following 
the method of López et al. (2018), six samples per species, representing varying densities, were 
cut to 15 cm × 20 cm × 2 cm and sanded with 800-grit paper for uniform surface conditions (Table 
1).  

 
Table 1. Density of mahogany and yemane at 60°C 

Species Sample Density (kg/m³) 

Mahogany 

1 680.96 
2 640.27 
3 563.20 
4 530.71 
5 519.26 
6 512.24 

Average 574.44 

Yemane 

1 512.22 
2 502.46 
3 482.58 
4 464.90 
5 435.19 
6 406.65 

Average 467.33 
 

The 2-cm thickness was oriented in the radial direction (pith-to-bark), with the 15 cm × 20 
cm face tangential, and this orientation was kept identical for all specimens. Each sample was 
placed in a Fisher Scientific Isotemp 650G oven and heated to 60°C until thermal equilibrium was 
achieved. A K-type thermocouple (TECPEL DTM-318) attached to a representative specimen 
monitored the heating process, with equilibrium defined as a stable reading within ± 0.5°C for at 
least 10 minutes. Care was taken to position the samples uniformly inside the oven and to avoid 
direct contact with the oven walls to minimize temperature gradients (Fig. 1). Immediately upon 
removal from the oven, each specimen was quickly weighed using a SHIMADZU UX8200S 
digital balance to determine its mass. Volume was calculated from the measured dimensions, and 
the corresponding density at 60°C (kg/m³) using Equation 1.  
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!"# =
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 (1) 

where !"#, %"#, and &"# is the density (kg/m³), mass (kg), and volume (m³) of the sample at 60°C, 
respectively. 

 
Fig. 1. Setup for heating wood samples using a Fisher Scientific Isotemp 650G oven.  
 
After weighing, the surface temperature of each sample was measured using a Fluke iSee™ 

TC01A mobile thermal camera, set at a fixed emissivity of 0.90, as used by López et al. (2018). 
The camera, mounted perpendicular to the sample on a tripod, captured thermal images at 
consistent framing to allow accurate cooling-curve analysis. Ambient temperature and relative 
humidity were recorded using a Lascar EasyLog EL-WiFi-TH sensor placed near the sample. 
Transfer and imaging were performed with minimal air disturbance and in the shortest possible 
time to reduce uncontrolled cooling before measurement. 

Each specimen was subjected to a single heating-cooling cycle to avoid surface alteration 
that could influence emissivity or thermal response in subsequent trials. This procedure followed 
the approach of López et al. (2018), who also applied a single heating-cooling cycle per sample 
when modeling temperature decay using infrared thermography. Although replicate thermal 
measurements were not performed on the same specimen, care was taken to maintain identical 
heating conditions and environmental parameters across all samples. Exact replication at identical 
densities was not feasible due to natural variability inherent to the wood; however, specimens were 
selected within a relatively narrow density range for each species to capture representative thermal 
behavior. This limitation is acknowledged as it may introduce minor variability in the cooling 
parameters obtained.  

Following the initial temperature capture, each specimen was allowed to cool naturally under 
stable laboratory conditions (Temp 25°C; RH 60%), free from forced air or direct sunlight. Surface 
temperatures were recorded at predetermined intervals of 1, 2, 5, 10, 20, 30, 40, 50, and 60 minutes. 
Each thermal image was analyzed to determine the average temperature within the pre-defined 
region of interest. The difference between the temperature of the wood surface and the ambient air 
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(ΔTt) was calculated for every time point. To determine the appropriate heat transfer model, the 
Biot number is expressed by Equation 2. 

'( = ℎ*+
,-

 (2) 

Biot number was evaluated because it quantifies the ratio of internal conduction resistance 
to external convection resistance: small Bi (≈ ≤ 0.1) indicates an almost uniform internal 
temperature suitable for a lumped model, whereas larger Bi signals non-negligible internal 
gradients that require transient conduction solutions (Bergman et al. 2017; Lienhard and Lienhard 
2024). The plane-wall characteristic length Lc = t/2 = 0.01 m (thickness t = 0.02 m, radial 
direction) was used, together with species-specific transverse conductivities for mahogany and 
yemane at ~12% MC (kt = 0.170,0.164 W/m-1·K-1) from guarded hot-plate measurements (Mundin 
and Acda 2025) and a still-air free-convection envelope h ≈ 2 – 25 W/m-2·K-1 for gases (Bergman 
et al. 2017; Çengel and Ghajar 2020). These inputs yielded Bi ≈ 0.12 – 1.47 (mahogany) and 0.12 
– 1.52 (yemane), exceeding the small Bi criterion for a strictly lumped model (Lienhard and 
Lienhard 2024). Late-time cooling was therefore modeled using the first-term transient plane-wall 
solution, fit to Equation 3. 

./ 	1∆3-∆3#
4 	= −,6778 (3) 

where ΔTt is the temperature difference at time t (°C), ΔT0 is the initial difference at t = 0 (°C), 
and kₐₚₚ is the apparent first-term decay constant (min-1); for a plane wall, ,677 = 9:;α/*+; with α 
= kt/(ρ60cp), and λ1 tan λ1 = Bi (Lienhard and Lienhard 2024). 
 
2.2. Statistical Analysis 

A linear regression was performed on the plot of ln 	(∆3-/∆3#)	 versus 8 to determine the 
kₐₚₚ for each specimen. The coefficient of determination (R²) was used to assess how well the 
cooling process followed Equation 3. The resulting kₐₚₚ values served as the primary thermal 
parameter for evaluating the relationship between cooling behavior and density at test. The 
calculated kₐₚₚ values were then compared with the corresponding densities at 60°C for all 12 
specimens to evaluate the relationship between density and cooling behavior. This analysis aimed 
to determine whether denser wood samples exhibited slower cooling rates, indicative of higher 
thermal inertia. The resulting correlation provides a basis for assessing the potential of infrared 
thermography as a nondestructive method for estimating wood density. 

 

3. Results and Discussion  

Infrared thermography revealed consistent cooling behavior across all wood samples, 
showing a clear relationship between density and thermal response (Fig. 2). Denser specimens 
consistently cooled more slowly than less dense ones. This trend was observed both within and 
between species. Mahogany, with a higher density range (512–681 kg/m³), retained heat for longer 
than yemane (407–512 kg/m³). Within each species, samples with higher density exhibited more 
gradual declines in surface temperature, indicating slower thermal dissipation. 
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This behavior is primarily governed by the material’s volumetric heat capacity, which 
depends on its density and specific heat capacity. Because the specific heat capacity of wood 
remains relatively constant across species (typically around 1.3 kJ·kg⁻¹·K⁻¹), the variation in heat 
storage and release is mainly controlled by density (Glass and Zelinka 2021). As a result, denser 
samples possess higher thermal mass and store more energy, leading to slower temperature 
changes during cooling. 

 
Fig. 2. Temperature variation of mahogany (circles) and yemane (triangles) wood samples 

during cooling. Curves show surface temperature difference (ΔTₜ) relative to room temperature. 
Denser samples cooled more slowly due to higher thermal mass. 

 
Empirical studies reinforce this explanation. Beall (1968) found no significant variation in 

specific heat capacity among wood species, identifying density as the dominant factor in thermal 
storage capacity. Similar findings were reported by Goss (1992) and TenWolde et al. (1988), who 
observed proportional increases in thermal mass with rising density across various wood types. In 
addition, wood’s low thermal diffusivity (approximately 10⁻⁷ m²/s) limits the rate of heat 
propagation, particularly in denser specimens, further slowing cooling. 

As shown in Fig. 2, this principle is evident in the cooling curves, where mahogany samples 
consistently exhibit a more gradual temperature decline than yemane samples. To analyze the 
cooling behavior more precisely, the data for each sample were fitted to Equation 3. Plotting the 
surface temperature difference on a semi-logarithmic scale (./ (∆3-/∆3#)	 vs. time) produced 
nearly linear trends for all specimens (Fig. 3), confirming that the cooling process followed a first-
order exponential decay. These fits allowed the extraction of kₐₚₚ for each sample, with high 
coefficients of determination (R² values ranging from 0.94 to 0.99), indicating excellent model 
agreement. Table 2 summarizes the density, fitted equations, and corresponding R² values for each 
sample. 

The relationship between the decay constant and density is shown in Fig. 4, where an inverse 
correlation is evident for both species. As density increases, the fitted cooling constant kₐₚₚ 
decreases, indicating slower heat dissipation. Under the first-term transient plane-wall model with 
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Bi > 0.1, ,677 = 9:;D/*+;, and α = kt/(ρ60cp); with cₚ varying weakly near room temperature and 
transverse kₜ of similar order for these hardwoods, the increase in ρ60 lowers α and therefore 
reduces kₐₚₚ (Bergman et al. 2017; Lienhard and Lienhard 2024; Mundin and Acda 2025). Small 
offsets between species at comparable density likely reflect anatomical effects on kₜ and interfacial 
heat transfer. Overall, the monotonic decline of kₐₚₚ with density is consistent with first-mode 
transient conduction rather than a lumped-capacitance response. 

 
Fig. 3. Semi-logarithmic plots of ./ (∆3-/∆3#)	 versus time for mahogany (circles) and yemane 
(triangles). Near-linear trends indicate exponential cooling behavior, with shallower slopes in 

denser samples reflecting lower cooling rates. 
 

Table 2. Summary of sample density, fitted exponential cooling equations, and R² values for 
mahogany and yemane 

Species 
Density 
(kg/m³) 

EFGFHFIJ 
(°C) 

EKFGIJ 
(°C) 

ΔT 
Function 

LEH = LEMNOPIQQH 
R² 

(exponential) 
R² 

(linear) 

Mahogany 

680.96 59.90 29.40 30.50 30.051e-0.0368x 0.99 0.98 
640.27 60.00 29.40 30.60 30.759e-0.0362x 0.98 0.98 
563.20 59.55 28.70 30.85 29.698e-0.0379x 0.98 0.98 
530.71 60.60 28.70 31.90 29.392e-0.0389x 0.98 0.97 
519.26 59.00 27.90 31.10 27.493e-0.0404x 0.97 0.96 
512.24 60.20 28.50 31.70 27.971e-0.039x 0.98 0.97 

Yemane 

512.22 60.60 31.00 29.60 31.791e-0.0322x 0.99 0.99 
502.46 59.70 30.50 29.20 31.003e-0.0338x 0.99 0.99 
482.58 59.15 29.30 29.85 31.492e-0.0368x 0.99 0.99 
464.90 59.90 28.40 31.50 27.876e-0.04x 0.98 0.96 
435.19 61.80 28.10 33.70 27.159e-0.0419x 0.95 0.95 
406.65 59.70 27.70 32.00 27.101e-0.0461x 0.97 0.94 

 
These results also corroborate previous IRT studies. Xin et al. (2021) reported a strong 

negative correlation (R² ≈ 0.977) between cooling behavior and wood density in historical timber 
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using active IRT. Similarly, López et al. (2018) demonstrated statistically significant correlations 
between wood density and cooling rate across multiple species, with R² values exceeding 0.95. 
These studies, along with the gathered results, support the use of cooling rate constants as robust, 
nondestructive indicators of wood density under controlled moisture and thermal conditions. 

 
Fig. 4. Relationship between cooling constant (kₐₚₚ) and wood density. The inverse trend 

indicates slower heat dissipation in denser samples, resulting from higher thermal mass and 
reduced thermal diffusivity. 

 
Although density was the primary factor governing the cooling constant kₐₚₚ, subtle 

interspecies differences in kₐₚₚ were observed. At the sole near-overlap in density (~512 kg/m³), 
the linear fits for the two species differ by 21%, reported as a relative percent difference based on 
the two predicted kₐₚₚ values at the same density. Given the limited overlap and small sample size, 
this percentage is a single-point, illustrative estimate and not a general species effect. Differences 
in anatomical structure may contribute: Mahogany is diffuse-porous with relatively uniform vessel 
distribution, whereas yemane is semi-ring-porous and often has larger earlywood vessels (Escobin 
et al. 2015); such features can influence internal heat-transfer pathways and surface exchange, 
potentially yielding slightly higher kₐₚₚ at similar density for yemane. 

Furthermore, species-specific differences in extractive content (such as oils, resins, or other 
deposits) can affect density and thermal conductivity by altering the cell wall structure or filling 
lumens. While these microstructural and compositional factors likely contribute to the observed 
intra-density variation in cooling rates, their influence was secondary. The dominant trend 
remained clear: increased density corresponded to reduced cooling rates, as reflected in lower kₐₚₚ 
values across both species. 
 

4. Conclusions 

Infrared thermography effectively captured the cooling behavior of mahogany and yemane, 
revealing distinct thermal responses among specimens. Wood samples with higher density 
consistently exhibited slower cooling rates, reflecting greater thermal inertia. Notably, even at 
similar densities, mahogany and yemane exhibited differences in cooling rates, likely due to 
anatomical variations that influence heat transfer pathways. The gradual loss of heat in denser 
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specimens can be attributed to their higher volumetric heat capacity and reduced thermal 
diffusivity, both of which contribute to slower temperature decay. Estimated Biot numbers for the 
tested geometry and still-air conditions exceeded the small-Bi threshold, indicating non-uniform 
internal temperatures; consequently, cooling was interpreted using the first-term transient plane-
wall model rather than a lumped-capacitance model. These results confirm that cooling behavior, 
as measured by IRT, is strongly linked to density and modulated by wood structure, supporting its 
potential as a nondestructive tool for density estimation and wood quality assessment. To translate 
this approach to field practice, future work should quantify moisture-content effects and validate 
portable, in situ measurements on standing trees to establish operational limits. 
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