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A B S T R A C T   

Wood aging is a topic of great interest due to its impact on wood performance and durability as a construction 
material. Therefore, it is important to develop accurate methods to monitor aging and understand its mecha
nisms. Atomic force microscopy (AFM) is a powerful tool to study the changes in materials properties in the 
nanoscale. We aim in this paper at developing an accurate AFM-based method to understand the wood aging 
phenomenon by studying the surface changes of wood pits as they are the most susceptible wood structures to 
aging. For this objective, surface adhesion measurements were performed to detect any chemical changes on the 
surface of wood structures by estimating the relative adhesion force (RAF). The results showed that unfunc
tionalized AFM tips should not be used for monitoring aging as they fail to simply differentiate between the 
different wood structures (cell wall, lumen, pit torus and pit margo) as the RAF values were around 10 for the 
four structures. With a focus on pit structures (torus and margo), AFM tips functionalized with hydroxyl groups 
showed significantly different RAF values for torus and margo suggesting the ability of these tips in detecting 
possible chemical changes. The RAF values of torus and margo were around 216 and 530 for unaged wood, 
respectively. This indicates that, for the first time, the use of functionalized tips does not only improve the 
interaction between the tips and wood in general but also improves the sensitivity to its different structures. This 
also allowed monitoring wood aging as the RAF values for torus and margo dropped to 152 and 301 upon aging, 
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respectively. This work suggests that using AFM tips with different functional groups, such as carboxyl, acetyl, 
methoxyl, and hydroxyl groups can bring a more thorough understanding of wood aging.   

1. Introduction 

Wood as a constructing material can be traced back to the ancient 
Egyptian time [1]. In the recent decades, the rising demand on devel
oping and utilizing sustainable and renewable resources has made wood 
more attractive [2]. Wood, however, is vulnerable to long-term use due 
to aging, which involves irreversible changes of certain physical, 
chemical and mechanical properties under external conditions [3], such 
as temperature [4], humidity [5], UV light [6], chemical treatment [7], 
and mechanical stresses [8,9] and others. Therefore, an established 
knowledge on the possible changes of wood properties during aging is of 
great importance, especially for material engineers who seek to under
stand the fundamental mechanisms of aging in order to design materials 
of desired properties, performance, and lifetime. 

Several degradation mechanisms, which could happen in polymeric 
composites during aging, have been thoroughly investigated [10] and 
they are assumed to be triggered by different external variables. For 
instance, intensive and cyclic stress loading could lead to matrix 
cracking, which tends to trigger phase separation and microstructural 
changes [8]. In addition, chemical degradation such as (hygro)-thermal 
degradation, oxidation, and hydrolysis could take place in the presence 
of high oxygen and moisture content in combination of heat [5,11]. 
When investigating the aging phenomenon of wood as a natural poly
meric composite, a wide range of wood properties have been studied 
[12]. Extensive research has reported that wood aging causes changes in 
(1) physical properties, including morphology and density [13,14], 
hydroscopic behavior [15] and other properties [16] 2) mechanical 
properties, such as bending/compression/tensile strength, MOR, MOE, 
etc [17] and (3) chemical properties which mainly resulted in changes in 
the content of wood components [18]. How exactly aging causes these 
changes is not yet fully understood as different aging mechanisms seem 
to act simultaneously, which makes it very challenging to study the 
individual effects separately [11]. Therefore, the changes in the chem
ical properties of the major wood polymers, e.g. cellulose, hemi
celluloses and lignin, which are distributed in different locations down 
to the nanoscale need to be further investigated, which could give us a 
more thorough understanding of wood aging. 

Many techniques have been used to monitor wood properties as a 
function of aging (or treatment). However, these methods have mostly 
focused on the macroscopic changes in wood [19,20]. Atomic force 
microscopy (AFM), with a nanoscale resolution, is a powerful technique 
to study the micro/nanostructure of wood/fiber surface [21–24]. This 
technique is widely applied for surface imaging, estimation of micro
mechanical properties, and chemical characterization of surfaces 
[25–28]. For instance, AFM has been used to monitor the variation in 
wood surface polarity by measuring the adhesion between AFM tips and 
wood surface over different anatomies mainly at cell wall and cell 
lumen. The adhesion significantly varied depending on the polymer 
proportions in the characterized anatomies [26]. To achieve more sig
nificant variation, functionalized AFM tips with different groups, such as 
–OH, or C–H3, on their surfaces have been used [29]. This variation, 
however, was actually overestimated as it was also induced by surface 
roughness [27,30]. 

In this study, Norway spruce (Picea abies) specimens were subjected 
to laboratory aging treatment simulating the environmental effects that 
may result in permanent changes of properties. To improve the appli
cability of AFM as a technique to monitor wood aging, we hypothesize 
that measuring the adhesion between functionalized AFM tips and wood 
pits is an accurate approach to monitor wood aging as it is more sig
nificant in these wood anatomies. 

2. Materials and methods 

2.1. Preparation of wood samples 

Ten samples of wood (dimensions of 45 × 6.5 × 10 mm) were cut in 
the radial direction from air-dried Norway spruce (Picea abies). All 
samples were cut from similar locations to minimize any possible 
variation. 

2.2. Accelerated aging of the wood samples 

Five of the ten wood samples were subjected to an accelerated aging 
treatment in a UV climate chamber (QUV/Spray Accelerated Weath
ering Tester, Q-Lab, USA). The treatment included two steps of a total of 
11 cycles following the standard EN 927− 6. The first step is one cycle of 
24-h water spraying at 45 ̊C followed by 10 cycles of UV radiation at 60 ̊C 
(6 h per cycle). A UV-A 340 lamp with an irradiation of 0.89 W/m2/nm 
was used. 

2.3. Sample preparation for the AFM measurements 

A cubic sample (5 mm) was cut from each unaged and laboratory- 
aged sample (a total of ten samples, 5 unaged and 5 aged). Each sam
ple was glued on an AFM disc sample holder and a smooth radial surface 
was prepared using a diamond knife (Diatome, DiS-Galetzka, Germany) 
mounted on a microtome (HM360 HistoServe, 1 mm/s, knife angle 45◦, 
cutting angle 5◦). The cutting counts for all samples were identical. All 
samples were then vacuum dried for 24 h and stored in a desiccator for 
one week before the AFM adhesion force measurements were performed 
to avoid any transient effect induced by aging of a freshly cut surface. 

2.4. AFM adhesion measurements 

The relative adhesion force was determined by force measurements 
conducted in an environmental chamber where nitrogen gas was 
continuously blown. This allows controlling the humidity and mini
mizing any induced adhesion due to the existence of water molecules on 
the sample surface. The wood sample after glued to the AFM disc was 
mounted on the AFM hot stage, which was set at a constant temperature 
of 30 ̊C (Model 332, Lake Shore Cryotronics, USA). Using the AFM 
camera, the tip was located over the earlywood part of the wood sample 
surface. A topographic scan was performed using the instrument (Agi
lent Technologies 5500 with multipurpose closed loop scanner) at first 
in order to locate the different wood anatomies, i.e. cell wall (CW), cell 
lumen (CL), pit torus (PT) and pit margo (PM). Two types of AFM tips 
were used in this work: standard AFM tip mounted on a silicon nitride 
cantilever (Multi75Al-G, Nanoandmore, Germany) and chemically 
modified tip grafted with hydroxyl groups (ST-PNP–OH, Nano
andmore, Germany). The adhesion force measurements were carried out 
based on the obtained pull-off force via force–distance curve. The actual 
value depends on the deflection sensitivity and the force constant of the 
cantilever. All these values were calibrated using the thermal noise 
method. The measurements were conducted within an area of 1 × 1 μm2 

with a measurement size of 4 × 4 (16 locations) at the targeted regions. 
There were a total of ca. 200 measurements for each region per sample. 

2.5. Polarized light microscopy 

The surface of the unaged and Laboratory-aged wood samples was 
imaged using a light microscope (Zeiss Axioplan, Zeiss, Germany) to 
monitor the changes in the anatomies of wood surface upon aging. 
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2.6. ANOVA analysis 

The collected relative adhesion force values were analyzed with a 
one-way ANOVA test. A significance level of α = 0.05 was set for com
parison among i) different wood anatomies; ii) AFM tip types. All Cor
relation was assessed using Pearson’s correlation (p value). 

3. Results and discussion 

Wood pits are one of the most representative microstructures in both 
softwood and hardwood [31]. They function as conductive tunnels, 
enabling the transportation of liquids and gases laterally and vertically 
through the pit membrane, which exists between adjacent cell walls. 
Torus-margo type of pits are generally possessed by softwood species 
such as Norway Spruce (Fig. 1). These pits appear to be similar in 
composition to primary cell walls and consists of two distinct areas. The 
outer margo area (PM) with porous cellulose elementary-formed struc
ture, allowing low-resistance transfer of water between tracheids, and 
the center torus (PT) with a thick tightly woven and impermeable 
structure (Fig. 1) [32–34]. 

Due to the permeability difference between PT and PM, pit mem
brane is considered as a “safety valve” to control the flow of liquids and 
gases brought by external environmental conditions [32]. The direct 
contact and continuous deflection during this process introduce irre
versible structural deformation and chemical degradation in both pit 
margo and torus [35,36]. Such degradation/deformation can be clearly 
observed in Norway spruce samples upon artificial aging (Fig. 2). 
Characteristic tracheid to tracheid pitting in the earlywood was 
observed (Fig. 2(A)). Upon aging, the pit-containing regions were 
partially destroyed or degraded while the cell walls were mostly main
tained intact (Fig. 2(B)). While wood cell walls with their rigid layered 
structure contribute to the majority of mechanical strength of wood, pits 
tend to be more vulnerable to external aging conditions, such as hu
midity, heat, UV radiation and any contaminant particles. As a result, 
wood pits can be considered as aging sensors. 

Qualitative and quantitative analysis of surface aging by means of 
AFM-based adhesion force measurements has already been discussed 
with smooth and homogeneous polymeric materials [37,38], but not 
much has been done with wood. In this study, we aim at developing an 
accurate quantitative AFM-based method to monitor wood aging by 
measuring the adhesion forces at the wood pits as suggested earlier that 
they are more susceptible to aging compared to other wood structures. 
Towards that goal, we aimed at first investigating the sensitivity of AFM 
in general in detecting the differences in the chemical properties of the 
different wood structures through adhesion force measurements. To 
perform the measurements, a region with the target wood structures was 
selected by imaging the wood surface (Fig. 3). The difference in the 
brightness is a result of the difference in the height of the different wood 
structures. From the height profile of the AFM image, the thickness of 

cell wall and cell lumen can be estimated as ca. 2~3 μm, 25− 30 μm, 
respectively, which are comparable to similar reported values in the 
literature [39]. 

The adhesion force measurements were then performed on each of 
the four wood structures (CW, CL, PT, and PM) at 20 locations (16 
measurements per location) using an unfunctionalized AFM tip (around 
200 measurements per wood structure per sample) (Fig. 4). An identical 
relative adhesion force (RAF) of 11.8 was obtained when measuring the 
surface of CW and CL. However, the results for the wood pit structures 
slightly varied; a relatively lower adhesion force of 10.3 ± 1.8 was ob
tained for PT while a higher value of 12.4 ± 2.8 was obtained for PM. To 
statistically determine if there is actually a significant difference be
tween the measured RAF results, ANOVA analysis was performed 
(Table 1). No significant difference in the RAF values was observed 
when it comes to CW and CL as the estimated p-value was more than 
0.05 (p-value of 0.905). However, a p-value of 0.002 was obtained be
tween the PT and PM adhesion force values indicating a significant 
difference. It still seems that the use of unfunctionalized AFM tip fails to 
distinguish the surface polarity difference between the different wood 
structures in contrary to few reports in the literature [29]. One of the 
reasons that there was no clear difference in the RAF values between the 
different wood structures is the low RAF values (ca. 10) for all the 
structures indicating a poor interaction between the AFM tip and the 
wood surface in general. This also implies that AFM using unfunction
alized tips would most probably fail to detect small microstructural 
changes upon aging. 

In an effort to increase the sensitivity of the adhesion measurements, 
we aimed to maximize the interaction between the AFM tips and wood 
structures through the use of functionalized AFM tips with high polarity 
such as hydroxyl groups. As a result, the difference in the RAF between 
the different wood structures (Pit torus and margo) was more signifi
cant. To explore this possibility, the adhesion measurements were per
formed on the PT and PM surfaces using a hydroxyl-functionalized tip 
and the results were compared to those obtained using the unfunction
alized tip (Table 2). The results showed that RAF increased significantly 
from 10.3 to 216.3 and from 12.4 to 530.0 for PT and PM, respectively, 
upon the use of hydroxyl-functionalized tip. More interesting is the 
significant difference in the RAF between PT and PM with the use of 
hydroxyl-functionalized tips as also implied by the drop in the p-value 
from 0.002 to 7.9 * 10− 7. It is important to mention that this significant 
difference in RAF was not a result of the difference in surface roughness 
as the roughness of PT or PM was not different using the different tips 
(Table 2). In conclusion, the RAF results could imply that AFM with 
hydroxyl-functionalized tips can be used to detect possible wood 
chemical and physical changes upon aging. 

To explore the possibility of using hydroxyl-functionalized AFM tips 
to detect wood changes upon aging, the adhesion measurements were 
performed on PT and PM surfaces of aged wood samples and compared 
to the previous results for the unaged wood. The wood samples were 

Fig. 1. AFM topography and schematic of a pit with a torus-margo structure in the earlywood of Norway Spruce.  
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artificially aged using an equipment, which is designed to simulate the 
conditions of outdoor or indoor weathering. It is a combination of mild 
heating, water spraying, and cyclic UV-radiation. Upon aging, the wood 
surface became darker, which is one of the typical changes due to UV- 

radiation [40] (Fig. 5). When it comes to the RAF results, the distribu
tion of the RAF values was significantly affected by the treatment. The 
relative standard deviation of the RAF obtained with PM increased from 
0.2 and 0.3 for the unaged PM and PT to 0.3 and 0.5 for the aged PM and 

Fig. 2. Light microscopic images of earlywood wood pits in the (a) unaged (b) aged Norway Spruce.  

Fig. 3. AFM topography of cell wall (CW), cell lumen (CL), pit torus (PT) and pit margo (PM) in the earlywood of untreated Norway Spruce.  

Fig. 4. Histograms of adhesion values obtained for (A) Cell lumen (B) Cell wall (C) Pit torus (D) Pit membrane using non-functional AFM silicon tips. The mea
surements were conducted under condition of 30 ◦C, N2. 
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PT, respectively. This indicates that the artificial aging process increases 
its heterogeneity. Most importantly, both the PT and PM displayed 
weaker interaction with the functionalized AFM tip upon treatment as 
the RAF values decreased by ca. 45 % and 30 %, respectively (Table 3). 
This indicates that wood upon artificial aging becomes less hydrophilic 
possibly due to the degradation of cellulose and hemicelluloses [3]. The 
p-values confirm the significant difference between the RAF values for 
the unaged and aged wood. These results confirm that the use of 
hydroxyl-functionalized tips are not only able to detect the differences 
between wood structures but also any changes could happen to them as a 
results of aging. It is also clear from the results that PM is more sus
ceptible to aging than PT as the RAF value dropped more significantly 
upon treatment. This is also evident from the significantly lower p-value 

for the aged and unaged PM compared to the aged and unaged PT. We, 
therefore, recommend to study aging by performing the adhesion mea
surements on PM for maximum accuracy and sensitivity. 

During aging, wood undergoes different chemical changes because of 
its complex nature. For instance, lignin in the cell wall is the most sen
sitive component to UV light due to its aromatic structure [3,40]. Cel
lulose degradation also was reported to be taken place as a result of UV 
transferring from lignin. Moreover, hemicellulose thermal degradation 
takes place and is mainly responsible for the color change happens on 
the wood surface [3]. These combined processes lead in general to a 
gradual hydrophobization of wood surface as shown earlier (Fig. 5 and 
Table 3). To have a more thorough understanding of wood aging, we 
recommend the use of AFM tips with different functional groups such as 
carboxyl, acetyls, methoxyl, in addition to hydroxyl groups used in this 
study to show what kind of wood components forms or degrade during 
aging. 

4. Conclusions 

In this work, AFM-based method was developed and tested to char
acterize wood surface changes due to treatment simulating ageing. Both 

Table 1 
Summary of RAF, surface roughness and p value for the different wood struc
tures for the untreated samples.  

Wood Structure Pit Torus Pit Margo Cell Lumen Cell wall 

RAF 10.3 ± 1.8 12.4 ± 2.8 11.8 ± 4.1 11.8 ± 1.9 
Surface Roughness (nm) 9.8 ± 1.7 14.3 ± 1.5 10.9 ± 1.6 12.0 ± 2.2 
p-value 0.002 0.905  

Table 2 
Summary of RAF, surface roughness and p value for the different pit parts using 
hydroxyl-functionalized and unfunctionalized tips.  

Tip Unfunctionalized Hydroxyl-Functionalized 

Wood Structure Pit Torus Pit Margo Pit Torus Pit Margo 

RAF 10.3 ±
1.8 

12.4 ±
2.8 

216.3 ±
64.5 

530.0 ±
105.9 

Surface Roughness 
(nm) 

9.8 ± 1.7 14.3 ±
1.5 

8.8 ± 1.6 15.5 ± 1.5 

p-value 0.002 7.9 * 10− 7  

Fig. 5. Histograms of adhesion values obtained for (a) PM and (b) PT in the unaged Norway Spruce; (c) PM and (d) PT in the aged Norway Spruce using OH- 
functional tips. The measurements were conducted under condition of 30 ◦C, N2. 

Table 3 
Summary of RAF, surface roughness and p-value for the different pit parts for the 
aged and unaged samples.  

Wood Structure Pit Torus Pit Margo 

Sample Unaged Aged Unaged Aged 

RAF 216.3 ±
64.5 

152.3 ±
68.7 

530.0 ±
105.9 

301.3 ±
81.5 

Surface Roughness 
(nm) 

8.8 ± 1.6 9.3 ± 2.8 15.5 ± 1.5 16.1 ± 2.1 

p-value ~0 (2.2 × 10 − 57) ~0 (6.4 × 10 − 249)  
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unfunctionalized and hydroxyl-functionalized tips were used to measure 
the relative adhesion force (RAF) between the tips and targeted surface 
located at different characteristic anatomies, and wood pits were found 
more suitable for monitoring aging at earlier stage. Standard tips 
without any functionalization were not sensitive enough to detect minor 
aging, while O–H modified tips were preferable as the contrast in ob
tained RAF between unaged and aged samples was larger, which was 
also proven statistically by the calculated p values using ANOVA. Note 
that the variation in RAF was not a result of the difference in surface 
roughness. Combined artificial aging treatment in this work led to 
hydrophobization of wood surface, which was validated by the 
decreased RAF values for both pit margo and torus. It can be stated that 
measuring adhesion between the functionalized AFM tip and wood pits 
provides a possibility to monitor wood aging. 
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