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ctional wood materials show
improved dimensional stability upon humidity
changes – a neutron imaging analysis†

Yong Ding, ‡*ab Mahdieh Shakoorioskooie,‡c David Mannes,c Zhidong Zhang, d

Dmitry Chernyshov e and Ingo Burgert ab

Wood and wood-based composites are increasingly studied because of their potential to regulate indoor

humidity through moisture exchange with the air. Understanding their dimensional stability under

fluctuating moisture conditions is essential for uncovering the underlying mechanisms and their practical

use. This study employed neutron imaging to elucidate the moisture dynamics within wood materials

under varying relative humidity conditions. High-resolution and in situ golden ratio tomography provided

insights into moisture distribution and dimensional changes within the wood. Affine and non-affine

registration techniques identified both the global and local deformations, highlighting dimensional

instability in native wood and its improvement through laser drilling. Structural modification by laser

drilling processes is effective in improving the moisture transport speed in wood and limiting

dimensional changes. Moreover, the laser-drilled wood provides a highly feasible scaffold for further

chemical modifications. Coating the cell lumina surface of laser-drilled wood with MOFs results in

remarkably high moisture sorption capacity and improved dimensional stability compared to native

wood and laser-drilled wood. The MOF layer acts as a barrier during water adsorption and as a reservoir

during desorption. This study presents a promising strategy for the development of high-performance

wood materials that leverage wood's inherent benefits while overcoming some current limitations.
1 Introduction

Wood is a renewable and carbon-storing material that has
garnered signicant attention because of its potential in
sustainable applications. Its hierarchical porous structure and
lignocellulosic composition make it an excellent candidate for
engineering highly functional materials through chemical
treatments and processing techniques.1–7 These processes
enhance the inherent properties of wood, making it suitable for
a wide range of applications. Specically, wood's multiscale
pores provide favorable pathways for directed multiphase
transport of molecules, gases, and liquids. This characteristic
makes wood-based composites highly promising for water
ing Materials, ETH Zürich, 8093, Zürich,

ls, Empa, 8600 Dübendorf, Switzerland

ging, PSI Center for Neutron and Muon

en, Switzerland

ute for Building Materials, ETH Zurich,

ynchrotron Radiation Facility, 71 Avenue

tion (ESI) available. See DOI:

364–6375
transport related applications,8–10 such as atmospheric water
harvesting,11,12 wastewater treatment,13 and seawater desalina-
tion.14,15 Among them, utilizing wood for autonomous indoor
humidity regulation has gained increasing attention with the
ambition to reduce energy consumption and carbon footprint
in the building sector due to the global warming challenge.16–18

Wood can be used to regulate relative humidity (RH) by
exchanging moisture with the surrounding air. However, native
wood's humidity regulation capacity is limited due to its low
moisture sorption capacity and slow moisture exchange rate. To
address this, researchers have focused on enhancing wood's
water-sorption ability through chemical and structural
modications.19–23 For instance, Ran et al. developed a wood
modication strategy combining deep eutectic solvent (DES)
impregnation of cell walls with heat treatment.24 This method
signicantly enhanced the wood's water-holding capacity,
resulting in a 2.5-fold increase in the moisture buffer value
compared to native wood. DES modication also improved
wood's hygroscopicity while limiting cell wall expansion,
offering an effective strategy for balancing moisture adsorption
and dimensional stability.

In previous work by the authors, Ding et al. reported
a process to improve the responsiveness of wood to humidity
changes by laser-drilling microscopic holes to cut open wood
bers.25,26 The laser drilling process improved the accessibility
This journal is © The Royal Society of Chemistry 2025
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of wood porosity, allowing for efficient chemical modication.
Subsequent modications, such as impregnating the cell walls
with hygroscopic salts like calcium chloride25 or cell wall
coating with porous metal–organic frameworks (MOFs),26

further increased the wood's moisture sorption capacity and
response rate. These studies demonstrated the potential of
wood-based composites for effective indoor humidity regula-
tion by enhancing their ability to exchange moisture with the
surrounding environment. While these modications signi-
cantly improve wood's hygroscopic properties, the swelling and
shrinking of wood as it absorbs and desorbs water can lead to
dimensional instability.27Dynamic changes inmoisture content
can induce deformation, which may compromise performance
and lead to structural failure.28–32 Therefore, understanding the
relationship between moisture uptake and dimensional
changes at the tissue level is essential for developing reliable
wood-based materials for humidity regulation.

In this study, we aim to deepen our understanding of how
moisture uptake affects the dimensional stability of wood aer
structural and chemical modication sequence treatments
under dynamic humidity conditions. Neutron imaging emerges
as a powerful, non-destructive, and high-resolution tool for
studying moisture transfer processes in wood. Neutrons are
particularly sensitive to “light” elements such as hydrogen,
making this technique ideal for investigating moisture trans-
port in hygroscopic materials like wood.33–37 Previous work re-
ported by Mannes et al. utilized neutron imaging to study the
moisture diffusion processes in wood and to quantify the water
content within wood samples.36 Due to the high sensitivity of
neutron imaging for hydrogen, small amounts of water (e.g. by
adsorption from air moisture) can be detected and quantied.
Notably, neutron imaging allows high resolution tracing of not
only the time-dependent diffusion processes but also the spatial
moisture distribution within the specimens.38,39 Therefore, we
envisage neutron imaging as a well-suited technique to study
the moisture distribution and dimensional change of the
functional wood samples under dynamic humidity conditions.
Systematic studies on the moisture distribution and its
coupling with dimensional changes of the developed wood
composites can provide valuable guidance in designing func-
tional wood-based materials for applications such as indoor
humidity regulation.

The cutting-edge neutron imaging technique allows for
a detailed examination of the moisture dynamics within the
modied wood materials. Specically, we conducted golden
ratio (in situ) tomography of wood samples under varying
conditions of R.H.40 This method allowed us to perform high-
resolution, time-series tomography, obtaining detailed
insights into moisture distribution and transport within the
wood. Additionally, advanced affine and non-affine image
registration methods were used to pinpoint global and local
deformations in the different wood materials. This approach
provides further insight into the interplay between moisture
content and wood's physical properties at the microstructural
level, enabling us to assess how laser drilling and subsequent
chemical modications inuence dimensional stability.
This journal is © The Royal Society of Chemistry 2025
2 Methods
2.1 Materials preparation

2.1.1 Native wood. Poplar wood (Populus tremula) tangen-
tial sections with the dimensions of 50 mm × 50 mm × 1.5 mm
(L × T × R) were cut with a circular saw. T × L × R represents
Tangential × Longitudinal × Radial directions.

2.1.2 Lasered wood. A commercial 10.6 mm CO2 laser
engraver (Speedy 300, Trotec) was used to perform a structural
modication of native wood, named lasered wood. The power of
the laser beam was 20 W, the scan rate was 2.5 mm s−1, and the
image density was 1000 pulses per inch. The defocus distance
was zero.41

2.1.3 MOF/wood. Chemical modication was performed
aer the laser processing. MIL-101(Cr) MOF powder was rst
synthesized based on a previously reported method.26,42 Then,
the MIL-101(Cr) MOF powder was dispersed in ethanol solution
to obtain a MOF solution with a concentration of 10 g L−1. In
a subsequent step, the lasered wood samples were impregnated
in the MOF solution for 12 h at room temperature under gentle
stirring. The composite was then dried at 103 °C for 12 h. This
was a typical procedure of one impregnation cycle, which was
repeated 15 times. We named the nal sample MOF/wood.
2.2 Materials characterization

MOF loading: 10 specimens with the dimensions of 10 mm ×

10 mm × 1.5 mm (L × T × R) were cut out from 50 mm ×

50 mm × 1.5 mm specimens and used (Fig. S1†). The MOF
loading was calculated using the formula:

MOF loading = (m1 − m0)/m0

where m0 represents the initial weight of the laser drilled wood
and m1 represents the specimen mass aer MOF impregnation
treatment.

Bulk density: 10 specimens with the dimensions of 10 mm ×

10 mm × 1.5 mm (L × T × R) were used (Fig. S1†). The bulk
density was calculated using the formula:

r = mass/volume

The morphology of the samples was characterized using
a scanning electron microscope (SEM; FEI Quanta 200F, Hills-
boro, OR, USA). A Pt–Pd (80/20) coating of ∼10 nm thickness
was applied to the samples with a sputter coater (CCU-010,
Safematic, Switzerland).

Dynamic water vapor adsorption and desorption were
measured using an automated sorption balance device (DVS
Advantage ET85, Surface Measurement Systems Ltd). Ten milli-
grams of each sample were rst dried for 10 h at 60 °C and at
a partial water vapor pressure of p/p0 = 0. The measurement was
carried out with ascending p/p0 steps of 0, 0.10, 0.25, 0.45, 0.65,
0.80, and 0.95 for adsorption and then with descending steps in
the same manner for desorption at 25 °C. Equilibrium in each
step was dened to be reached at a mass change per time (dm/dt)
of less than 0.0005% per min over a 10 min period or a maximal
J. Mater. Chem. A, 2025, 13, 6364–6375 | 6365
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time of 1000 min per step. The samples were exposed to a ow
rate of 200 sccm, and the carrier gas used was N2.

X-ray diffraction (XRD) was performed at BM01 (SNBL/ESRF
in Grenoble, France) using the PILATUS@SNBL diffractom-
eter.43 The monochromatic beam (l = 0.72325 Å) and the
parameters of the detector were calibrated on the LaB6 NIST
660b reference material.44 The obtained calibrations were
implemented in Bubble for further azimuthal integration of 2D
images.
Fig. 2 The set ambient humidity profile for tomography scenarios.
2.3 Neutron imaging

Neutron imaging was carried out in the second position of the
ICON cold neutron imaging facility at the Swiss spallation
neutron source (SINQ) at the Paul Scherrer Institute (PSI).
Radiographic acquisition was conducted using an iKon-L CCD
camera (Andor Technology) coupled with a neutron-sensitive 30
mm thick Gadox scintillator, covering a eld of view of 70 × 70
mm2. During the entire measurement, the temperature of the
climate chamber was xed at 25 °C. Two types of tomography
were carried out: the ordinary (normal) neutron tomography (O-
tomography) and high-frequency Golden Ratio tomography
(GR-tomography).

2.3.1 Sample setup. A dedicated climate-controlled sample
environment was used,34 including a custom-designed sample
holder with perforated shelves of aluminum to support the
samples, while not restricting their free expansion/shrinkage
(Fig. 1). Specimens with a diameter of 9 mm were cut out
from 50 mm × 50 mm × 1.5 mm specimens for neutron
imaging investigation (Fig. S1†). Before the tests, all specimens
were climatized at 25 °C and 25% RH for 7 days. The sample
environmental conditions were preserved inside a climate
chamber with controlled temperature and humidity levels
throughout the in situ tomography measurements.45 The entire
climate chamber is made of aluminum, which is almost trans-
parent to neutrons.

2.3.2 O-tomography. O-tomography was carried out in two
equilibrium states of the samples. The test conditions were set
Fig. 1 Sample environment setup for in situ tomography measure-
ments. The setup included aluminum perforated shelves designed to
support samples while allowing unrestricted expansion and shrinkage.
This sample holder was housed within a climate-controlled chamber.

6366 | J. Mater. Chem. A, 2025, 13, 6364–6375
at 25% R.H. for 24 hours for the rst measurement, namely the
dry stage. The rst GR-tomography followed the dry stage.
Aerward, the wood specimens were conditioned at 80% R.H.
for 24 hours to perform the second high-resolution O-
tomography, namely the wet stage (Fig. 2). A total of 1125
projections (angles) with a pixel size of 32.327 mm were
acquired, over 360° during O-tomography with an exposure
time of 70 s. The set R.H. and real R.H. during measurement are
shown in Fig. S2.†

2.3.3 GR-tomography. GR-tomography is a technique that
improves conventional tomography by acquiring images at
projection angles based on the golden ratio, approximately
137.5°. Instead of using equally spaced angles, which is
common in traditional approaches, the GR-tomography
method selects angles that are irrationally spaced. This
method is especially useful for imaging dynamic processes. The
irregular spacing of the projection angles helps to capture the
structural changes at a higher temporal resolution. To acquire
high-frequency imaging while cycling the R.H. inside the
climate chamber, we employed GR-tomography to capture the
dynamic hygroscopic behavior of wood between two O-tomog-
raphy steps. This technique enabled us to monitor the moisture
distribution and dimensional changes of wood samples with
high spatial and temporal resolution.40 Humidity levels used
during the rst GR-tomography were 45%, 65%, and 80%, with
a conditioning time of 6 hours for each humidity level. The
humidity level for the second GR-tomography step was the
reverse of the previous steps, namely 65%, 45%, and 25%, with
the same conditioning time of 6 hours. This measurement was
designed to test the dynamics of water sorption. The exposure
time for GR-tomography was set to 35 s.

Two GR-tomography steps were carried out to investigate the
water adsorption process (GR-1) and the water desorption
process (GR-2). The R.H. levels of the sample environment and
duration are shown in Fig. 2 and S2.†

2.3.4 Image reconstruction. All tomographic reconstruc-
tions were carried out using MuhRec soware based on
a parallel beam, ltered back projection (FBP) algorithm.40 The
procedure for tomogram reconstruction optimization for GR-
tomography is shown in ESI (Fig. S3†). Tomographic recon-
structions were carried out every 80 minutes, resulting in a total
of 13 tomograms covering all conditioning steps for each GR-
tomography step, enabling the close monitoring of the dynamic
moisture interactions within the wood samples.
This journal is © The Royal Society of Chemistry 2025
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2.3.5 Image processing. To quantitatively assess the global
and local deformations in the wood samples subjected to
adsorption and desorption processes, we implemented
a comprehensive image registration strategy utilizing both
affine and non-affine transformations based on B-splines. The
registrations were carried out using the SimpleElastix library
based on a mutual information metric.46,47

2.3.5.1 Affine image registrations for global wood deformation
analysis. Affine registration was carried out to compute the
global volumetric expansions or contractions due to moisture
interaction. The affine transformation model is a combination
of rotation, shear, isotropic scaling, and translation, mathe-
matically expressed as:

IAFF(ti) = A$I(ti) + b

IAFF(ti) is the moving image transformed under affine registra-
tion at time ti with respect to the xed image I(t0); A is a 3 × 3
matrix representing rotation, scaling, and shear; b is a trans-
lation vector; I(ti) is the moving image at time ti.

The Jacobian matrix, J~Tð~x; tiÞ, of a transformation function is
a tool to describe how a function maps points from one space to
another and how the function changes locally in terms of
scaling, rotation, and distortion. The Jacobian matrix, J~T ð~x; tiÞ,
provides a scalar value that represents the effect of the trans-
formation at a point in terms of volume change. The determi-
nant of the Jacobian matrix for the affine transformation,
J~TAFF

ð~x; tiÞ, indicates global volumetric changes between the
reference and moving images. If the Jacobian determinant is
larger than one, it means that there is an expansion at that point
of the image (sample); if it is less than 1, it implies shrinkage,
and if it is equal to 1, it means no changes in the volume.

2.3.5.2 Non-affine image registrations for local wood defor-
mation analysis. We employed a non-affine transformation for
analyzing local deformations. This model offers the possibility
to map intricate local changes, mathematically expressed as:

IN-AFF(ti) = B(IAFF(ti),f)

IN-AFF(ti) represents the image aer applying a non-affine
transformation to the affinely transformed image IAFF(ti), rela-
tive to the xed image I(t0). B is the B-spline function used for
the transformation, and f denotes the set of B-spline coeffi-
cients that dene local deformations. The deformation vector
eld (DVF),~uN-AFFð~x; tiÞ, was used as a vector eld. k~uN-AFFkð~x; tiÞ
measures the magnitude of deformation at each point of the
image. The determinant of the Jacobian matrix for the non-
affine transformation matrix, J~TN-AFF

ð~x; tiÞ, provides insight into
the local volumetric changes.

2.3.5.3 Water volume fraction estimation. To determine the
variations of the water volume fraction within the wood
samples, we performed an analysis between the non-affine
registered images at each timepoint, IN-AFF(ti), and the refer-
ence image taken under the baseline conditions, I(t0). This
process aimed to estimate the changes in water content within
the wood samples over time, compared to the reference state.
The differential image, DI(ti), contains voxel values representing
This journal is © The Royal Society of Chemistry 2025
the increase or decrease in attenuation, which can be directly
related to changes in water content within the sample. By
integrating these changes over the entire volume of the sample,
we calculated the total change in water volume within the
sample at each time point. To express these changes as a frac-
tion of the total volume of the wood (segmented at the reference
state), the change in water volume was then divided by the
entire volume of the wood sample. This yields the volume
fraction of water or moisture variation inside the samples
compared to the reference conditions:

Moisture fractionðtiÞ% ¼

volume change due to the water dynamicsðDIðtiÞÞ
total volume of the wood

� 100

The differential analysis provides a statistical measure of the
wood's water content changes in response to varying R.H.
conditions.
3 Results
3.1 Morphology and composition of samples aer the
sequential treatments

Native wood features a directional porous structure. Native
poplar wood's axial tissue is mainly composed of vessels and
bers, with lumina diameters between 60–100 mm and 5–15 mm,
respectively (Fig. 3a and b). In this study, we performed struc-
tural modication with a laser drilling process perpendicular to
the ber direction to cut open wood bers (lasered wood). The
diameter of laser-drilled channels was approximately 200 mm.
The morphology of the lasered wood is shown in Fig. 3c and d.
The laser drilling process predominantly removed wood
components due to the high laser energy absorption efficiency
of cellulose and created articial channels perpendicular to the
ber direction, resulting in a 3D interconnected porous struc-
ture.48 Because of laser drilling, the density decreased from
403.3 ± 21.0 kg m−3 to 340.8 ± 40.3 kg m−3. We further
modied the laser-drilled wood scaffold with MOF MIL-101(Cr)
particles. MIL-101(Cr) was chosen because of its high water
sorption capacity and its ability to regulate moisture effectively
within the recommended R.H. range.49–58 Subsequent impreg-
nation with MIL-101(Cr) particles resulted in a MOF loading of
15.25 ± 1.22 wt%. The density of the MOF/wood composite was
calculated to be 373.7 ± 28.1 kg m−3. The SEM images
(Fig. 3e–h) show that the inner cell lumina surfaces were coated
with a dense layer of MOF particles. X-ray diffraction measure-
ment conrmed the presence of a MOF MIL-101(Cr) layer with
a crystal structure corresponding to the pure MOF, indicating
the successful impregnation of the wood structure (Fig. S4†).
3.2 Wood–moisture interaction at the tissue level

With the sequential treatments of the laser drilling process and
MOF modication, we obtained three samples for comparison:
native wood, lasered wood and the MOF/wood composite. The
comprehensive investigation of their moisture interaction on
J. Mater. Chem. A, 2025, 13, 6364–6375 | 6367
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Fig. 3 Morphology of native wood, lasered wood, and MOF/wood. (a and b) SEM images of native wood from different planes. (c and d) SEM
images of lasered wood showing the creation of artificial channels by laser drilling from different planes. (e–h) SEM images of MOF/wood. (e) and
(f) show that MOF deposition does not block the laser-drilled channels. (g) and (h) shows that a dense layer of MOFMIL-101(Cr) was deposited on
the cell wall surface.

Fig. 4 (a) Water sorption isotherms and (b) hysteresis of native wood,

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 3
/2

/2
02

6 
5:

34
:2

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the microscale includes sorption isotherms, moisture trans-
port, and global and local swelling/shrinkage.

3.2.1 Water sorption isotherms. Dynamic water vapor
sorption (DVS) measurement represents a powerful tool for
characterizing the interaction of water vapor with hygroscopic
materials like wood. Water sorption isotherms from DVS
measurements showed that native wood and lasered wood had
a mass change of 19.68% and 18.65%, respectively, indicating
that the laser drilling process did not signicantly inuence the
water sorption capacity of the wood (Fig. 4a). MOF/wood
showed a mass change of 35.10%, two times higher than that
of native wood. The most signicant change happened in the
range of 25–65% R.H., where MOF/wood starts to take up high
amounts of moisture. In the R.H. ranges of 0–25% and 65–80%,
native wood, lasered wood, and MOF/wood showed similar
sorption behavior. The MOF/wood had the highest hysteresis at
45% R.H. (Fig. 4b).59,60

3.2.2 Moisture transport dynamics. The water isotherms
from DVS measurements provide insight into the wood–water
interactions, especially the moisture uptake capacity and
hysteresis. For applications such as indoor humidity regulation,
it is important to understand the moisture uptake dynamics as
well as the associated dimensional changes, which were studied
by neutron imaging.

We rst carried out moisture fraction analysis using GR-
tomography measurements, which allowed us to study the
dynamics of moisture adsorption/desorption of the produced
wood materials. Fig. 5a illustrates the dynamics of moisture
fraction changes during the water adsorption process from GR-
1 for native wood, lasered wood, and MOF/wood at varying
humidity levels. Aer 6 hours at 45% R.H., the moisture volume
fraction of the native wood remained stable at ∼10.16%. When
6368 | J. Mater. Chem. A, 2025, 13, 6364–6375
the R.H. was increased to 65% for another 6 hours, the moisture
fraction rose to 13.43%. When the R.H. was increased to 80%
for another 6 hours, the moisture content further increased to
20.02%. Similarly, lasered wood exhibited a stable moisture
fraction of ∼15.80% at 45% R.H. and then increased to the
17.85% moisture fraction at 65% R.H. By the end of the third
stage at 80% R.H., lasered wood achieved a moisture fraction of
23%. MOF/wood showed distinct behavior in moisture uptake.
At 45% R.H., aer 6 hours, the moisture fraction was stable at
∼21.28%. As the humidity increased to 65% R.H., the moisture
lasered wood and MOF/wood.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Comparative analysis of the moisture transport dynamics in the
wood materials with GR tomography. (a) Moisture mass fraction
change in GR 1 during the water adsorption/wetting stage. (b) Moisture
mass fraction change in the GR 2 during the water desorption/drying
stage. Moisture mass fraction was estimated as the fraction of
segmented moisture, derived from differential analysis between the
golden-ratio (GR) tomograms of the samples at each time point
compared to the initial GR tomogram.
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fraction signicantly increased to 43.20%. Finally, at 80% R.H.,
MOF/wood's moisture content further increased to 48.29%.
Fig. 5b depicts the moisture loss dynamics during the water
desorption process from GR-2. Both native wood and lasered
wood exhibited gradual declines in moisture content at 65%
and 45% R.H., with the most notable decrease occurring at 25%
R.H. Similarly, MOF/wood showed slow moisture release at 65%
and 45% R.H., with a more rapid decrease at 25% R.H. Aer the
GR-2 measurement, MOF/wood had a moisture fraction loss of
Fig. 6 Illustration of the dynamics of volumetric expansion/shrinkage in n
demonstrations of the local deformations and water transport dynamics
different time points.

This journal is © The Royal Society of Chemistry 2025
3.44%, which was lower than that observed in native wood and
lasered wood.

3.2.3 Moisture-induced swelling/shrinkage. Dimensional
changes are closely associated with wood–moisture interac-
tions. Fig. 6 and S5–S7† capture the dynamics of global volu-
metric expansion/shrinkage in the native wood, lasered wood,
and MOF/wood samples during the process of adsorption and
desorption, respectively. The chart distinctly illustrates the
global volumetric change over time, marked by the tracking of
GR-tomography 1 and GR-tomography 2. The surrounding
visualization images at different time points showcase both the
Jacobian determinant and the displacement vector elds,
revealing the moisture-induced local deformations within the
wood. Both the global volumetric change and the local defor-
mations are crucial for understanding the wood's dimensional
changes upon moisture content changes. Building upon the
analysis illustrated in Fig. 6, moisture fraction analysis and
dimension change analysis can be combined. This allows us to
not only observe the dimensional expansion and shrinkage but
also to correlate these changes directly with water uptake across
the samples. Through this approach, we aim to gain a compre-
hensive understanding of the implications of each modication
on the wood's dimensional changes in response to humidity
changes.

3.2.3.1 Global dimensional changes from GR-tomography. The
global volumetric change refers to the overall change in the
volume of the wood sample. This computation was done
through an affine registration, where the entire image of the
ative wood during the GR1 and GR2 tomography steps, with additional
occurring simultaneously alongside the global volumetric changes, at
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wood sample is transformed uniformly to match the reference
state. The affine transform adjusts the image globally using
scaling, rotation, and translation, without accounting for local
variances within the sample. The determinant of the Jacobian
matrix from this transformation, J~TAFF

ð~x; tiÞ, gives a scalar value
representing the factor by which the volume has changed. This
global affine registration helps assess the overall behavior of the
material.

Fig. 7a shows the dynamics of volume change during the
water adsorption process (GR-1) for native wood, lasered wood,
and MOF/wood at different humidity levels. Native wood
exhibited almost no volume change (0.04%) aer 6 hours at
45% R.H. When the R.H. increased to 65% and was held there
for another 6 hours, the native wood started to swell linearly and
reached a volume change of 0.62% aer 6 hours at 65% R.H.
and a nal volume change of 1.51% aer 6 hours at 80% R.H.
Lasered wood demonstrated steady swelling across all humidity
stages. At the end of GR1, lasered wood showed a volume
swelling of 1.30%, which is less than that of native wood. MOF/
wood exhibited distinctly low volume changes and dynamics at
each humidity level. It showed minor dimensional changes at
45% and 65% R.H. The volume change of MOF/wood was only
0.03% aer 6 hours at 45% R.H. and 0.10% aer another 6
hours at 65% R.H., signicantly lower than that of both native
wood and lasered wood. When the humidity increased to 80%,
MOF/wood nally started to exhibit a nearly linear increase in
volume and reached a volume change of 1.05%, which was still
lower than that of native wood and lasered wood.

Fig. 7b presents the dynamics of volume changes during the
water desorption process (GR-2). Both native wood and lasered
wood showed gradual shrinkage as the relative humidity was
lowered. The most signicant shrinkage occurred at 25% R.H.
for both samples. MOF/wood also demonstrated a non-smooth
shrinking behavior, similar to lasered wood. In comparison,
lasered wood andMOF/wood had a lower overall volume change
compared to native wood in both water adsorption and
desorption processes, indicating improved stability across
Fig. 7 Global dimensional changes of the wood materials with GR
tomography. (a) Volume change in GR 1 during the water adsorption/
wetting stage. (b) Volume change in GR 2 during the water desorption/
drying stage. The volume change analysis is based on the determinant
of the Jacobian of the affine transformation function, J~Taffine

ð~x; tiÞ, which
quantifies volume-change fractions (%). This is calculated through the
global affine registration of each sample's neutron golden-ratio (GR)
tomograms at various time points (ti) relative to the initial tomogram
(t1) for each forward and backward GR tomography session.

6370 | J. Mater. Chem. A, 2025, 13, 6364–6375
varying humidity levels. MOF/wood displayed the lowest volume
changes at all stages, showcasing its superior performance in
minimizing dimensional changes.

3.2.3.2 Local dimensional changes from O-tomography. Non-
affine registration enabled us to map local deformations,
which cannot be captured by the affine transformation. For
instance, although nearly no global volume change was
observed for native wood in the rst 6 hours during GR-1
(Fig. 6), the displacement vector eld visualization images at
2.8 h and 5.8 h show local changes. Non-affine registration
allows for local variations in the transformation parameters,
which allows us to record local expansions or contractions in
different parts of the wood sample. The local deformation
details are crucial for understanding how moisture affects the
wood at a microscopic level, highlighting areas of stress
concentration, differential swelling, or other heterogeneities.
We carried out non-affine registration of three samples using
the rst and the second O-tomography data. The rst O-
tomography serves as our reference condition (e.g. the dry
state aer conditioning at 25% R.H.). By relating the second O-
tomography (e.g. the wet state when conditioning at 80% R.H.)
to the reference image, we can obtain important information
about local dimensional changes aer stabilizing at 80% R. H.
(e.g. the wet state). The local deformations of the three samples,
namely the native wood, the lasered wood, and the MOF/wood
sample, are compared in Fig. 8. Fig. 9 illustrates the moisture-
induced deformation in wood samples by presenting the
same sets of data as Fig. 8 but in a 3-dimensional (3D) format.
This 3D visualization allows for a more comprehensive
perception of the spatial relationship between deformation and
the wood's structure.

Each row corresponds to a different type of wood sample,
while each column represents a unique aspect of the study
designed to elucidate the interaction between wood and mois-
ture. The rst column (Fig. 8a, e and i) displays tomograms with
superimposed deformation vector elds ~uN-AFFð~x; tiÞ, allowing
for the visualization of the local deformation magnitude and
orientation. This illustrates the direction and magnitude of
deformation across the sample, providing insight into the effect
of each type of treatment on the wood's response to moisture.
The second column (Fig. 8b, f and j) shows the water distribu-
tion within the samples, with the deformation vectors
~uN-AFFð~x; tiÞ overlaid to correlate moisture patterns with physical
changes. This is critical for understanding how water uptake or
release corresponds to the wood's deformation, essentially
connecting the hygroscopic behavior to the physical response.
In the third column (Fig. 8c, g and k), the norm of the defor-
mation eld, k~uN-AFFkð~x; tiÞ, is shown, highlighting the intensity
of deformation without directional inuence as a continuous
map. This serves to highlight the areas most affected by mois-
ture interaction, which is particularly useful for assessing the
effectiveness of the treatment in distributing the mechanical
stress caused by swelling or shrinking. The fourth column
(Fig. 8d, h and l) presents the determinant of the Jacobian
maps, J~TN-AFF

ð~x; tiÞ, providing a quantitative measure of local
volumetric changes due to moisture absorption.
This journal is © The Royal Society of Chemistry 2025
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Fig. 8 2D visualization of native wood, lasered wood, and MOF/wood, respectively, from the non-affine registration of samples' neutron normal
tomograms before and after exposure to wetting steps (stepwise increasing of the RH): (a, e and i) the reconstructed wood sample superimposed
by water and the displacement vector field (DVF); (b, f and j) only the water distribution and ~uN-AFFð~xÞ; (c, g and k) superimposed map of the
magnitude of the DVF, k~uN-AFFkð~xÞ, along with the DVF vectors on the wood; and (d, h and l) superimposed spatial map of the determinant of the
Jacobian transformation function (volume-change fraction) J~TN-AFF

ð~xÞ. The DVF represents the displacement of points from their original position
in the fixed image (first-time point) to their new position in the moving or registered image (second-time point). The J~TN-AFF

ð~xÞ represents a scalar
field describing the local volumetric change at each point. The values greater than one at a point indicate local expansion, while values less than
one show local shrinkage (for instance, a value of 0.8 represents 20% local shrinkage. When the determinant value is exactly one, there is neither
local expansion nor contraction).

Fig. 9 Three-dimensional comparative analysis across samples. This figure presents similar illustrations to those in Fig. 8 but in a three-
dimensional format. Each row corresponds to a different sample (native wood, lasered wood, and MOF/wood), showcasing a detailed
comparative analysis across these samples in a 3D context.
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As shown in Fig. 8a–d, native wood showed a signicant
displacement vector eld in the X-axis direction during
swelling, indicating a strong directionality of swelling. However,
this strong directionality of swelling was not observed for the
lasered wood andMOF/wood. Moreover, the ‘hot regions’ inside
This journal is © The Royal Society of Chemistry 2025
the drilled holes in the Jacobian maps, J~TN-AFF
ð~x; tiÞ, show that

lasered wood and MOF/wood have pronounced local expan-
sions in the laser-drilled channels (Fig. 8h and l); notably, MOF/
Wood showed more pronounced ‘hot regions’ inside the drilled
holes.
J. Mater. Chem. A, 2025, 13, 6364–6375 | 6371
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4 Discussion
4.1 Laser drilling process facilitates moisture exchange

The water sorption capacity of wood is strongly inuenced by its
chemical composition and functional groups. Fig. 4 and Table 1
show that lasered wood and native wood possess very similar
water sorption capacities. Therefore, the laser drilling process
can be considered as a structural modication, causing
neglectable changes in chemical composition. However, when
exposed to different humidity levels for 18 hours in GR-1
measurement, lasered wood showed a higher water volume
fraction compared to native wood during the entire water
adsorption process (Fig. 6a and Table 1). These results indicate
that although native wood and laser wood have similar chem-
ical composition, the moisture exchange speed in lasered wood
is higher than that in native wood. This can be attributed to the
change in porosity due to the laser drilling process. Native wood
features a directional porous structure (Fig. 3). The moisture
exchange perpendicular to the ber direction is slow down by
the dense cell walls. Therefore, for these small samples, mois-
ture exchange in native wood mainly happens in ber direction.
The laser drilling process cuts open the wood bers, resulting in
an interconnected porous structure. Therefore, moisture
transport in lasered wood is facilitated perpendicular to the
ber direction through the laser drilled channels.

4.2 Laser-drilled channels lead to less global dimensional
changes

Moisture content changes correlate closely with dimensional
changes. In the water adsorption process, lasered wood showed
higher global volume expansion compared to native wood aer
exposure to 45% R.H. for 6 hours and 65% R.H. for 6 hours. But
aer being exposed to different humidity levels for 18 hours in
GR-1, lasered wood had less global volume change compared to
native wood (Fig. 10a). This could be due to the laser drilling
process, changing how wood deforms locally when it adsorbs
water. As shown in Fig. 8 and 9, the two O-tomography
measurements highlight two key differences in local deforma-
tion. First, the laser drilling process can signicantly change the
anisotropy of swelling. Native wood showed strong swelling
anisotropy, and this is attributed to the inherent anisotropic
structure of wood. The laser drilling process disrupts the
natural porosity and reduces the directionality in swelling of
lasered wood. Second, laser-drilled channels could serve as
space for local dissipation of swelling. Therefore, the global
volume change of lasered wood was lower due to local expan-
sions around the laser-drilled channels.

4.3 Laser drilling process accommodates space for further
chemical modication

The laser drilling process not only modies the wood structure
but also creates space for further chemical modication. This
allowed for the incorporation of MOF particles to boost mois-
ture uptake capacity. The MOF MIL-101(Cr) used in this study is
known for its high water uptake capacity.49,53,55,61 It exhibits low
water uptake at 0–40% and 60–100% R.H., but signicantly
6372 | J. Mater. Chem. A, 2025, 13, 6364–6375 This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Correlative analysis between the dimensional changes andmoisturemass fraction in different wood specimens during GR-1 (adsorption)
and GR2 (desorption).
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higher uptake in the 40–60% R.H. range, resulting in steep S-
shaped sorption isotherms with pronounced hysteresis in this
range. As shown in Table 1, MOF/wood demonstrates notably
higher moisture uptake, attributable to the unique sorption
behavior of the MOFs.

The laser drilling process increases the moisture exchange
speed and reduces overall dimensional changes during wood–
moisture interactions. When combined withMOF coating of the
inner cell walls, this leads to both high moisture uptake and the
lowest volume changes (Fig. 10). During the GR-1 measure-
ments, aer 6 hours at 45% R.H., lasered wood reached
a moisture fraction of 15.81% with a volume change of 0.25%.
In contrast, MOF/wood had a moisture fraction of 21.28% with
a signicantly lower volume change of 0.03%. Aer exposure to
65% R.H. for another 6 hours, lasered wood showed a moisture
fraction of 17.85% and a volume change of 0.72%, while MOF/
wood exhibited a much higher moisture fraction of 43.20% with
only a 0.10% volume change. Finally, at 80% R.H., lasered wood
reached a 23.23% moisture fraction and 1.30% volume change,
whereas MOF/wood showed a slight increase to a 48.29%
moisture fraction and a volume change of 1.05%. At all
humidity levels, the overall volume change of MOF/wood
remained lower than that of lasered wood. This suggests that
moisture rst interacts with the MOF layer and is stored within
it, contributing less to wood swelling in the time frame of the
GR-1 measurements. This explains the high moisture fraction
and low volume change observed at 45% and 65% R.H. stages.
At 80% R.H., as the MOFs reach a high moisture fraction, water
interaction with the cell walls is more pronounced, leading to
cell wall expansion, which accounts for the increased volume
change at this stage. During the desorption process (GR-2),
MOF/wood exhibited lower moisture loss and fewer dimen-
sional changes compared to native and lasered wood. This
indicates that the MOF layer acts as a reservoir, slowing down
moisture release during water desorption. Hence, partial
decoupling of moisture uptake and dimensional change is
effectively achieved through sequential treatments involving
laser drilling andMOF coating of the cell lumina. This approach
This journal is © The Royal Society of Chemistry 2025
is particularly valuable for applications requiring wood
composites to maintain structural stability in environments
with uctuating humidity, such as for indoor humidity
regulation.
5 Conclusions

This study employed a neutron imaging technique to in situ
monitor the dynamics of moisture and dimensional changes in
wood. In situ golden ratio tomography under dynamic R.H. and
high precision tomography under xed R.H. were carried out.
Affine and non-affine image registration methods provided
detailed insights into moisture distribution and deformations
within wood materials at the tissue level under dynamic
humidity levels. The results revealed that the laser drilling
process is crucial for partially decoupling dimensional changes
of wood from moisture uptake. The laser drilling process
introduced articial channels and created interconnected
structures. These channels opened the wood bers, facilitating
more rapid and efficient moisture exchange, resulting in a more
uniform moisture distribution throughout the wood. The laser-
drilled channels resulted in localized volume changes around
the channels as they disrupted the continuity of the wood bers
and provided local space for the wood to expand during mois-
ture uptake, leading to fewer global dimensional changes.
Moreover, the laser drilling process accommodates space for
further chemical modication. By inner cell wall coating with
MOF particles, we signicantly increased the moisture uptake
yet not on the expenses of dimensional stability. During the GR
ratio tomography measurement, the MOF layer showed
a barrier effect to delay water entering the cell wall and reduced
swelling by storing water in the MOFs during the water
adsorption process in GR-1 measurement. In the following
water desorption process, the MOFs functioned as a moisture
reservoir to slowly release water in GR-2 measurement. Utilizing
the synergy effect between the laser drilling process and cell
wall coating by MOFs suggests a promising approach to
J. Mater. Chem. A, 2025, 13, 6364–6375 | 6373

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta07564a


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 3
/2

/2
02

6 
5:

34
:2

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
increase the moisture uptake of wood composite and limit
dimensional changes.
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