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Abstract
Moisture  migration  is  an  important  factor  affecting  the  performance  and  durability  of  laminated  veneer  lumber  (LVL),  a  common  packaging

material. In this paper, we used low-field nuclear magnetic resonance (LF-NMR) and magnetic resonance imaging (MRI) technology to investigate

the moisture migration of LVL during water absorption and drying. The results showed that as LVL absorbed water, the signals of both strongly

and weakly bound water in the pores increased significantly with time until the samples were fully saturated, and the NMR signals did not change

much. The drying process of LVL started with a significant decrease of weakly bound water signals, followed by a gradual decrease of strongly

bound water signals until the moisture content in the samples had completely evaporated. MRI was used to observe the water distribution during

the water  absorption and drying process and found that the visual  images were consistent with the quantified NMR spectral  results.  We also

found a linear  relationship between the NMR signal  and the water  mass,  and a  high correlation between the NMR and weighing results.  Our

results demonstrated that the combination of LF-NMR relaxation technology and MRI technology is an effective method to analyze the moisture

distribution and migration for LVL laminates.
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 Introduction

Packaging is a vital function in the modern food industry, as
it  protects,  preserves,  communicates,  and  markets  the  food
products to the consumers[1,2]. Packaging materials have a long
history  and  wooden  boxes  have  been  used  as  packaging
containers  and  transportation  appliances  for  a  long  time[2].
However, as the global demand for wood keeps rising, so does
the  price  of  solid  wood,  synthetic  materials  such  as  laminated
veneer lumber (LVL) and other laminated timber materials have
emerged as alternatives to traditional timber packaging. LVL is
usually  made  from  small-diameter  logs  through  the  processes
of  veneer  cutting and drying,  splicing,  and gluing,  assembling
and  hot  pressing[3,4].  LVL  not  only  has  a  higher  utilization  rate
than  other  boards,  but  also  has  the  natural  characteristics  of
wood  with  the  advantages  of  uniform  engineering  perfor-
mance, high strength, good dimensional stability, and more to
meet the standards required for timber structures in buildings,
bridges, furniture, and other fields[5,6]. LVL can be classified into
structural  and  non-structural  types  according  to  its
application[7].  Compared  with  structural  veneer  laminated
materials,  non-structural  veneer  laminates  are  widely  used  in
China  for  packaging[8].  However,  the  moisture  content  of
lumber  can  often  affect  its  quality  negatively,  causing  cracks,
swelling,  warping,  mold,  surface  protrusion  or  even  shedding
due  to  water  absorption[9,10].  Moreover,  problems  related  to

dimensional  stability  and  physical  and  mechanical  properties
can also occur[11,12].

The moisture migration of LVL affects its modulus of elastic-
ity,  bending  strength,  swelling  rate,  and  decay  resistance,  it  is
important  to  understand  the  moisture  behavior  and  distribu-
tion  of  LVL  under  different  environmental  conditions[13,14].
According to existing studies, moisture in wood generally exists
in two forms:  bound water,  which is  usually located in the cell
wall;  or  free water,  which is  distributed in the inner cavity and
other  spaces[15].  The  term  ‘fiber  saturation  point’  refers  to  the
condition when the cell wall is saturated with water and no free
water exists[16−18]. Studies have shown that the physical proper-
ties of solid wood materials below the fiber saturation point are
negatively  correlated  with  the  amount  of  bound  water,  while
they have little relationship with the content of free water. LVL
has a similar relationship between conventional solid wood and
free water after being processed by adhesives, heat, water and
compression  during  the  manufacturing  process.  However,
there  are  still  some  knowledge  gaps  regarding  how  different
factors  such  as  veneer  species,  adhesive  type  and  amount,
pressing temperature and pressure affect the moisture content
and distribution of LVL. Furthermore, conventional heat-drying
methods for  wood moisture analysis  are usually  time-consum-
ing,  unable  to  analyze  the  phase  and distribution of  moisture,
and  often  destructive  to  the  wood[9,19,20].  Low-field  nuclear
magnetic  resonance  (LF-NMR)  is  a  non-destructive,  non-inva-
sive  detection  technique  developed  in  recent  years,  which
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allows  the  fast  detection  of  free  and  bound  water  and  their
distribution in wood without damaging samples. Previous stud-
ies mainly investigated the changes of free and bound water of
different  wood  materials  under  different  drying  conditions[21],
the  moisture  signals  above  and  below  the  fiber  saturation
point[22], the water absorption and drying process of wood with
different  hardness[23],  the moisture content in  specific  areas of
laminated wood[24],  the effects of cold and heat treatments on
wood  properties[25].  However,  most  of  the  research  results
obtained by using NMR technology to study the water content
and  composition  of  wood  raw  materials  are  mostly  focus  on
solid  wood  materials  and  there  is  very  little  research  on
synthetic panels.

LVL has many advantages over  solid wood,  such as  uniform
engineering  performance,  high  strength,  good  dimensional
stability,  and  high  utilization  rate.  However,  the  moisture
content of  lumber can often affect  its  quality negatively,  caus-
ing cracks,  swelling, warping, mold, surface protrusion or even
shedding due to water absorption. Moreover, problems related
to  dimensional  stability  and  physical  and  mechanical  proper-
ties can also occur. Therefore, it is important to understand the
moisture behavior and distribution of LVL under different envi-
ronmental conditions. The aim of this study is to investigate the
moisture  change pattern of  packaging LVL during the process
of  water  absorption  and  drying,  and  to  provide  theoretical
basis  and  data  support  for  the  quality  control  of  packaging
laminates based on the analysis of LF-NMR technology.

 Materials and methods

 Materials
As shown in Fig. 1, the LVL used in this research was cut into

specimens  of  40  mm  ×  40  mm  ×  35  mm,  which  were  the
dimensions required for the bending test. The specimens were
dried in an oven at 103 °C for 24 h and weighed (M0) to obtain
their  initial  mass.  Then, the specimens were soaked in distilled
water for different durations (0, 0.5, 1, 2, 3, 6, 12, 24, 48, and 96
h)  at  a  constant soaking temperature of  20 °C.  The top part  of
the  specimen  was  kept  25  mm  below  the  water’s  surface  to
ensure  uniform  water  penetration.  Each  specimen  was  taken
out  the  water  at  different  durations  and  their  surface  was
wiped  with  paper  towels  to  remove  any  excess  water,  then
weighted  (M1)  and  T2  relaxation  times  and  MRI  images  were
collected.

 T2 relaxation analysis
T2 relaxation  was  performed  by  a  LF-NMR  Analyzer

(MesoMR23-60H,  Suzhou  Niumag  Analytical  Instrument  Co.,
Jiangsu,  China),  which  has  a  permanent  magnet  of  0.5T  and  a

diameter radio frequency of 60 mm, corresponding to a proton
resonance frequency of 23.40 MHz at 32 ± 0.01 °C with 90° and
180°  pulses  of  19 µs  and 38 µs.  Samples  at  different  durations
were  placed  in  a  nuclear  magnetic  tube  into  the  magnetic
cavity  of  a  low-field  nuclear  magnetic  device  with  a  magnetic
field  strength  of  0.5T  to  acquire  T2 relaxation  information.
Measurement  conditions  were  the  following:  TW (time
waiting) = 1800 ms, TE (time echo) = 0.25 ms, NECH (number of
echoes)  =  18,000,  NS  (number  of  scan)  =  16.  Experimental
temperature and humidity were 23.5 °C and 29.1%.

 MRI analysis
Magnetic  resonance  imaging  (MRI)  was  performed  with  the

same  LF-NMR  analyzer.  Samples  at  different  durations  were
placed in a nuclear magnetic tube into the magnetic cavity of a
low-field  nuclear  magnetic  device  with  a  magnetic  field
strength  of  0.5T  to  acquire  the  T2 weighted  image  was
obtained. The main parameters were the following: slice width
=  4  mm,  slice  gap  =  1  mm,  TR (time  repetition)  =  1,800  ms,
TE (time  echo)  =  18.12  ms,  average  =  8,  read  size  =  256,  and
phase size = 192. Image processing software was used to map
and process the MRI image.

 Sample drying
After  absorption,  samples  were  dried  with  hot  air  at  ahigh

temperature of 105 °C and a low temperature of 65 °C for 0.5, 1,
2,  4,  8,  and  20  h.  At  each  drying  time  point  the  sample  was
weighed  to  determine  its  moisture  content  based  on  the  ISO
3130:1975  standard,  and  NMR  T2 spectrum  and  NMR  imaging
were subsequently determined and tested as above. The tested
parts  were  put  in  the  oven,  dried  at  103  ±  2  °C  for  6  h,  then
cooled  in  the  dryer  for  0.5  h,  and  weighed  for  the  first  time.
Then, after drying at 103 °C for 1 h, the samples were taken out
and cooled in a dryer for 0.5 h and weighed for a second time.
This process was repeated until the difference between the two
masses did not exceed 0.5%, that is, the constant weight.

 Data processing
The  relaxation  time,  peak  area,  peak  area  ratio,  and  other

relaxation  data  were  obtained  by  inverse  fitting  of  the  CPMG
decay curve with the inverse software provided by the Suzhou
Niumag NMR instrument system. The data showed in the paper
was  processed  and  displayed  by  its  special  software.  Differ-
ences in T2 relaxation characteristics were analyzed by SAS 9.2,
the  analysis  of  variance  was  adopted  by  one-way  ANOVA  and
Duncan's  multiple comparisons.  The results  were expressed as
mean ± standard deviation.

 Results and discussion

 Effects of water absorption time on sample
weight

Figure 2 displays the mass changes in the samples during the
process  of  moisture  absorption.  The  average  weight  of  the
samples  in  the  experimental  group  increased  from  36.86  g  to
53.54  g  compared  with  the  control  set,  which  means  that  the
experimental  group absorbed more moisture  than the control
set.  In  the  beginning  of  the  absorption  process,  the  sample
weight  changed  rapidly,  indicating  a  high  rate  of  moisture
absorption.  This  may  be  due  to  the  large  difference  between
the moisture content of the samples and the surrounding envi-
ronment,  which  created  a  strong  driving  force  for  moisture

 
Fig. 1    Experimental laminated veneer lumber samples (40 mm ×
40 mm × 35 mm). Left, physical picture; right, schematic diagram.
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migration. With the extension of time, although the moisture in
samples  continuously  increased,  the  rate  of  absorption gradu-
ally  decreased.  This  may  be  because  the  moisture  content  of
the  samples  approached  equilibrium  with  the  environment,
and the driving force for moisture migration became weaker[15].
After  48 h,  the weight  of  samples  was close to saturation,  and
no longer changed significantly (p < 0.05). This means that the
samples reached a steady state of moisture absorption, and no
further  moisture  exchange  occurred  between  them  and  the
environment[26].

 Changes in moisture distribution in veneer
laminated materials

The position of T2 spectrum indicates the binding capability
of moisture to wood. The stronger the T2 signal intensity is, the
more  moisture  is  present  in  the  sample,  and  the  longer  the
relaxation time, the weakly bound to the wood which makes it
easier  to  discharge[27]. Figure  3 shows  the  spectral  changes  of
LVL  in  the  process  of  moisture  absorption.  Two obvious  relax-
ation peaks appear in the curve of each absorption time point,
indicating that there are two different states of moisture in the
wood.  The  area  of  the  peaks  represents  the  total  signal  inten-
sity of moisture in each state, i.e. the relative hydrogen content
in the wood[28]. As can be seen from Fig. 3, the first peak with a
shorter  relaxation  time  corresponds  to  the  strongly  bound
moisture,  which  is  mainly  located  in  the  cell  wall  and  has  a
strong interaction with the wood matrix. The second peak with
a  longer  relaxation  time  corresponds  to  the  weakly  bound
moisture,  which  is  mainly  located  in  the  cell  lumen  and  has  a
weak  interaction  with  the  wood  matrix.  With  the  increase  of
absorption  time,  both  peaks  increase  in  area,  indicating  that
both  states  of  moisture  increase  in  the  wood.  However,  the
increase rate  of  the second peak is  faster  than that  of  the first
peak,  indicating  that  the  weakly  bound  moisture  increases
more  rapidly  than  the  strongly  bound  moisture.  This  may  be
because the weakly bound moisture has a higher mobility and
diffusivity than the strongly bound moisture, and can easily fill
up the available space in the wood[28].

Moisture  in  wood  is  generally  divided  into  three  compo-
nents:  hydrated  water,  bound  water,  and  free  water[29,30].
Hydrated  water  is  the  most  tightly  bound  to  the  wood  and  is

the  least  abundant,  decaying  to  zero  within  a  few  tens  of
microseconds;  bound  water  is  the  second  most  tightly  bound
to the wood,  with  relaxation times of  10  ms;  and free  water  is
the  freest,  with  relaxation  times  of  100  ms[31].  Therefore,  the
presence of water molecules in wood can be determined quali-
tatively  according  to  the  T2 value,  while  the  size  of  the  peak
area  reflects  the  amount  of  water  in  the  sample. Figure  4a
shows  the  transverse  relaxation  spectra  of  water  molecules  in
LVL at different water absorption times. There are two obvious
relaxation  peaks  in  each  spectrum,  corresponding  to  the
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Fig.  2    Effect  of  water  absorption  time  on  sample  weight.  Note:
Means with standard error are indicated, different letters represent
significant differences (p < 0.05) in each treatment (n = 10).
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Fig. 3    Changes in T2 relaxation spectra during water absorption.

a

b

 
Fig.  4    Relaxation  times  and  peak  area  ratios  of  water  in  lami-
nated veneer lumber sample after water absorption.  Note:  Means
with  standard  error  are  indicated,  different  letters  represent
significant differences (p < 0.05) in each treatment (n = 10).
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strongly  bound  water  (T21)  and  the  weakly  bound  water  (T22),
respectively.  The analysis shows that both T21 and T22 increase
significantly with the increase of water absorption time, indicat-
ing that  the overall  mobility  of  water  molecules  in  the sample
increases. This may be because more free space in the wood is
occupied  by  water  molecules,  reducing  their  interaction  with
the wood matrix[32]. As the water absorption time continues to
extend, the pores in the plate are gradually filled, and the water
in the sample approaches the saturation state. At this point, the
relaxation time no longer changes significantly, indicating that
no further moisture exchange occurs between the sample and
the environment[15].

The amount of peak area can be used to reflect the amount
of  moisture  in  the  sample,  and  by  establishing  a  relationship
curve  between  water  mass  and  signal  quantity  for  the  peak
area of NMR[27,33], we were able to analyze the moisture content
changes  in  the  lumber  during  the  treatment  process.  Further
analysis  of  the peak areas  and peak area ratios  of  the samples
are shown in Table 1 and Fig. 4b, showed that the total signal of
the  samples  increased  significantly  with  the  increase  of  water
absorption time and reached a stable value after 48 h. The total
signal  reflects  the  total  amount  of  water  in  the  sample.  The
signal of strongly bound water increased first,  then decreased,
while  the  signal  of  weakly  bound  water  increased  gradually.
The signal of each state of water reflects the relative amount of
water in that state. We can see that the total amount of water in
the  sample  increased  significantly,  but  the  relative  amount  of
strongly  bound water  decreased,  while  the relative  amount  of
weakly bound water increased.  Combining the data in Table 1

with Fig.  4b,  it  is  apparent  that  during  the  process  of  water
absorption,  both  the  strongly  bound  water  and  the  weakly
bound water increased in absolute terms, but at different rates,
with  the  weakly  bound  water  increasing  faster  than  the
strongly  bound  water.  The  proportion  of  weakly  bound  water
increased  relatively,  while  the  proportion  of  strongly  bound
water decreased relatively. This indicates that the state of water
in  the  sample  changed from strongly  bound to  weakly  bound
as the water absorption time increased.

 Magnetic resonance imaging
LF-NMR weighted imaging can be used to highlight a partic-

ular  component  of  a  sample  by  adjusting  the  repetitive
sampling wait time and echo time. These two parameters affect
the  degree  of  recovery  and  decay  of  the  NMR  signal,  which  is
related  to  the  relaxation  times  of  different  components  in  the
sample.  Depending  on  the  different  repetitive  sampling  wait
and echo times, MRI can be divided into T1-weighted imaging,
T2-weighted  imaging,  and  proton  density-weighted  imaging.
T1-weighted imaging is used to highlight the components with
short  relaxation  times  in  the  sample,  such  as  strongly  bound
water  in  wood;  T2-weighted  imaging  is  used  to  highlight  the
components with long relaxation times, such as weakly bound
water  in  wood;  and  the  proton  density-weighted  imaging  is
used to highlight the distribution of all hydrogen protons in the
sample,  regardless of  their  relaxation times.  The NMR signal  in
the wood samples is mainly derived from hydrogen protons in
the  moisture.  The  higher  the  absolute  moisture  content,  the
higher  the  hydrogen  proton  density,  and  the  higher  the  pixel
signal  intensity  of  the  proton  density-weighted  image  for  the
same  specification  lumber[24,28,34].  Thus,  the  distribution  of
moisture  in  the  wood  can  be  reflected  by  the  proton  density-
weighted  imaging. Figure  5 shows  the  proton  density-
weighted  images  of  wood  samples  at  different  water  absorp-
tion  times.  With  the  extension  of  water  absorption  time,  the
brightness  of  proton  density-weighted  imaging  gradually
increases until  there is  no further significant change.  This indi-
cates  that  the  pores  in  the  sample  are  gradually  filled  with
water during the absorption process, and the moisture content
reaches  a  saturation  level.  This  is  consistent  with  the  results
obtained by spectral line test, which also showed that the total
signal of water molecules increased significantly and stabilized
after a certain absorption time.

 Prediction model of moisture content in the
drying process

To  obtain  more  samples  with  different  moisture  content,
saturated  samples  were  taken  and  dried  at  65  and  105  °C  for

Table 1.    Peak area of laminated veneer lumber sample of different water
absorption time.

Water
absorption

time
A21 A22 A2

Control 160.41 ± 11.39f 7.48 ± 1.00f 168.37 ± 11.99e

0.5 318.31 ± 42.43e 135.93 ± 60.31e 455.56 ± 100.71d

1 381.52 ± 36.28d 171.29 ± 65.32de 554.56 ± 98.67d

2 441.11 ± 38.18c 209.57 ± 73.62de 652.67 ± 108.44c

3 470.18 ± 32.41bc 238.79 ± 77.29cd 711.00 ± 105.75c

6 513.33 ± 18.04ab 302.35 ± 82.23c 817.64 ± 82.08b

12 518.82 ± 68.02a 384.47 ± 81.43b 904.74 ± 28.58a

24 432.31 ± 65.19c 523.85 ± 130.30a 913.49 ± 26.70a

48 351.22 ± 81.30de 580.79 ± 120.04a 897.33 ± 21.79a

96 341.68 ± 62.32de 552.65 ± 117.83a 860.42 ± 16.26ab

Different  letters  of  superscripts  in  each  column  represent  significant
differences (p < 0.05) in each treatment (n = 10).

 
Fig. 5    T2-weighted MRI images of laminated veneer lumber sample of different water absorption time.
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different  durations,  ranging  from  0.5  to  20  h.  The  sample
weight  and  the  NMR  T2 spectrum  were  measured  after  each
drying  period. Figure  6 shows  the  changes  of  weight  in  lami-
nated veneer lumber sample after water absorption. The results
indicate that the sample weight reached a stable value after the
sample was dried at 105 °C for 8 h, meaning that no more water
was lost from the sample. However, when the sample was dried
at 60 °C, the weight still showed a decreasing trend even after 8
h, meaning that some water was still present in the sample. Fig.
7a & b show  that  the  peak  of  the  weakly  bound  water
decreased significantly at the beginning of the drying, indicat-
ing  that  this  state  of  water  was  easier  to  evaporate  from  the
sample. The area of the strongly bound water decreased gradu-
ally  as  the  drying  time  continued  to  be  extended,  indicating
that  this  state  of  water  was  harder  to  evaporate  from  the
sample.  After  20  h  of  drying,  there  was  almost  no  signal  for
samples under both conditions, indicating that almost all water
was removed from the samples.

The  multi-component  relaxation  spectrum  can  directly
reflect the existence and distribution of water molecules in the
laminates, but it is not possible to quantitatively determine the
moisture  in  the  samples  based  on  the  relaxation  spectrum[35].
This is because the relaxation spectrum only shows the relative
amount  of  water  in  each  state,  not  the  absolute  amount  of
water  in  the  sample.  The  peak  area  of  the  signal  peak  in  the
multi-component relaxation spectrum is related to the number
of  hydrogen protons contained in the sample,  so a  model  can
be  formed  to  quantitatively  analyze  the  water  content  in  the
plate  by  establishing  a  relationship  between  the  nuclear
magnetic signal quantity and the moisture content. The nuclear
magnetic signal quantity is proportional to the peak area of the
signal  peak,  while  the  moisture  content  is  proportional  to  the
mass  of  water  in  the  sample.  In  this  paper,  the  relationship
between  nuclear  magnetic  signal  quantity  and  moisture  qual-
ity is  established by using a linear regression method,  and the
moisture  content  is  obtained  through  the  nuclear  magnetic
test  during  the  drying  process  and  calibration  of  the  lumber.
The  drying  process  is  used  to  obtain  different  levels  of  mois-
ture content in the sample, and the calibration of the lumber is
used  to  obtain  the  actual  mass  of  water  in  the  sample.  By

comparing these two values,  a  model  can be formed to calcu-
late  the  moisture  content  from  the  nuclear  magnetic  signal
quantity.

The  porosity  standard  samples  with  different  water  content
were calibrated to obtain standard curves of water quality and
nuclear magnetic signal quantity, as shown in Fig. 8. The water
quality  is  the  mass  of  water  in  the  sample,  while  the  nuclear
magnetic  signal  quantity  is  the  total  area  of  the  NMR  T2 spec-
trum.  The  standard  curves  show  the  linear  relationship
between  these  two  variables,  which  can  be  used  to  calculate
the water quality from the nuclear magnetic signal quantity[32].
The  total  NMR  area  corresponding  to  samples  with  different
moisture  content  in  the  drying  process  was  taken  and  substi-
tuted  into  the  standard  curves  to  obtain  the  NMR  moisture
content, which is the predicted moisture content based on the
NMR method. The weighing moisture content was obtained by
the  weighing  method,  which  is  the  actual  moisture  content
based on the mass difference before and after drying. The NMR
moisture content and weighing moisture content were fitted in
Fig.  9,  and  a  high  correlation  coefficient  was  obtained.  The
results  showed  a  high  fitting  degree  between  the  predicted
moisture  content  and the weighing moisture  content,  indicat-
ing  that  the  NMR  method  can  accurately  determine  the  mois-
ture in wood.

 Conclusions

In  this  study,  the  moisture  behavior  of  laminated  veneer
lumber (LVL) during the water absorption and drying processes
were  studied  by  low  filed  nuclear  magnetic  resonance  (LF-
NMR)  and  magnetic  resonance  imaging  (MRI)  techniques.  The
result  shows  that  the  moisture  in  LVL  can  be  divided  into
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Fig.  6    Changes  of  weight  in  laminated  veneer  lumber  sample
after  water  absorption.  Note:  Means  with  standard  error  are
indicated,  different  letters  represent  significant  differences  (p <
0.05) in each treatment (n = 10).
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Fig. 7    Changes in T2 relaxation spectra during drying process. (a)
Dried at 105 °C, (b) dried at 60 °C.
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strongly  bound  water  and  weakly  bound  water,  which  have
different mobility, diffusivity, and relaxation times. It also shows
that  the  moisture  content  in  LVL  can  be  calculated  from  the
nuclear  magnetic  signal  quantity,  and  the  moisture  distribu-
tion  in  LVL  can  be  reflected  by  the  NMR  weighted  imaging.  It
further shows that the drying process affects the moisture loss
and state  change of  LVL,  and the NMR method can accurately
determine the moisture in wood during the drying process. The
result  provides  useful  information  for  the  design  and  applica-
tion  of  LVL  in  different  environments,  such  as  indoor  or
outdoor,  humid  or  dry,  etc.,  which  can  help  to  improve  the
performance  and  durability  of  LVL  products.  Our  findings  can
contribute to the improvement or optimization of LVL produc-
tion  or  application,  such  as  by  selecting  appropriate  wood
species,  adhesive  types,  curing  conditions,  and  coating  meth-
ods to reduce the moisture migration and improve the perfor-
mance of LVL.

 Author contributions

The  authors  confirm  contribution  to  the  paper  as  follows:
conceptualization:  Zhu  Y,  Lu  S;  methodology:  Yan  J,  Li  S;  soft-
ware: Chen Z, Feng S; validation: Ouyang W; formal analysis: Lu
S;  investigation:  Feng S;  resources:  Li  Z;  data  curation:  Ouyang
W;  writing—original  draft  preparation:  Zhu  Y;  writing—review
and editing:  Yan J;  supervision:  Li  Z.  All  authors have read and
agreed to the published version of the manuscript.

 Data availability

The  datasets  generated  during  and/or  analyzed  during  the
current  study  are  available  from  the  corresponding  author  on
reasonable request.

Acknowledgments

This  research was supported by Natural  Science Foundation
of  Jiangsu  Province  (BK20230210),  Suzhou  Vocational  Univer-
sity  research courses  (SZDYKC-230407).  A  special  thank you to
Nina  Rogers,  a  professional  copywriter  based  in  the  UK,  who
helped  us  proofread  this  article  to  ensure  it  is  grammatically
and  typographically  correct.  Authors  also  thank  UK  freelancer
Mrs Nitika Wilson for English language editing and review.

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received  2  August  2023;  Accepted  17  October  2023;
Published online 15 January 2024

References
Verma  MK,  Shakya  S,  Kumar  P,  Madhavi  J,  Murugaiyan  J,  et  al.
2021.  Trends  in  packaging  material  for  food  products:  historical
background,  current  scenario,  and  future  prospects. Journal  of
Food Science and Technology 58:4069−82

1.

Marsh  K,  Bugusu  B. 2007.  Food  packaging—Roles,  materials,  and
environmental issues. Journal of Food Science 72:R39−R55

2.

Zhang  R,  He  Y,  Dauletbek  A,  Shen  Z,  Zhou  Y,  et  al. 2022.  Design
and  manufacture  of  laminated  veneer  lumber  packaging  boxes
and  pallets  and  evaluation  of  their  mechanical  properties. BioRe-
sources 17:6910−25

3.

Percin O, Altunok M. 2017. Some physical and mechanical proper-
ties of laminated veneer lumber reinforced with carbon fiber using
heat-treated  beech  veneer. European  Journal  of  Wood  and  Wood
Products 75:193−201

4.

Sözen  E,  Kayahan  K,  Bardak  T,  Bardak  S. 2021.  The  effects  of  the
moisture  content  of  laminated  veneer  lumber  on  bending
strength  and  deformation  determination  via  two-dimensional
digital image correlation. Proceedings of the Institution of Mechani-
cal  Engineers,  Part  C:  Journal  of  Mechanical  Engineering  Science
235:5603−15

5.

Zhou  H,  Wei  X,  Smith  LM,  Wang  G,  Chen  F. 2019.  Evaluation  of
uniformity  of  bamboo  bundle  veneer  and  bamboo  bundle  lami-
nated veneer lumber (BLVL). Forests 10:921

6.

Kamala BS, Kumar P, Rao RV, Sharma SN. 1999. Performance test of
Laminated  Veneer  Lumber  (LVL)  from  rubber  wood  for  different
physical  and  mechanical  properties. Holz  als  Roh  -  und  Werkstoff
57:114−16

7.

50,000
y = 1,464.5x − 1,417.1

R2 = 0.9818
45,000
40,000
35,000
30,000

A
m

pl
itu

de
 (a

.u
.)

Actual moisture content (%)

25,000
20,000
15,000
10,000
5,000

0
0 10 20 30 40

 
Fig.  8    Standard  curves  of  water  quality  and  nuclear  magnetic
signal quantity.

40a
y = 0.9529x + 2.1361

R2 = 0.983130

Pr
ed

ic
te

d 
m

oi
st

ur
e 

co
nt

en
t (

%
)

20

10

0
0 10 20

Actual moisture content (%)
30 40

40
b

y = 1.0074x + 0.4771
R2 = 0.9945

30

Pr
ed

ic
te

d 
m

oi
st

ur
e 

co
nt

en
t (

%
)

20

10

0
0 10 20

Actual moisture content (%)
30 40

 
Fig.  9    Comparison  of  water  content  by  the  nuclear  magnetic
predicted  method  and  weighing  method.  (a)  Dried  at  105  °C,  (b)
dried at 60 °C.

  Moisture migration of LVL by LF-NMR

Page 6 of 7   Zhu et al. Food Materials Research 2024, 4: e003

https://doi.org/10.1007/s13197-021-04964-2
https://doi.org/10.1007/s13197-021-04964-2
https://doi.org/10.1111/j.1750-3841.2007.00301.x
https://doi.org/10.15376/biores.17.4.6910-6925
https://doi.org/10.15376/biores.17.4.6910-6925
https://doi.org/10.1007/s00107-016-1125-z
https://doi.org/10.1007/s00107-016-1125-z
https://doi.org/10.1177/0954406220986181
https://doi.org/10.1177/0954406220986181
https://doi.org/10.1177/0954406220986181
https://doi.org/10.3390/f10100921
https://doi.org/10.1007/s001070050025


Cai Y, An X, Zou Q, Fu H, Yang X, et al. 2021. Mechanical properties
and  failure  mechanisms  of  composite  laminates  with  classical
fabric stacking patterns. Journal of Materials Science 56:11814−27

8.

Zhang  J,  Song  W,  Jiang  B,  Li  M. 2018.  Measurement  of  lumber
moisture  content  based  on  PCA  and  GS-SVM. Journal  of  Forestry
Research 29:557−64

9.

Fukui T, Yanase Y, Sawada Y, Fujii Y. 2020. Estimations of the mois-
ture  content  above the fiber  saturation point  in  sugi  wood using
the  correlation  between  the  specific  dynamic  Young’s  modulus
and tangent loss. Journal of Wood Science 66:35

10.

Báder  M,  Németh R. 2019.  Moisture-dependent mechanical  prop-
erties  of  longitudinally  compressed  wood. European  Journal  of
Wood and Wood Products 77:1009−19

11.

Yilmaz  Aydin  T,  Ozveren  A. 2019.  Effects  of  moisture  content  on
elastic constants of fir wood. European Journal of Wood and Wood
Products 77:63−70

12.

Wang  J,  Cao  X,  Liu  H. 2021.  A  review  of  the  long-term  effects  of
humidity on the mechanical properties of wood and wood-based
products. European Journal of Wood and Wood Products 79:245−59

13.

Wei  Y,  Rao  F,  Yu  Y,  Huang  Y,  Yu  W. 2019.  Fabrication  and  perfor-
mance evaluation of a novel laminated veneer lumber (LVL) made
from hybrid poplar. European Journal  of  Wood and Wood Products
77:381−91

14.

Engelund  ET,  Thygesen  LG,  Svensson  S,  Hill  CAS. 2013.  A  critical
discussion  of  the  physics  of  wood–water  interactions. Wood
Science and Technology 47:141−61

15.

Zelinka SL,  Glass SV,  Jakes JE,  Stone DS. 2016.  A solution thermo-
dynamics  definition  of  the  fiber  saturation  point  and  the  deriva-
tion  of  a  wood–water  phase  (state)  diagram. Wood  Science  and
Technology 50:443−62

16.

Wiberg  P,  Morén  WJ. 1999.  Moisture  flux  determination  in  wood
during drying above fibre saturation point using CT-scanning and
digital image processing. Holz als Roh - und Werkstoff 57:137−44

17.

Kokutse  AD,  Brancheriau  L,  Chaix  G. 2010.  Rapid  prediction  of
shrinkage  and  fibre  saturation  point  on  teak  (Tectona  grandis)
wood  based  on  near-infrared  spectroscopy. Annals  of  Forest
Science 67:403

18.

Kržišnik D, Lesar B, Thaler N, Planinšič J, Humar M. 2020. A study on
the moisture performance of wood determined in laboratory and
field  trials. European  Journal  of  Wood  and  Wood  Products
78:219−35

19.

Dietsch P, Franke S, Franke B, Gamper A, Winter S. 2015. Methods
to  determine  wood  moisture  content  and  their  applicability  in
monitoring  concepts. Journal  of  Civil  Structural  Health  Monitoring
5:115−27

20.

Yang L, Tian G, Yang S, Shang L, Liu X, et al. 2020. Determination of
fiber  saturation  point  of  rattan  (Calamus  simplicifolius)  using  the
LF-NMR  and  two  conventional  methods. Wood  Science  and  Tech-
nology 54:667−82

21.

Lamason C, Macmillan B, Balcom B, Leblon B, Pirouz Z. 2015. Water
content  measurement  in  black  spruce  and  aspen  sapwood  with

22.

benchtop and portable magnetic  resonance devices. Wood  Mate-
rial Science & Engineering 10:86−93
Gezici-Koç  Ö,  Erich  SJF,  Huinink  HP,  van  der  Ven  LGJ,  Adan  OCG.
2017.  Bound  and  free  water  distribution  in  wood  during  water
uptake and drying as measured by 1D magnetic resonance imag-
ing. Cellulose 24:535−53

23.

Johansson  J,  Blom  Å,  Dvinskikh  S. 2013.  NMR-measurements  for
determination  of  local  moisture  content  of  coated  wood. Journal
of Coatings Technology and Research 10:601−7

24.

Kwon  JH,  Shin  RH,  Ayrilmis  N,  Han  TH. 2014.  Properties  of  solid
wood  and  laminated  wood  lumber  manufactured  by  cold  press-
ing and heat treatment. Materials & Design (1980-2015) 62:375−81

25.

He Z, Qian J, Qu L, Yan N, Yi S. 2019. Effects of Tung oil treatment
on  wood  hygroscopicity,  dimensional  stability  and  thermostabil-
ity. Industrial Crops and Products 140:111647

26.

Cai  C,  Javed  MA,  Komulainen  S,  Telkki  VV,  Haapala  A,  et  al. 2020.
Effect  of  natural  weathering  on  water  absorption  and  pore  size
distribution  in  thermally  modified  wood  determined  by  nuclear
magnetic resonance. Cellulose 27:4235−47

27.

Telkki VV, Yliniemi M, Jokisaari J. 2013. Moisture in softwoods: fiber
saturation point, hydroxyl site content, and the amount of microp-
ores  as  determined from NMR relaxation time distributions. Holz-
forschung 67:291

28.

Çolak  S,  Çolakoğlu  G,  Aydin  I. 2007.  Effects  of  logs  steaming,
veneer  drying  and  aging  on  the  mechanical  properties  of  lami-
nated veneer lumber (LVL). Building and Environment 42:93−98

29.

Chen F, Jiang Z, Wang G, Li H, Simth LM, et al. 2016. The bending
properties  of  bamboo  bundle  laminated  veneer  lumber  (BLVL)
double beams. Construction and Building Materials 119:145−51

30.

Almeida  G,  Gagné  S,  Hernández  RE. 2007.  A  NMR  study  of  water
distribution  in  hardwoods  at  several  equilibrium  moisture
contents. Wood Science and Technology 41:293−307

31.

Merela  M,  Oven  P,  Serša  I,  Mikac  U. 2009.  A  single  point  NMR
method  for  an  instantaneous  determination  of  the  moisture
content of wood. Holzforschung 63:348−51

32.

Schmidt  SJ.  1991.  Determination  of  moisture  content  by  pulsed
nuclear  magnetic  resonance  spectroscopy.  In Water  Relationships
in Foods. Advances in Experimental Medicine and Biology, ed. Levine
H, Slade L. Boston, MA: Springer US. pp. 599−613. https://doi.org/
10.1007/978-1-4899-0664-9_32

33.

Wang W, Chen J, Cao J. 2019. Using low-field NMR and MRI to char-
acterize  water  status  and  distribution  in  modified  wood  during
water absorption. Holzforschung 73:997−1004

34.

Cox J, McDonald PJ, Gardiner BA. 2010. A study of water exchange
in wood by means of 2D NMR relaxation correlation and exchange.
Holzforschung 64:259−66

35.

Copyright:  © 2024 by the author(s).  Published by
Maximum  Academic  Press  on  behalf  of  Nanjing

Agricultural  University.  This  article  is  an  open  access  article
distributed  under  Creative  Commons  Attribution  License  (CC  BY
4.0), visit https://creativecommons.org/licenses/by/4.0/.

Moisture migration of LVL by LF-NMR  

Zhu et al. Food Materials Research 2024, 4: e003   Page 7 of 7

https://doi.org/10.1007/s10853-021-06073-z
https://doi.org/10.1007/s11676-017-0448-x
https://doi.org/10.1007/s11676-017-0448-x
https://doi.org/10.1186/s10086-020-01879-y
https://doi.org/10.1007/s00107-019-01448-1
https://doi.org/10.1007/s00107-019-01448-1
https://doi.org/10.1007/s00107-018-1363-3
https://doi.org/10.1007/s00107-018-1363-3
https://doi.org/10.1007/s00107-020-01623-9
https://doi.org/10.1007/s00107-019-01394-y
https://doi.org/10.1007/s00226-012-0514-7
https://doi.org/10.1007/s00226-012-0514-7
https://doi.org/10.1007/s00226-015-0788-7
https://doi.org/10.1007/s00226-015-0788-7
https://doi.org/10.1007/s001070050029
https://doi.org/10.1051/forest/2009123
https://doi.org/10.1051/forest/2009123
https://doi.org/10.1007/s00107-020-01506-z
https://doi.org/10.1007/s13349-014-0082-7
https://doi.org/10.1007/s00226-020-01177-2
https://doi.org/10.1007/s00226-020-01177-2
https://doi.org/10.1007/s00226-020-01177-2
https://doi.org/10.1080/17480272.2015.1010573
https://doi.org/10.1080/17480272.2015.1010573
https://doi.org/10.1080/17480272.2015.1010573
https://doi.org/10.1007/s10570-016-1173-x
https://doi.org/10.1007/s11998-013-9484-4
https://doi.org/10.1007/s11998-013-9484-4
https://doi.org/10.1016/j.matdes.2014.05.032
https://doi.org/10.1016/j.indcrop.2019.111647
https://doi.org/10.1007/s10570-020-03093-x
https://doi.org/10.1515/hf-2012-0057
https://doi.org/10.1515/hf-2012-0057
https://doi.org/10.1016/j.buildenv.2005.08.008
https://doi.org/10.1016/j.conbuildmat.2016.03.114
https://doi.org/10.1007/s00226-006-0116-3
https://doi.org/10.1515/HF.2009.050
https://doi.org/10.1007/978-1-4899-0664-9_32
https://doi.org/10.1007/978-1-4899-0664-9_32
https://doi.org/10.1515/hf-2018-0293
https://doi.org/10.1515/hf.2010.036
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Materials
	T2 relaxation analysis
	MRI analysis
	Sample drying
	Data processing

	Results and discussion
	Effects of water absorption time on sample weight
	Changes in moisture distribution in veneer laminated materials
	Magnetic resonance imaging
	Prediction model of moisture content in the drying process

	Conclusions
	Author contributions
	Data availability
	References

