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Abstract  Water vapor absorption into a multi-layer 
simulated corrugated board structure was investi-
gated using magnetic resonance imaging (MRI). 
Humidity and other ambient conditions consider-
ably affect the strength and durability of corrugated 
board, and through creep, collapse of the corrugated 
board structures at unexpectedly low load levels. 
Currently, water vapor permeation and absorption 
are investigated with methods that do not elucidate 
the behavior of individual sheet layers in corrugated 
board. With MRI, signal intensity changes caused by 
water absorption can be spatially located and identi-
fied, providing a promising tool for the assessment of 
internal changes in a board, and its interaction with 
humidity. In this work, simulated corrugated board 
assemblies, consisting of alternating straight layers 
of linerboard and fluting material, were constructed, 
subjected to one-sided high humidity environment 

and periodically MR imaged to obtain temporal infor-
mation on water accumulation at high relative humid-
ity. It was observed that, in general, the fluting layers 
would exhibit higher signal intensities sooner, and 
by extension, higher water accumulation, when com-
pared to the linerboards. The presented study provides 
insight into the behavior of paperboards in a double-
wall corrugated board structure while under constant 
high humidity. In the future, actual corrugated board 
samples could be investigated in periodically fluctu-
ating relative humidity and under constant stress to 
obtain information on the mechanosorptive creep.
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Introduction

Corrugated board is one of the primary packaging 
materials for the delivery, storage and international 
transport of various goods ranging from industrial 
products to daily consumables and food. In 2020, 
from the over 25 megatonnes of corrugated material 
produced in Europe, 43% was used for packaging 
various food products (European Federation of Cor-
rugated Board Manufacturers (FEFCO) 2020). The 
overall popularity of corrugated board arises from 
its many preferable characteristics such as low cost, 
low weight, high stiffness/strength (with respect to 
the weight of the material) as well as easy handling 
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properties. These characteristics are also evident in 
the design of corrugated boards. Typical board con-
sists of a three or five layered construction (i.e. single-
wall and double-wall corrugated board, respectively), 
where a corrugated medium is sandwiched between 
linerboard layers although other constructions exist 
such as triple and even multi-wall constructions 
(Berglund et  al. 2012). Furthermore, easy and intui-
tive remanufacturing schemes and good monetary 
value of the recycled fiber encourage recycling, thus 
making it environmentally sustainable. Linerboards 
and corrugated media production from recycled fib-
ers produce less CO2 than virgin materials (Domi-
nic et  al. 2015). Moreover, as with any wood-based 
material, paper does not cause permanent waste if left 
unattended in the environment.

Despite the many advantages, the mechanical 
properties and structural performance of corrugated 
board degrades with respect to changes in ambient 
relative humidity (RH) and temperature (Berglund 
et al. 2012). Thus, strength degradation must be con-
sidered in the packaging design. Because of this, cor-
rugated paperboard boxes are typically constructed to 
be at least 3–8 times stronger (safety factor) (Pathare 
and Opara 2014) than would be needed if the material 
were inert to changes in ambient conditions. In other 
words, the safety factor is used to compensate for the 
unknown aspects in the environmental lifetime condi-
tions of the corrugated board (Holmvall 2022). Fur-
thermore, a phenomenon known as mechanosorptive 
creep prevents the paper industry from achieving the 
best possible theoretical efficiency in packaging; min-
imal packaging may damage the transported goods 
while overpackaging increases material and transport 
costs (Erlöv et al. 2000; Dominic et al. 2015). There-
fore, in addition to the scientific benefit, there is a sig-
nificant industrial and economical need to thoroughly 
understand the behavior of corrugated board and its 
constructional elements in variable ambient condi-
tions. If better predictions on the load carrying capa-
bility of corrugated board can be made, more optimal 
packaging designs could be produced. Sustainable 
packaging is becoming a necessity for both domestic 
and commercial use, especially through globaliza-
tion and the growing popularity of e-commerce, so 
improvements on packaging design can be considered 
increasingly crucial.

In box manufacturing, corrugated board strength 
is traditionally evaluated with fast peak strength tests, 

namely box compression test, BCT (International 
Organization for Standardization 1994) or edge crush 
test, ECT (International Organization for Standardi-
zation 2013) that provide a quick estimation of the 
maximum strength. However, because of the creep 
phenomenon, knowledge on the long-term load car-
rying capability of a box and its lifespan under a load 
is increasingly important. The creep increases in vari-
able ambient humidity conditions and can cause a 
sudden collapse of a package at an unexpectedly low 
load level. In cyclic humidity, the actual load level 
of a corrugated box is found to be less than 30% of 
the paperboard or corrugated board peak strength 
(Considine et  al. 1989). The importance of creep 
and the problem it causes has been studied and dis-
cussed in many previous publications (Byrd 1972; 
Leake and Wojcik 1993; Bronkhorst and Riedermann 
1994; Dominic et al. 2015; Pathare et al. 2016) with 
pioneering investigations dating back as far as 1935 
(Coffin 2005).

Beyond the mechanical properties of paper, 
because of the ambient influence, another important 
and intertwined characteristic is water vapor per-
meation and absorption. Moisture permeation can be 
evaluated over a barrier comprising of the paperboard 
material with different humidity on either side (Inter-
national Organization for Standardization 2021). In 
such an experiment, a moisture source (with a known 
effect on RH) is placed on one side of the sample 
material, and on the other side the change in %RH 
is monitored over time using a hygrometer. Thus, 
the sample material acts as a sealed barrier between 
the moisture source and the hygrometer. For the 
investigation of water vapor absorption into a paper 
sheet, oven drying and gravimetric analysis can be 
utilized (International Organization for Standardiza-
tion 2017). However, these methods may be difficult 
to implement for the temporal investigation of water 
accumulation in each individual sheet in a multi-layer 
structure such as corrugated board.

When the ambient conditions change, moisture 
and temperature gradient is generated through the 
thickness of the corrugated box wall. Such transient 
moisture profiles generate heterogenous mechanical 
properties (Bandyopadhyay et  al. 2002). Moisture 
gradients will cause nonuniform expansion/shrink-
age, which in turn will introduce internal stresses to 
the structures. However, despite extensive research, 
the knowledge on the effect of moisture gradients on 
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the moisture accelerated creep is not entirely consist-
ent (Sorvari et al. 2018). To comprehend the moisture 
variation within paper-based materials, and by exten-
sion the creep behavior, various tests and theoretical 
models (Alfthan and Gudmundson 2005; Strömbro 
and Gudmundson 2008; Sorvari et  al. 2018) have 
been proposed. Currently, the issue has often been 
approached by constructing theoretical models con-
sidering various aspects of the material properties 
of paper (inter-fiber and intra-fiber moisture absorp-
tion/desorption) and by simulating and monitoring 
the flux of moisture through a corrugated board and 
predicting the behavior of the various paper lay-
ers. Furthermore, often for simplicity the corrugated 
board has been treated as one homogenous lump of 
material, although more accurate models have been 
developed, such as those presented by Sorvari et  al. 
(Sorvari et al. 2018).

The modelling of multi-layer structures has pro-
vided reasonable results in the prediction of creep and 
moisture distribution in through-thickness direction 
of corrugated board. Still, the verification of models 
requires measurements and direct evidence. Informa-
tion about moisture transport through the board based 
on mathematical models or gravimetric analysis of 
the whole board sample does not provide verified 
information on internal moisture distribution (Leisen 
et  al. 2002). Furthermore, the material composition 
also affects creep as well as moisture accumulation, 
and corrugated board can be produced from different 
compositions and with varying contents of virgin and 
recycled fibers. As such, the moisture absorption in 
materials, and as a consequence their individual stiff-
ness and creep resistance, may differ. Knowledge of 
the actual internal moisture distribution and through-
plane diffusion rate could provide valuable informa-
tion about the composition of corrugated paperboard 
and optimal packaging design. Thus, novel methods 
capable of detecting and localizing water distribution 
inside corrugated board structures are needed to esti-
mate the actual moisture accumulation on, and per-
meation through paperboards. One method capable 
of detecting the spatial distribution of water in many 
different sample types is magnetic resonance imaging 
(MRI).

MRI is a well-established imaging modality 
known for its non-invasiveness as well as exquisite 
and variable soft tissue contrast, numerous pulse 
sequences and plethora of different image weightings. 

These make MRI applicable for the detection of vari-
ous anatomical structures as well as tissue patholo-
gies and diseases. However, because of its capabili-
ties in detecting, for example free and bound water 
in materials, its use is not only limited to studies of 
living things. In this work, we present the MRI of 
water accumulation in a simulated corrugated board 
structure and elucidate the usefulness of such inves-
tigations. MRI is the spatially encoded extension of 
a phenomenon known as nuclear magnetic resonance 
(NMR). In NMR and MRI, a sample is placed in an 
external magnetic field, excited with radiofrequency 
pulses and the response of sample nuclei (typically 
1H, i.e. a proton) are measured. The signal intensity 
in a given pixel in a 1H MR image depends on the 
proton distribution and density as well as on the elec-
tron environment of nuclei together with the used 
MR imaging parameters (namely repetition time TR 
and echo time TE). As such, MRI can provide vari-
ous image-weightings and information on water and 
proton distribution in an imaged sample. Previous 
magnetic resonance investigations include drying 
experiments of pulp (Heikkinen et al. 2006) and card-
boards (Harding et al. 2001) as well as moisture accu-
mulation in paper (Leisen et  al. 2001, 2002; Borde-
nave et al. 2007). However, investigations on moisture 
accumulation in corrugated board are missing.

Materials and methods

In this work, the differences in water vapor uptake 
of different paperboard materials in a layered struc-
ture were investigated with MRI. The measurement 
setup was designed similarly to previous paperboard 
moisture permeation studies with MRI (Leisen et al. 
2001, 2002) consisting of a source for moisture (liq-
uid water), air cavity and the paper sample although 
in this work the measurement setup contained a stack 
of paperboard sheets with a fixed distance between 
each layer. This multi-layer assembly was constructed 
to simulate the structure of a double-wall corrugated 
board.

Simulated corrugated board assembly

The paperboards investigated in this work were 
200 g/m2 flutings (designated as Fluting A, B, C-a), 
a 160  g/m2 fluting (Fluting C-b) and a 160  g/m2 
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liner manufactured by a major European paperboard 
producer (Table  1). Circular disks with a diameter 
of approximately 5  mm were constructed from the 
paperboard samples using a hole punch. The samples 
were stacked inside a PVC (polyvinylchloride) tube 
together with 3-D printed cylindrical rings as spac-
ers between the paperboard disks to ensure a fixed 
distance between the paperboards and to avoid direct 
convection of water (Fig. 1.). Altogether two fluting 
and three liner paperboard sheets were placed in this 
configuration (i.e. double-wall structure).

For pre-treatment, the paperboard sample stack 
housed inside a PVC tube was placed into a con-
tainer with a relative humidity (%RH) of approxi-
mately 35% or 75% obtained with a saturated MgCl2 
or NaCl solution, respectively. The temperature and 
%RH were monitored using an Arduino-based sys-
tem and a digital relative humidity and temperature 
sensor (Telaire T9602-3-D, Amphenol Advanced Sen-
sors, St. Mary’s, PA) for approximately two weeks 
prior to MR imaging to ensure adequate time for the 
humidity in the paperboards to equilibrate (Table 2). 
All pre-treated paperboard assemblies consisted of an 
alternating liner-fluting structure consisting of three 
liners and two flutings. Furthermore, preliminary, 
non-pretreated paperboard assemblies consisting only 
of Fluting C-a or C-b (200 or 160 g/m2, respectively) 
as a five-layer structure were investigated with MRI.

After the preparatory steps, the PVC tube con-
taining the paper assembly was sealed on the oppo-
site end using Parafilm M film (Bemis Company, 

Table 1   Naming 
convention and information 
for each paperboard utilized 
in this work

Designation Fiber composition Material properties Gram-
mage (g/
m2)

Fluting A Mix fiber fluting, mostly virgin fiber Sized 200
Fluting B Mix fiber fluting, mostly virgin fiber Non-sized 200
Fluting C-a Virgin fiber semichemical fluting Non-sized 200
Fluting C-b Virgin fiber semichemical fluting Non-sized 160
Liner Layered mix of virgin and recycled fiber Sized 160

Fig. 1   The experimental setup. Vertical (a) and horizontal 
(b) cross-section schematics of the measurement setup inside 
a cylindrical outside diameter 10 mm NMR tube. The paper-
board disks (liner and fluting) were vertically stacked inside 
one end of a PVC tube (polyvinylchloride) and separated with 
3-D printed hollow cylinder PLA spacers (polylactic acid) 
approximately 2 mm in height. The PVC tube was sealed from 
the other end to avoid water vapor permeation. The paper-
board disks and PLA spacers housed inside a PVC tube were 
placed inside an NMR sample tube with water on the bottom. 
To avoid water evaporation from the NMR tube, the NMR tube 
was also separately sealed from the open end
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Inc., Neenah, WI) and placed inside an outside 
diameter (O.D.) 10  mm NMR sample tube with 
deionized water at the bottom (Fig.  1.). The NMR 
tube was also sealed with Parafilm to minimize 
water evaporation during MR imaging. Immedi-
ately after, the NMR tube containing the paper-
board assembly was placed in the MRI scanner after 
which the device was calibrated.

Magnetic resonance imaging of simulated corrugated 
board

The MRI was conducted using an 11.7  T vertical 
magnet with microimaging capabilities (500  MHz 
Ultrashield, Bruker Biospin GmbH, Rheinstetten, 
Germany) controlled with the accompanied soft-
ware (ParaVision 6.0.1. and TopSpin 3.1.). MR 
imaging was conducted at room temperature using 
a commercial volume/saddle 10  mm 1H RF coil 
housed inside a Micro5 probe (Bruker) with a max-
imum gradient strength of 3  T/m in all three spa-
tial directions. The MRI scanner was iteratively 
shimmed and on-resonance frequency (0  Hz) was 
set to that of the largest and narrowest peak (water). 
Power was automatically adjusted by the device 
as water signal was present in the field-of-view 
(FOV) between the PVC tube and the NMR tube 
housing. A smaller peak, possibly from PVC tube 
and/or paperboards, was also observable. Equal 
receiver gain was set to all consecutive MRI experi-
ments to allow comparison between the time points. 
The pulse sequence utilized for MRI was a spin 
echo sequence (rapid acquisition with relaxation 
enhancement, RARE, with echo train length of one) 

with a repetition time (TR) of 1000  ms, and echo 
time (TE) of 2.1  ms. A single slice with 32 aver-
ages was obtained with a slice thickness of 5 mm, 
and a field-of-view (FOV) of 2  cm × 1  cm with an 
isotropic in-plane spatial resolution of 156 µm. The 
signal evolution in the paperboards was investi-
gated for approximately 40  h between 0.5 and 2-h 
intervals.

Data analysis

MRI data were processed with MATLAB (R2021b, 
The MathWorks, Inc., Natick, MA) and with aedes, 
an in-house built GUI (http://​aedes.​uef.​fi/). In the 
MR images, two reference regions-of-interest (ROIs) 
were created for background noise and water signal 
observable between the NMR sample tube and the 
PVC tube. For each MR image (examples in Fig. 2.), 
vertical signal profiles were taken as an average of 
16 horizontal pixels at the image center. MATLAB 
findpeaks was utilized for peak detection in the signal 
profile and in order to extract the signal intensities in 
the paperboards observed as signal peaks.

Results

Prior to MRI, the layered paperboard assemblies were 
pre-treated in 35% or 75% relative humidity (RH) 
using saturated MgCl2 and NaCl solutions, respec-
tively. For 75% RH pre-treated paperboard, water 
vapor uptake can be clearly observed at the beginning 
of the experiment, as well as a clear increase in the 
paperboard as a function of time (Fig.  2). Further-
more, when compared to linerboards, higher signal 

Table 2   Investigated simulated double-wall corrugated board 
configurations and their pretreatment conditions (temperature 
T and relative humidity RH) presented as average ± standard 
deviation (minimum, maximum). All assemblies consisted of 

Liner as well as Fluting A, B or C-a. For further information 
on the composition of the paperboards, the reader is referred 
to Table 1

Fluting T (°C) RH (%) Pre-treat-
ment time 
(days)

Fluting A 21.33 ± 0.50 (20.81, 23.63) 77.90 ± 1.76 (75.57, 91.46) 15
Fluting B 21.54 ± 0.65 (20.96, 24.27) 79.51 ± 2.35 (74.45, 91.00) 17
Fluting C-a 20.18 ± 0.75 (19.10, 23.00) 77.77 ± 1.72 (74.40, 86.38) 14
Fluting C-a 20.47 ± 0.76 (19.34, 23.10) 35.45 ± 0.85 (33.94, 39.42) 16

http://aedes.uef.fi/
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intensities in the fluting material are visible (Fig. 3), 
suggesting that more water is present in fluting. Simi-
lar signal behavior is observable with 35% RH pre-
treatment using saturated MgCl2.

To illustrate the signal development and thus water 
accumulation in the paperboards, the signal intensi-
ties at the peaks from the signal profiles (Fig. 3) were 
investigated as a function of time (Fig. 4). As can be 
observed from Fig. 4, after high %RH pre-treatment, 
the first fluting layer seems to accumulate more mois-
ture (higher signal intensity in MRI) than the first 
linerboard sheet even though the liner is closer to the 
liquid waterfront. Similar observation can be made 
for low %RH pre-treatment (Fig. 4d.)

Investigation of non-pretreated multi-layer stack 
assemblies consisting of varying grammage fluting 
are presented in Fig.  5. For the higher grammage 
assembly (with Fluting C-a, 200  g/m2), the sig-
nal intensity behaves more linearly, as more signal 
is observable near the liquid water and less further 
away from it. However, such linear interaction is not 
observable with the lower grammage Fluting C-b 
(160 g/m2).

Discussion

Noticeable signal increase was observed with respect 
to time for each individual sheet inside a simulated 
corrugated board (Fig.  2). It was observed that the 
signal generated in the fluting materials was generally 
higher than for the liners, suggesting that the fluting 
material may absorb more water than surrounding 

linerboards (Figs.  3 and 4). As wet or moist papers 
have reduced load-carrying capabilities, during mois-
ture permeation fluting materials may lose more 
strength than is generally expected, and thus, their 
quality and composition should be carefully con-
sidered. For the linerboard furthest from the water 
source, minimal signal increase is observable. This 
may be to an extent caused by the limited range of 
the RF coil with some contribution from a smaller 
moisture gradient experienced by the third linerboard 
compared to other linerboards.

The signal generated from the paperboards is 
clearly visible as a function of time. Moreover, signs 
of saturation of the signal intensity over a duration of 
40 h is observable (Fig. 4.). The presented data may 
be used to simulate water permeation and absorption 
in each individual sheet, which in turn could provide 
insight into the moisture profiles and creep properties 
of paperboards in corrugated board structures. Fur-
thermore, the addition of alternating ambient condi-
tions could provide valuable insight into the absorp-
tion, desorption, and permeation of water in each 
individual sheet structure in corrugated board. The 
assembly consisting of the fluting C-a and linerboard 
sheets was investigated with two separate pre-treat-
ment conditions, 75%RH and 35%RH using saturated 
NaCl and MgCl2 solutions, respectively. Although the 
preconditions were different prior to MRI, the MR 
images exhibit similar signal evolution (Fig.  3c and 
d) with higher signal from the first fluting sheet than 
the first liner sheet. Moreover, it should be noted that 
the time scales between the two experiments are dif-
ferent, with MgCl2 pretreated assembly experiment 

Fig. 2   Temporal signal evolution in paperboards with MRI. 
MR images of the simulated corrugated board assembly with 
Fluting B at different timepoints in water vapor conditions. For 
further information on the simulated corrugated board assem-

bly the reader is referred to Fig. 1 and Table 1. Bright signal 
areas on the left and right sides of the MR images are from 
liquid water between the NMR tube and PVC tube
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lasting longer. With all profiles, some form of signal 
peaks are observable at the beginning of the experi-
ment (Fig.  3) with clear increase as a function of 
time, as illustrated in (Fig. 4).

For assemblies with Fluting A and B, the second 
fluting layer (Fluting 2, in Fig. 4a and b) does not sur-
pass the second linerboard (Liner 2) at any time point. 
For the assembly with Fluting B, however, the signal 
evolution of the second fluting layer approaches the 
second linerboard (Fig.  4b). For Fluting C-a, how-
ever, irrespective of the pre-treatment, this phenom-
enon is observable; the second fluting layer signal 

surpasses that of the second linerboard. As material 
differences are present between the fluting materials 
(Table 1), the behavior may be caused by such differ-
ences. For example, the Fluting A material is sized 
(i.e. more hydrophobic) whereas Fluting B or C-a 
are not. This in turn may cause the differences in the 
observable signal increase in Fluting 2. Furthermore, 
Fluting C-a consists of virgin fiber compared to the 
mixed composition of Fluting A and B, and as such 
some properties of the flutings may have been altered, 
including water permeation.

Fig. 3   MRI signal intensity profiles of different simulated 
corrugated board assemblies. Evolution of the signal inten-
sity profile of simulated corrugated board with assemblies 
with Fluting A (a), Fluting B (b) and Fluting C-a (c–d). All 
the measurements are presented using black lines, with the six 

highlighted timepoints presented using different colors and a 
larger linewidth. Please note the differing time points for the 
highlighted measurements. For the composition of the corru-
gated board assemblies, reader is referred to Table 1. For the 
actual pre-treatment data, reader is referred to Table 2
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When compared to the other paperboards, the last 
linerboard (Liner 3 in Fig. 4) exhibits minimal signal 
evolution. This is intuitively understandable as this 
paperboard is furthest from the water vapor source. 
As such the water vapor gradient over the last liner-
board is not as high as for other paperboards in the 
assembly. It should be noted, however, that this paper-
board is also closer to the edge of the range of the RF 
coil. As such the observed signal behavior may be a 
result of a combination of these two phenomena.

Although clear signal generation is observ-
able, some limitations are present in the proposed 

simulated structure and study design. First, the cor-
rugated media could not be implemented due to the 
narrow bore size (diameter of 10 mm with the used 
RF coil) of the MRI scanner and consequently an 
even smaller paperboard sample diameter. Actual 
5  mm diameter corrugated board samples could not 
be used as the wavelength of the corrugated media 
would have been longer than the sample diameter. As 
such, corrugated board was not used due to practical 
reasons and to allow focus on the vapor permeation 
and absorption without potentially confounding geo-
metric factors. Because of this, an approximation of 

Fig. 4   Signal evolution of paperboards with respect to time. 
Signal intensity evolution at the location of the observed peaks 
(paperboard layers) using simulated corrugated board assem-
blies with Fluting A (a), Fluting B (b) and Fluting C-a (c–d). 
Signal intensities have been scaled to background noise (mini-

mum) and signal from water (maximum) for each time point 
using min–max normalization. For the composition of the 
assemblies, reader is referred to Table  1. For the actual pre-
treatment data, reader is referred to Table 2
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a corrugated medium was used by implementing a 
fixed 2  mm distance between the paperboards using 
cylindrical spacer rings. While this design avoids 
direct contact between fluting and liner paperboards, 
the design was not entirely contactless between the 
paperboards (via the 3-D printed spacers). In the 
actual corrugated board structure, the liner and corru-
gated medium are attached to one another with adhe-
sive which could also prevent, or at least limit, direct 
moisture convection. Another limitation is the relative 
humidity obtained with distilled water. Because no 
salts were used in the MRI experiments, the relative 
humidity is theoretically 100%. Furthermore, because 
of only a small amount of liquid at the bottom of the 
NMR tube, it may be depleted during the long experi-
ment due to its accumulation to the paperboards and 
elsewhere. Finally, all materials were kept in identical 
environments during the experiment, but the previous 
ambient humidity history experienced by the investi-
gated paperboards was not excessively controlled.

Some of the imaged sample assemblies were 
pre-treated in a controlled relative humidity (%RH) 
using saturated salt solutions for approximately two 
weeks. However, variation in the numeric values of 
%RH was observable. The observed variation is most 
likely caused by the measurement sensor, as the %RH 
may be calibrated, by the sensor, using the tempera-
ture value, i.e. the sensor may use the temperature 

to correct the measured %RH, which in turn induces 
some lag and changes in the relative humidity value 
reported by the sensor upon changes in the ambient 
temperature.

The presented method provides noticeable sig-
nal increase with respect to time, but as stated in 
the introduction, the measured 1H MRI signal is a 
superposition of the proton density (i.e. water con-
tent) and NMR relaxation phenomena, the propor-
tions of which are dependent on the imaging param-
eters. Thus, the obtained signal intensity may not 
be linear with water content or concentration, and 
a more complex description may be needed. Since 
the signal in 1H MRI is generated from any mate-
rial with hydrogen nuclei, for example, the hydroxyl 
(OH) groups in the cellulose may generate observ-
able signal. Furthermore, as the electron environ-
ment of 1H causes a contribution to the detectable 
signal, the expansion of the cellulose matrix may 
increase signal generated by the OH groups ampli-
fying the changes detected. It should also be noted 
that the absolute signal values, even when scaled 
to the water reference, are not entirely comparable 
between the measurements, but the temporal evo-
lution of the signal curves within a single experi-
ment are comparable. Nevertheless, the most likely 
cause for the observable signal increase is the 
absorption and accumulation of water vapor into 

Fig. 5   Signal intensity profiles of non-pretreated simulated 
corrugated board assemblies. Profiles of non-pretreated board 
assemblies consisting only of Fluting C-a (a) and Fluting C-b 

(b) with grammage 200 or 160  g/m2, respectively. Liquid 
water signal is observable in subfigure (a) at approximately 
17–20 mm
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the paperboards. In Fig.  5. fluting-only assemblies 
were investigated with no humidity pre-treatment. It 
can be observed that the signal profiles with a larger 
grammage (Fluting C-a, 200 g/m2) behave more lin-
early than those with a smaller grammage (Fluting 
C-b, 160 g/m2). As such the thickness of the paper-
boards may affect the observed signal intensities in 
the investigated paperboard assemblies.

Previous studies related to the assessment of 
paperboard, cardboard and pulp interactions with 
water using magnetic resonance techniques have, to 
our understanding, primarily revolved around MRI 
during drying (Harding et  al. 2001; Leisen et  al. 
2001; Heikkinen et  al. 2006) and on rarer cases, 
on MRI during moisture absorption using a humid-
ity source and a high grammage (two sheets of 
468 g/m2 pressed to form 936 g/m2) sheet of paper 
(Leisen et al. 2002). Moreover, assessment of water 
absorption on paper sheets with relaxation time 
measurements using NMR spectroscopy have been 
performed (Bordenave et al. 2007), i.e. without spa-
tial information. In contrast, the current study pre-
sents a novel measurement technique and spatially 
resolved magnetic resonance imaging scheme on 
water vapor absorption on a multi-layer assembly of 
paperboards. In this work, MRI was used to assess 
the accumulation of moisture into liner and flut-
ing layers of a simulated corrugated board. Current 
evaluation methods for water absorption include 
the “static gas” method where humidity increase 
caused by moisture on one side is measured on the 
opposite side of the investigated structure (Inter-
national Organization for Standardization 2021). 
Other methods include oven-drying and gravimetric 
methods where the weight difference is utilized to 
estimate water accumulation (International Organi-
zation for Standardization 2017). Whereas these 
investigative methods rely on total water accumu-
lation or permeation, MRI provides novel insight 
into the internal structures and behavior of multi-
layer paperboard assemblies. Thus, MRI could be 
utilized in scientific studies and industrial research 
and development, as it can provide spatial informa-
tion on the water accumulation and internal water 
content. However, its use in daily, continuous moni-
toring of moisture can be rather impractical. In the 
future, larger bore size MRI scanner and actual cor-
rugated board material could be used together with 
a more controlled humidity environment to obtain 

more realistic information on the water permeation. 
It should be noted however, that larger bore size 
in practice leads to smaller field strengths, poorer 
SNR and limited image resolution in the allotted 
time which could hinder the possibilities for such 
approach.

Conclusions

Magnetic resonance imaging can be used to detect 
moisture accumulation on various layers of a simu-
lated corrugated board structure. Although other 
mechanisms, such as NMR relaxation, may at least 
to an extent affect the signal formation, the proton 
density can be correlated with water accumulation. 
Further investigations with MRI are needed to obtain 
information on humidity on liner and fluting materi-
als with respect to mechanosorptive creep. In the 
future, the presented data could be used to simulate 
and model water absorption in a multi-layer paper-
board structure, and corrugated board could be inves-
tigated with MRI in alternating ambient conditions.
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