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A B S T R A C T   

Measuring moisture distributions during fast transport processes in thin porous media is a challenging task. In 
this paper, Ultra Fast Imaging (UFI) NMR is proposed as a valuable measurement technique for investigating 
moisture uptake in porous media by achieving a temporal resolution of 10 ms and spatial resolution between 
14.5 and 18 μm. This paper gives a detailed explanation about the methodology and the interpretation of the 
signal intensity. It is shown that there exist specific T1- and T2− relaxation time conditions for performing UFI 
experiments with signal-to-noise ratios that are sufficiently high. In most cases, a contrast agent is required to 
optimize these relaxation times and achieve the optimal measurement conditions. In the first part of this paper, 
both CuSO4 and Clariscan are discussed as possible contrast agents. Furthermore, it is shown that the signal 
intensity can be linked to the moisture content for water based liquids. The second part of this paper covers 
penetration experiments on porous PVDF membranes. These measurements show that the technique is able to 
measure moisture profiles during fast capillary penetration and allows to extract moisture front positions. Those 
front positions follow a linear time behavior in PVDF membranes. Lastly the NMR-measurements showed similar 
results when compared to scanning absorptometry (ASA).   

1. Introduction 

The absorption of liquids in porous substrates is an everyday phe
nomenon and crucial for applications such as paper-based microfluidics 
[1–3], printing [4–6], coatings [7,8], towels or tissues [9,10] and 
cooling of micro-electronics [11,12]. The rapid growth of these tech
nologies demand a better understanding of the physical mechanisms 
that influence the fluid flow. In most cases, liquid absorption is driven by 
the capillary pressure, in which case the liquid uptake can be described 
by models such as Lucas-Washburn’s [13] and Darcy’s law [14]. How
ever, experimental data revealed deviations from these theoretical 
models [15,16]. In the past decades, a wide variety of studies was per
formed towards the applicability of these laws for different porous sys
tems with varying time and length scales leading to refinements of the 
models. Especially in the last few years much research was conducted on 
the usage of paper due to its availability, user-friendly, low cost and 

disposability [17–19]. However, experimental verification during 
capillary uptake is challenging for a few reasons. Firstly, in case of fast 
capillary uptake the time scales of interest often go below 1 s. Secondly, 
in the case of paper sheets or membrane filters, the thicknesses of around 
100 μm form a challenge. Therefore, the measurement techniques 
should have a sufficient spatial and temporal resolution to cope with 
this. 

Some measurement methods that were used for measuring droplet 
absorption are ultrasonic liquid penetration measurements (ULP) [4,5], 
contact angle measurements (CA), automatic scanning absorptometry 
(ASA) [20] or high speed cameras [21]. All these techniques meet the 
temporal resolution but measure only parameters with global informa
tion about the droplet absorption. To gain information about the liquid 
distribution inside the porous media, assumptions about the movement 
of liquid have to be made. There have been efforts to interpret the global 
information obtained with these techniques into characteristics of the 
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fluid redistribution inside paper: i.e. the location of the absorption front 
or the liquid distribution. However, interpreting the global information 
in a correct manner becomes difficult in complex systems, such as 
printing paper, where effects like hydrophobicity, swelling or film flow 
will affect the liquid penetration in ways that are still not completely 
understood [22]. 

In these complex systems, direct measurement of the moisture con
tent with sufficiently high spatial and temporal resolution could identify 
physical phenomena such as fingering, film flow, changeable pore sizes 
and filling of intra-fibres pores [22]. This would allow to study hydro
phobic, inhomogenious or swellable porous media in which the liquid 
uptake is much more complex and still challenging to investigate. 

A promising technique to measure liquid distribution in porous 
media is Nuclear Magnetic Resonance (NMR). In previous studies, NMR 
was used to measure the penetration of water-glycerol mixtures in 
Al2O3 [23] or ink in paper [24]. Despite the promising results, con
ventional NMR systems are still unable to meet the high spatial- and 
temporal-resolution required to measure fast liquid uptake in thin 
porous media. In order to gain more spatial resolution, high-gradient 
NMR-setups are designed. Promising measurements were performed 
with an NMR-MOUSE by Mohebbi et al. [25,26]. In this study, 1D-liquid 
profiles in stacked layers with a total thickness of 600 μm were measured 
with a spatial resolution of 25 μm and temporal resolution of 0.2 s. 
Another high-gradient setup is the GARField NMR, introduced by Glover 
[27]. The GARField NMR can achieve very high gradients due to its 
uniquely designed magnetic poles leading to resolutions as high as 5 μm 
[28]. Unfortunately, measuring liquid redistribution inside porous 
layers of about 100 μm (i.e. single paper sheets) demands for temporal 
resolutions of a several milliseconds as liquid uptake occurs within 0.1 s 
[4]. Recently, it was demonstrated that by using a combination of the 

GARField setup and an ultra fast imaging (UFI) method, it is possible to 
measure in real time, the fluid distribution in thin porous media with a 
resolution of 14.5–18 μm and a minimum time resolution of 10 ms [29]. 
The technique was used to measure the liquid distributions in Nylon 6,6 
membranes during droplet penetration. The liquid profiles could be used 
to demonstrate that the liquid front scaled with pore radii, viscosity and 
surface tension as predicted by Darcy’s law. The newly introduced NMR 
technique showed promising results and provides good potential for 
investigation physical phenomena in complex porous media: especially 
in the pulp-paper industry, where due to its complex nature the liquid 
penetration inside paper is still not fully understood. 

In the previous study, the potential of the technique was highlighted 
but only limited information was given about the measurement tech
niques itself. This article provides an in-depth discussion of the ultra fast 
imaging (UFI) NMR technique, explaining the setup, pulse sequence and 
signal optimization. The goal of the given technique is to gain crucial 
information on the penetration of complex liquids penetrating in thin 
porous media. 

The article will start by explaining the GARField NMR setup followed 
by a theoretical analysis of the signal intensity that is measured with the 
UFI-NMR method. In the results section, the usage of contrast agent to 
optimize the signal intensity is demonstrated. Finally, liquid distribution 
measurements during uptake in PVDF membranes are discussed, which 
are compared with ASA - measurements. 

2. Materials & methods 

2.1. Membrane samples 

The membranes used in this study are hydrophilic polyvinylidene 
fluoride (PVDF) membrane filters produced by Durapore with a thick
ness of 110 μm. The porosity of the PVDF membrane filters are 65%. 
Pore size distributions of the membranes are measured with mercury 
intrusion porosometry (MIP), see Fig. 1a. The mean pore diameter is 
0.46 μm for PVDF membrane I and 1.4 μm for PVDF membrane II. A 
scanning electron microscopy (SEM) image of the top surface of PVDF 
membranes I is shown in Fig. 1b. Samples are prepared by taking 18 by 
18 mm pieces out of the membranes filters and fixate them on top of a 
glass cover slip with double sided tape. 

2.2. Liquid solutions 

The liquid solutions used in this study are shown in Table 1. The 
solutions are made by mixing demineralized water type 1, glycerol and 

Fig. 1. (a) pore size distributions for PVDF membrane I (black) and PVDF membrane II (orange) measured by MIP. (b) SEM image of the top side of PVDF 
membrane I. 

Table 1 
The liquids used in this study and their physical properties.   

Contrast 
agent 
(M) 

Glycerol 
(wt%) 

Viscosity 
(mPa.s) 

Surface 
tension 
(mN/m) 

CuSO4 

based liquids 
0.1 0 0.89 72.3 
0.1 25 1.89 70.7 
0.1 50 5.38 68.5 
0.1 70 20 66.1 

Clariscan based 
liquids 

0.048 0 1.09 67.3 
0.016 25 2.18 66.46 
0.008 50 6.24 64.9 
0.007 70 24.10 62.95  
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in case of the NMR-experiments a watery solution containing either 
Clariscan or CuSO4. The glycerol (> 99.0% purity) has a density of 
1.26 g/cm3 and is used to tune the viscosity of the liquid solutions. 

Clariscan (C16H25GdN4O8) and CuSO4 are both contrast agents 
that are added to manipulate the NMR-characteristics of the solution. 
CuSO4 (99,7% purity) is provided by Merck in powder form and Clar
iscan is a Gadolinium based contrast agent used in medical MRI [30]. 
The Clariscan is provided in a water like solution with a concentration of 
279.3 g/ml, which is equivalent to 0.5 mmol/ml. It has a pH between 6.5 
and 8, a density of 1.349 g/ml and a viscosity of 3.0 mPa.s at room 
temperature [31]. 

Viscosity and surface tension for the CuSO4 solutions are taken from 
literature [32]. For the Clariscan solutions, the viscosities are measured 
with an Anton Paar MCR302 rheometer (20 ◦C) while the surface tension 
are determined using the pendant drop method [33]. The surface tension 
for the Clariscan solutions are 5–7% lower than the once found for a pure 
water-glycerol mixture. This is however due to a systematic error within 
the pendant drop method, because pure water-glycerol mixtures gave 
the same lower values. 

2.3. Automatic scanning absorptometer 

The Automatic Scanning Absorptometer (ASA) [34] is a device that is 
similar to the more know Bristow wheel [35]. The ASA setup used in 
these experiments is the Kumagai Riki Kogyo (KM 500 win). The device 
is able to measure the absorbed liquid on timescales ranging from 10 ms 
to 10 s. ASA setup uses a spiral-scan device, meaning that the tracks that 
are made are spiral in nature. 

In the experiment, a glass capillary is filled with the desired liquid 
followed by the fixation of the porous sample on a turntable. Thereafter, 
the liquid within the glass capillary will be brought in contact with the 
porous sample by using a scanning head. Due to capillary forces, the 
liquid starts to penetrate inside the membrane and is drown out of the 
glass capillary. During the measurement, a sensor will track the move
ment of the liquid as meniscus in the glass capillary. This sensor 
movement together with the inner diameter of the glass capillary are 
then used to calculate the transferred liquid (TLV), which has penetrated 
in a specific area (A

[
m2]) during a specific contact time (t(s)). By 

accelerating the turntable, the time can be varied between 10 ms and 
10 s. The area of absorption (A) is equal to the dimensions of the nozzle 
which in this research had a width of 1 mm and a length of 5 mm. The 
same nozzle is used for all experiments. 

3. Ultra Fast Imaging (UFI) method for fast high-resolution 1D 
imaging 

NMR (Nuclear Magnetic Resonance) imaging can be used for 
measuring liquid distributions in porous media. In this section the the
ory and setup behind the UFI method is introduced. First, the theoretical 

basis to measure 1D-liquid profiles using NMR is discussed. Second, the 
GARField-NMR is introduced and thirdly, the signal intensity and 
method behind UFI are explained. 

3.1. Basic theory 

NMR can be used to image nuclear spins and therefore 1H atoms. 
Before a signal can be recorded, the spins are aligned using a static 
magnetic field with magnitude B0[T], which by convention points into 
the z-direction. Besides the main magnetic field, a magnetic gradient 
G[T/m] is used to encode spatial information. Spins that experience a 
magnetic field B[T] will resonate at a typical frequency, f [Hz], deter
mined by the magnitude of the magnetic field and the magnetic gradient 
according to: 

f (x) =
γ

2π (B0 +Gx) (1)  

where f [MHz] is the Larmor frequency and γ[rad.MHz/T] is the gyro
magnetic ratio, which for hydrogen is 267.40 rad.MHz/T and x[m] the 
position of the atoms. By using a Fourier transformation, the different 
frequencies can be extracted which provides information about the local 
moisture content in space. Signal is generated by exciting the atoms with 
a radio frequency (RF) pulse send by an RF-coil. The same RF-coil is also 
used to measure the NMR-signal. Directly after excitation, the spins start 
to relaxate back to their equilibrium due to spin-spin or T2-relaxation 
and spin-lattice or T1- relaxation with characteristics timescales T2[s]
and T1[s]. The final signal intensity is proportional to the density of 
hydrogen atoms ρ

[
kg/m3] and can be expressed by, 

S∝ρ
[

1 − exp
(

−
tr

T1

)]

exp
(

−
te

T2

)

, (2)  

where tr[s] is the repetition time and te[s] is the echo time, both pulse 
sequence parameters set by the user. 

3.2. GARField NMR 

The NMR-setup used in this research is based on the GARField 
method, which was introduced by Glover et al. [27]. This is one of the 
few NMR designs that is capable off imaging the moisture profile in thin 
layers with sufficient spatial resolution. A detailed review about the 
ability and working of this NMR-setup is given by Nicasy et al. [28]. 
Here, we only give the necessary information required to understand the 
working of UFI-method. A picture and schematic representation of the 
setup are shown in Fig. 2. The main difference between the GARField 
NMR and a conventional NMR-setup are the special designed magnetic 
poles [36,37]. The poles have a curved shape that can be seen in Fig. 2. 
Because of these poles, the gradient of the GARField NMR can go up to 
44 T/m. Because spatial encoding is directly linked to the gradient 

Fig. 2. a: Picture of the NMR-setup and droplet insert. b: Schematic representation of the NMR-setup.  
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(eq.1), the achievable resolution of the GARField setup is much higher 
than in case of conventional NMR systems. Commonly reported reso
lutions are between 5 and 15 μm [28]. The maximum theoretical reso
lution (Δr) that can be achieved is given by: 

Δr =
1

γGxΔta
, (3)  

with Gx[T/m] the gradient and Δta[s] the acquisition time. Typical values 
for Gx and Δta are 40 T/m and 50 μs which results in a theoretical res
olution of 11.7 μm. Because both Gx and γ are fixed, increasing the 
resolution can only be achieved by increasing Δta. However increasing 
Δta will lead to more relaxation and a drop of the signal-to-noise ratio. 

Excitation of the hydrogen atoms and recording the signal intensity is 
done by an RF-coil. A signal profile is measured using a single pulse 
sequence in the presence of a constant gradient. Afterwards, a Fourier 
transform of the echo is used to build up a signal profile [38]. The RF- 
coil is located as close as possible to the measurement area to have the 
highest possible signal-to-noise ratio. A drawback of this design is a 
decrease in signal intensity when moving away from the RF-coil. This 
leads to a coil-profile and a limitation in the maximum Field-Of-View 
(FOV) that can be achieved with the NMR-setup. The FOV in these 

experiments is typically limited to 400 μm. 
To jet droplets on top of the samples, a syringe is used, shown in 

Fig. 2a. After ejection, the droplet is detected by an Omron droplet 
sensor type EE-SX3070. The sensor is connected via an Arduino to the 
NMR setup which triggers the measurement when a droplet is detected. 

3.3. Pulse sequences  

• Saturation recovery (T1-time) 

Measurements of the T1-relaxation time are performed by a satura

tion recovery sequence given by:
[
α◦

y − τ1

]

m
− τ2 − 90

◦

x − τ − 90
◦

y − echo, 

where m denotes the amount of saturation pulses and α represents the 
flip angle [28,39].  

• Ostroff-Waugh (T2-time) 

Measurements of the T2-relaxation times are performed by an 
Ostroff-Waugh (OW) [28,40] sequence given 

by
(

α◦

x − τ −
[
α◦

y − τ − echo − τ
]

N

)
, where N denotes the amount of 

Fig. 3. Schematic representation of the UFI - pulse sequence.  

Fig. 4. a: Contour plot showing the theoretical signal intensity in function of the repetition time (ms) and concentration of contrast agent (mmol/ml) for a fictive 
contrast agent having the following relaxation characteristics: 1/T2 = 1/0.010 + 3500C and 1/T1 = 1/3 + 3200C. b: Signal intensity in function of contrast agent 
concentration for a repetition time of 10 ms, which corresponds to the orange line in figure a. Shown in dotted blue and black lines are the T1- and T2- factor found in 
eq. (4). 
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echoes that are measured and α represents the flip angle. In this 
research, the OW sequence is used instead of the more frequently used 
CPMG sequence because of the constant flip angles in the OW sequence. 
A CPMG will use both 90◦ and 180◦ pulses. Because the excitation 
profiles depends on the pulse type [41], it is preferred to use only one 
pulse angle and ensure a constant excitation profile.  

• Fast Pulse Sequence (Signal Intensity) 

To measure liquid distributions with sufficient temporal resolution, 
our method combines two main ingredients: summation of the echoes 
which ensures a rapid increase in the signal-to-noise ratio and short
ening of the T1-relaxation time of the solution by adding a contrast 

agent. Both the echo summation and the shortening of the T1-relaxation 
time will be discussed in more detail in this section. 

The signal intensity during fast liquid uptake is measured with an 
adaptation of the OW-pulse sequence [40], and is given by, 90◦

x − τ −
[
90◦

y − τ − (echo) − τ − 90◦

− y − τ − ( − echo) − τ
]

N
, where N is the 

amount of repetitions within one measurement. A schematic represen
tation of the pulse sequence is given in Fig. 3. The difference compared 
to the OW-sequence is alternating between positive (90◦

y) and negative 
(90◦

− y) flip angles, instead of only using positive flip angles. Conse
quently, positive and negative echoes will be created in alternating 
fashion. 

The final signal intensity is calculated by adding all N positive echoes 
together with the negatives of the N negative echoes. Because the signal 
is measured in one single measurement, in the presence of a constant 
gradient, a Fourier transformation is required to transfer the signal in
tensity to signal profiles. The reason for adding up the different echoes is 
to have a fast increase in S/N-ratio while flipping the echoes ensures that 
after addition, the constant background noise is cancelled. The downside 
of doing a summation over all echoes is that the measured profiles will 
become T2-weighted. In a CPMG measurement, the different echoes can 
be used to discriminate between multiple T2-times, which provides in
formation about multiple hydrogen pools. This becomes impossible 
within our UFI-measurement. 

The intensity of one echo is given by eq. (2). Therefore, the total 
signal intensity can be written like: 

S = ρ
(

1 − exp
(

−
tr

T1

))
∑2N

n=1
exp
(

− n
te

T2

)

. (4) 

This equation is a geometric series and can be rewriting into: 

S = ρ
(

1 − e−
tr
T1

)
[

e−
te
T2 − e− (2N+1) te

T2

1 − e−
te
T2

]

. (5) 

A detailed derivation of eq. (5) can be found in Appendix A. 
In our experiments N was set to 16 leading to the summation of 32 

echoes (16 positive and 16 negative echoes). In this study, the pulse 
length (t90) was equal to 1 μs and the echo time (te = 2τ) was equal to 
50 μs leading to a measurement time (tp) of 1.6 ms for one moisture 
profile. 

Before a next profile can be measured, the hydrogen nuclei need to 
relax back to their equilibrium condition, where the repetition time (tr) 

Table 2 
NMR-relaxation properties of Clariscan and CuSO4 in different water-glycerol 
mixtures, found in eq. 6 and 7. T2bulk and T1bulk are the relaxation times for 
pure water-glycerol mixture (no contrast agent added).   

Glycerol 
(wt%) 

T2bulk 

(ms) 
T1bulk 

(ms) 
R2 

(ms− 1 M− 1) 
R1 

(ms− 1 M− 1) 

Clariscan 
Based liquids 

0 10.7 2480 5.13 ± 0.54 4.48 ± 0.32 
25 15.00 1480 9.29 ± 0.34 7.66 ± 0.16 
50 22.9 980 17.10 ± 1.15 23.52 ± 1.34 
70 31.9 300 46.34 ± 0.54 34.35 ± 1.65 

CuSO4 based 
liquids 

0 10.7 2480 0.74 ± 0.03 0.62 ± 0.02 
25 15.00 1480 1.25 ± 0.04 0.99 ± 0.03 
50 22.9 980 2.91 ± 0.10 1.91 ± 0.18 
70 31.9 300 5.34 ± 0.08 4.16 ± 0.17  

Fig. 5. Decision Tree for deciding which contrast agent should be used.  

Fig. 6. a: Comparison between the signal intensity predicted based on the relaxation characteristics of a clariscal solution of 0 wt% glycerol (lines) and measurements 
by UFI (points) Both are given for different repetition times. b: Same graph but for different water-glycerol concentration, with the same long repetition time 
of 25 ms. 
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should be tr > 3T1. This condition is chosen instead of the more 
frequently used condition tr > 5T1, because waiting an extra 2T1 would 
only increase the signal intensity from 95% to 99% but almost doubles 
the measurement time. Because in our case measurement time is the 
most important factor, the first condition is chosen. The time between 
two profiles is therefore tm = 3T1 + tp = 3T1 + 1.6ms. 

From eq. (4), it becomes clear that in order to do fast imaging, a low 
T1 and long T2 are required. When profiles are required for example 
every 25 ms, the signal intensity of normal water (T1= 3 s) will reduce to 
zero because of a T1-factor of 0.0083. Therefore, no signal can be 
measured using normal water, similar to most liquids. To solve the 
problem of signal loss, an NMR-contrast agent is added to decrease the 
T1-time to meet the condition tr ≥ 3T1 which ensures a 95% signal re
covery. A second condition for the T2-time should ensure that the signal 
intensity of the Nth - echo is still high-enough to be measured. For 
simplicity, a signal intensity of 37% is chosen, leading to the condition: 
Nte ≥ T2. 

Measurement conditions:  

• time between profiles = tr ≥ 3T1  
• time to measure one profile = Nte ≥ T2 

This results in a measurement time of tm = tr + Nte ≈ 3T1 + T2. To 
find the optimum signal intensity, the impact of the concentration of 
contrast agent should be investigated, this is discussed in the following 
sections. 

3.4. Signal characterization and calibration 

In this section, a better understanding of the signal intensity and the 
corresponding signal optimum is given. Because the signal intensity is 
T2- weighted and the T1-condition (tr ≥ 3T1) cannot always be simul
taneously fulfilled, the resulting signal intensity is a function of con
centration of contrast agent. Our first step is a theoretical discussion on 
the effect of a contrast agent on the signal intensity measured with the 
UFI method. In section 4, a comparison will be made with experiments. 

In order to control the T1- and T2-relaxation time, contrast agents are 
used. The effect of a contrast agent on both relaxation times is given by 

Fig. 7. a: T2-relaxation data measured in different porous media for demi water (black), CuSO4 solution 0.1 M (orange) and CuSO4 solution 0.2 M (blue). b: T1- 
relaxation data measured in different porous media for demi water (black), CuSO4 0.1 M (orange) and CuSO4 0.2 M (black). 

Fig. 8. a: Moisture profiles measured during penetration of a Clariscan based mixture containing 50 wt% - glycerol in a PVDF membrane with pore size 0.22 μm. b: Front 
versus t graph for the liquid profiles shown in a. 
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[42]: 

1
T2

=
1

T2bulk
+R2C, (6)  

1
T1

=
1

T1bulk
+R1C, (7)  

where c[M] is the concentration of the contrast agent. The parameters 
R1
[
M− 1S− 1] and R2

[
M− 1S− 1] are the relaxivity of the contrast agents 

[43,44]. By implementing these relations in eq. (4), the signal intensity 

as a function of the contrast agent concentration is known. A closer look 
to this equation will help in selecting the best concentration of contrast 
agent to achieve the highest signal intensity. An experiment starts by 
selecting the proper repetition time (tr) which determines the window 
between two measured liquid profile and depends on the speed of the 
physical process. Other parameters such as the ones found in eq. (6) and 
(7) are dependent on the type of contrast agent and can be found in 
Table 2 for Clariscan and CuSO4. Selecting the proper contrast agent will 
depend on the type of experiment that is performed and will be dis
cussed at the end of this chapter. 

For the theoretical discussion on the impact of a contrast agent on the 

Fig. 9. Liquid front positions in function of time measured for the different Clariscan based water-glycerol mixtures of Table 1 containing 0, 25, 50 and 70 wt% of 
glycerol on two different PVDF membranes with pore radius of 0.22 and 0.65 μm. 

Fig. 10. Liquid front positions in function of 
̅̅̅̅̅̅̅̅̅̅̅
σrt/η

√
for different water-glycerol mixtures containing 0, 25, 50 and 70 wt% of glycerol on two different PVDF 

membranes (pore radius of 0.22 and 0.65 μm) and two different Nylon membranes (pore radius of 0.2 and 0.45 μm), where the later data is taken from Nicasy 
et al. [29]. 

R.J.K. Nicasy et al.                                                                                                                                                                                                                             



Magnetic Resonance Imaging 103 (2023) 61–74

68

signal intensity, relaxivity rates for commonly used contrast agents are 
used: R1 = 3200 M− 1 s− 1 and R2 = 3500 M− 1 s− 1 [44]. T2bulk and 
T1bulkare set to 10 ms and 3 s respectively which are the values for water 
found within our GARField NMR-setup. Using these values in eq. (5), the 
signal intensity for different combinations of repetition time and con
centration of contrast agent can be determined. Fig. 4 shows a contour 
plot of the signal intensity in function of both parameters. The figure 
shows that faster measurement times will lead to lower signal intensity 
and require more contrast agent to achieve the maximum achievable 
signal intensity. 

To explain the occurrence of an optimum in the signal intensity for a 

specific concentration of contrast agent, a closer look is taken to the 
signal intensity for tr= 10 ms, marked with an orange line in Fig. 4a. The 
signal intensity for different concentrations that corresponds with this 
repetition time can be seen in Fig. 4b. Fig. 4b also shows the T1 (blue) 
and T2 (black) contributions to the signal intensity. With increasing 
concentration of contrast agent, the signal first increases. This can be 
explained by an increase in the T1-term found in eq. (4). By increasing 
the concentration of contrast agent and thus lowering the T1-time, the 
T1-condition imposed earlier (tr > 3T1) will become more and more 
fulfilled. When comparing the signal intensity to the T1-term in blue, it 
can be seen that the signal at low concentrations is T1-limited. From the 

Fig. 11. Comparison between liquid front positions measured by ASA (green) and UFI (orange) on a rescaled time axis for PVDF- and Nylon-membranes. For every 
membrane and technique, the data for all glycerol contents (0, 25, 50 and 70 wt%) is shown in similar symbols. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 12. Inverse T1- (a) and T2- (b) relaxation times in function of CuSO4 concentration for solutions containing a different water-glycerol ratio: 0 wt% (green), 
25 wt% (blue), 50 wt% (orange) and 70 wt% (black). Relaxation times were measured by saturation recovery (T1) and OW-sequence (T2). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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moment the T1-condition is met, which in this case is around 
0.05 mmol/ml, 95% of the signal will be recovered. Besides lowering the 
T1-time, increasing the amount of contrast also lowers the T2-time, 
which explains why, at a certain concentration, the signal intensity 
starts to decrease again. These lower T2-times lead to lower echo in
tensities resulting in a decrease in the T2-term found in eq. (4), plotted in 
black in Fig. 4b. By comparing the total signal intensity with the T2- 
term, it can be seen that the signal intensity is dominated by the T2-effect 
at higher concentrations. 

This simultaneous decrease in T2- and T1- time when increasing the 
contrast agent concentrations explains the optimum in the signal in
tensity. Therefore, the proper concentration of contrast agent should be 
determined for every liquid mixture in order to have the best Signal-to- 
Noise. 

3.5. Selecting the right contrast agent 

Preparing a solution for the NMR-experiment starts by identifying 
the typical timescale of the physical process t*[s] that want to be inves

tigated and the T1 time of the liquid solution. When the t* > 3T1, signal 
recovery is fast enough to ensure 95% signal intensity and no contrast 
agent is required. If t* < 3T1, initial signal recovery is to slow and 
contrast agents are required to decrease T1. 

In this project, two contrast agents were used, i.e. CuSO4 and Clar
iscan. If the liquid is stable in a salt like environment, CuSO4 is prefer
able because it has the smallest effect on viscosity and surface tension. 
However, in case the solution is unstable in a salt-like environment, the 
case for most colloidal systems, Clariscan will be used. Clariscan will 
slightly increase the viscosity, but, due to its inert nature, will not 
interfere with the particle stability and is therefore preferred. 

3.6. Settings and NMR-parameters used in this study 

The GARField setup in this study has a Gxof 40.3 T/m, a B0 of 1.46 T 
which corresponds to a Larmor frequency of 60.5 MHz The best mea
surement conditions with respect to the S/N-ratio, measurement time 
and resolution was achieved with an echo time of 50 μs and an acqui
sition time of 40 μs which was kept constant throughout the 

Fig. 13. Fast Sequence signal intensities data for CuSO4 containing solutions predicted by the contrast agent relaxivities (lines) and experimental results (points). The 
figures show the values for different glycerol contents (0 wt% (a), 25 wt% (b), 50 wt% (c) and 70 wt% (d)) where in every graph the values are given for different 
delay times marked with varying colours. 
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experiments. These specific values resulted in a theoretical resolution of 
14.5 μm. The experimentally determined spatial resolution is 18 μm, 
slightly higher than the theoretical resolution. The tr was varied between 
10 and 25 ms depending on the speed of penetration. 

The RF-coil used in these experiments has a diameter of 4 mm which 
represents to the total measurement area. The measured signal intensity 
also depends on the distance with respect to the RF-coil. To correct for 
this coil-profile, all measurements are corrected with a CuSO4 reference 
sample from which the proton density is known. A CuSO4 solution is 
used instead of water, because of its shorter T1-time and therefore 
shorter measurement time. The FOV of our setup was 300 μm. 

4. Results 

4.1. The relation between signal and contrast agent 

In the previous section, the effect of a contrast agent on the signal 
intensity was explained theoretically. In this section, an experimental 
verification of eq. (4) will be given, by comparing UFI measurements of 
the signal intensity with predictions based on the T1- and T2-relaxation 
characteristics of the liquid. The comparison was performed for water- 
glycerol mixtures containing varying amounts of Clariscan and CuSO4. 

In the first part of the section, the relaxation characteristics of 
Clariscan and CuSO4 within different water-glycerol mixtures are dis
cussed. The data was determined with an OW-sequence (te = 50 μs, tr =
25 to 100 ms) and saturation recovery. 

Table 2 gives the results for the different relaxation parameters in 
eqs. (6) and (7). The corresponding relaxation times as a function of 
concentration can be found in Appendix B, in Fig. 12 and Fig. 15. It was 
found that increasing the glycerol content will increase the relaxivity for 
both Clariscan and CuSO4. This is in line with findings of other research 
groups, showing that increasing the viscosity will enhance the effect of 
contrast agents [45]. 

Furthermore, it was found that the bulk T1-time lowers with 
decreasing the amount of glycerol, while the opposite happens with the 
bulk T2-time. The increase of the T2-relaxation time can be related to a 
decrease in diffusion when adding glycerol. In previous research, it was 
proven that with high gradients, the T2-time can be approximated by 
T2 ≈ 1/

(
αγ2G2Dt2

e
)

[8]. Therefore, the increase in T2 - time is a direct 
result of the effect of glycerol on the diffusion coefficient. An opposite 

behavior is observed for the T1-relaxation time where increasing the 
viscosity will decrease the relaxation time in accordance with the 
Bloombergen-Purcell-Pound (BPP) theory [46]. In most studies, 
gadolinium-based contrast agents are tested in solutions mimicking 
blood plasma because of its medical applications. Most reported values 
are around 5 ms− 1 M− 1 [44,47]. The result of normal water is quite close 
to the reported value, too be expected as blood plasma consists mostly of 
water. 

When the relaxation parameters are known, a prediction of the signal 
intensity as a function of contrast agent can be made by implementing 
the values from Table 2 in eq. (4). Results of this prediction for the 
water-Clariscan mixture (0 wt% glycerol) are shown by lines in Fig. 6a. 
The colours are used to mark different repetition times. Furthermore, 
Fig. 6a shows experimental values measured by UFI (marked with dots). 
This graph shows that there is a good correlation between the prediction 
(based on the relaxation characteristics of the contrast agent) and the 
experimental results. Using the graph, the optimum Clariscan concen
tration can be determined for every desired repetition time. As found in 
section 3.4, lower repetition times results in lower maximum achievable 
signal intensity and an increase in contrast agent. Similar optimalization 
curves for all different mixtures can be found in Appendix B. 

Fig. 6b shows the signal intensities for different water-glycerol con
tents, but for the same repetition time of 25 ms. For the same repetition 
time, the optimum concentration moves to the left with increasing 
glycerol content. As a consequence, a lower amount of contrast agent for 
higher glycerol contents is required to achieve optimal signal intensities. 

Because the UFI-method relies on a short T1-relaxation time, a 
contrast agent is mandatory in most liquids, as explained in Fig. 5. In this 
part, we showed that the method can be used for liquids with a wide 
variety of viscosity’s. However, for low viscosity liquids with a high 
penetration speed, the method breaks down when no soluble contrast 
agent is available. This puts some limits on the types of liquids that can 
be used within our UFI-measurements. 

4.2. Signal calibration in porous media 

The main goal of UFI method is to measure liquid distributions in 
thin media on timescales as low as 10–100 ms. From eq. (5), it is known 
that S∝ρbut also depends on T1 and T2. These relaxation times can be 
influenced by the porous media due to surface relaxation or reducing the 

Fig. 14. Inverse T1- (a) and T2- (b) relaxation times in function of Clariscan concentration for solutions containing a different water-glycerol ratio: 0 wt% (green), 
25 wt% (blue), 50 wt% (orange) and 70 wt% (black). Relaxation times were measured by saturation recovery (T1) and OW-sequence (T2). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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diffusion. These effect are well described by Brownstein and Tarr [48]. 
To test if the relaxation times depend on the nature of the porous media, 
relaxation times of typical solutions used in the fast sequence and 
demineralized water are determined in different porous media. The 
measured T2 and T1-relaxation times are shown in Fig. 7. 

From these measurements, it is concluded that for normal water, the 
pore space influences the relaxation times and the resulting signal. The 
T2- relaxation time for water increases with decreasing pore radius, 
which is the result of confining the hydrogen atoms and lowering the 
effective diffusion coefficient. This effect is clearly observable for dem
ineralized water. In these measurements, the T2-relaxation time was 
measured with an echo time of 50 μs. With a diffusion coefficient of 
2.1⋅10− 9 m2/s, this results in a diffusion distance of 

̅̅̅̅̅̅̅̅̅̅
2Dte

√
= 458nm. If 

the pore radius is larger than the typical diffusion length, the relaxation 
behaves similar to that of a free solution, resulting in comparable 
relaxation times for free water and the once found in PVDF-0.65. For 
smaller pore radii, the diffusion distance will change to 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2Deff te

√
where 

Deff depends on the pore space. The diffusion contribution to the 

relaxation time, will become less profound with higher concentrations of 
contrast agent. If one would compare the signal intensity of the CuSO4 
0.2 M solution (T2=6 ms) with the one found in PVDF 0.2 (T2=7 ms), the 
signal measured by the fast pulse sequence would only increase from 
0.875 to 0.89. This increase is only 1.5% and is much lower than the 
actual noise found within the system. Therefore it can be concluded that 
the pore radius will not influence the final signal intensity. 

For the T1-time, the pore space has a negative effect on the relaxation 
of normal water. An increasing surface to volume ratio means more 
surface relaxation and a lower relaxation time. From these measure
ments it can also be observed that PVDF has less surface relaxivity than 
Nylon, because for the same pore radius, the PVDF has a higher 
T1-relaxation time. However when high amounts of contrast agents are 
used, the effect of the contrast agent is much more dominant and the 
relaxation time will be unchanged for the different pore spaces and so
lution. 

Therefore, it can be concluded that the pore space will only influence 
the relaxation times for demineralized water. However, when contrast 

Fig. 15. Fast Sequence signal intensities data for CuSO4 containing solutions predicted by the contrast agent relaxivities (lines) and experimental results (points). 
The figures show the values for different glycerol contents (0 wt% (a), 25 wt% (b), 50 wt% (c) and 70 wt% (d)) where in every graph the values are given for different 
delay times: 1000 ms (black), 100 ms (orange), 50 ms (blue), 25 ms (green), 10 ms (yellow). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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agents are added, the effect of the contrast agent is much more dominant 
and the pore space has no significant effect on the final signal intensity. 
In case of our experiments, the amount of contrast agents is high enough 
to consider that the T1 and T2times are purely determined by the liquid 
properties and not by the porous matrix. Therefore, we take that any 
change in signal intensity can be related to a change in the hydrogen 
content (ρ). 

4.3. Measuring liquid distribution profiles during imbibition 

4.3.1. Ultra fast imaging of liquid profiles 
Liquid penetration experiments were performed by jetting droplets 

on top of PVDF-membrane filters. After jetting, the UFI method is used to 
measure liquid distribution profiles during imbibition. By investigating 
the shape and position of the liquid front and the signal profiles, details 
of the fundamental processes can be obtained. Liquid distribution pro
files of the Clariscan based mixture containing 50 wt% - glycerol from 
Table 1 penetrating inside a PVDF membrane with pore size 0.22 μm are 
plotted in Fig. 8a for different times during penetration. The signal in
tensity is given with respect to a fully saturated sample containing the 
same test liquid. The profiles are measured every 26.6 ms and are 
indicated with different colours. The black line with almost no signal is 
the signal intensity measured just before the droplet hits the membrane. 
By looking at the profiles, three different regions can be distinguished: 
the droplet on top of the substrate (x < 0 μm), the membrane 
(0 < x < 165 μm) and the glass plate (> 165 μm). Every region has its 
own signal intensity, the droplet with signal intensity 1, the membranes 
with signal intensity 0.65 and the tape with signal intensity 0. The 
droplet has a signal intensity of 1, meaning that the area is fully satu
rated with liquid. The membrane, however, has a maximum signal in
tensity of 0.65 indicated with a blue dotted line. Because the signal 
intensity is independent of the interaction between spins and the 
membrane, see section 4.2, the signal reflects the level of liquid satu
ration. If a fully saturated porous membrane is assumed, the final signal 
intensity reflects the porosity of the system which in this case corre
sponds to 0.65. This value is the same as the porosity measured by MIP 
which indicates that almost no air is trapped within the porous media 
after penetration. The profiles show that within PVDF membrane filters 
the liquid imbibes with a sharp front. 

4.3.2. Liquid front penetration seen from profiles 
Using these liquid profiles, a front position is taken at half the 

maximum signal intensity (0.33). The front positions for every liquid 
profile is marked in Fig. 8a with a square in the same colour as the 
corresponding liquid profile. In Fig. 8b, the front is plotted as a function 
of t where the same colours are used and where the straight line is drawn 
as guide to the eye. This plot shows that the penetration follows a linear 
time behavior which deviates from the earlier found results on Nylon 6,6 
membranes that scaled with √t [29]. 

4.3.3. Liquid penetration as function of pore radius and viscosity 
To investigate the effect of viscosity, surface tension and pore radius, 

the experiment was repeated for all Clariscan based liquids containing 
different glycerol contents (Table 1) and different PVDF membranes. 
Fig. 9 shows the fluid front positions for all experiments. From this 
figure, it can be seen that the imbibition speed decreases with increasing 
glycerol content and with decreasing pore radius. 

4.3.4. Comparing liquid penetration in Nylon and PVDF membranes 
To compare the measurement on PVDF with earlier experiments on 

Nylon 6,6 membranes from reference [29], the data is plotted as func
tion of 

̅̅̅̅̅̅̅̅̅̅̅
σrt/η

√
in Fig. 10. The rescaling is based an a 1-D Darcy model, 

which predicts the fluid front position to be: (l2 =

4(K0cos(θ)/ϕ )(σrt/η)). In our previous article it was proven that in these 
particular systems, the penetration can be assumed to be 1D and that the 

model works for Nylon 6,6 membranes [29]. After rescaling, the Nylon 
and PVDF measurement follow two different master curves shown in red 
(Nylon) and blue (PVDF). In Nylon, penetration follows a square root of 
time behavior as predicted by Darcy, whereas PVDF does not. Kuijpers 
et al. observed a similar effect when measuring the absorption of water- 
glycerol mixtures in PVDF membranes with ASA [34]. 

A second observation drawn from the figures is that the penetration 
inside nylon membranes happens much faster. As the measurements are 
rescaled with 

̅̅̅̅̅̅̅̅̅̅̅
σrt/η

√
, the faster penetration cannot be linked to one of 

these parameters. Also both porosity’s are quite similar, which was 
found by the NMR-profiles. Therefore, there should exist a difference in 
K0 or θ between both membranes to explain the observed behavior. 
Possible reasons could be differences in fiber orientations or tortuosity 
[49]. 

4.4. ASA experiments 

In the last section, the results found by the UFI are compared to ASA. 
Fig. 11 compares the NMR-data and ASA-measurements, where the 
NMR data is plotted in orange and the ASA data is plotted in green. The 
data is shown for both membranes (PVDF,Nylon) and for all glycerol 
contents (0, 25,50 and 70 wt%). ASA-measurements were performed 
using liquids with the same water-glycerol ratios, but without the 
contrast agent on both Nylon 6,6 membranes. Data for the PVDF 
membrane with a pore radius of 0.22 μm were taken from a previous 
study performed by Kuijpers et al. [34]. The NMR data for PVDF 
membranes are taken from Fig. 11 while the NMR data for the Nylon 
membranes are taken from our earlier work [29]. 

This figure shows that the measured liquid fronts for NMR and ASA 
are in good comparison, underlining again that both techniques show 
similar results. 

5. Conclusion 

In this paper an Ultra Fast Imaging (UFI) NMR method was intro
duced that is able to measure moisture profiles during imbibition with a 
temporal resolution of 10 ms and spatial resolution of 14.5–18 μm. 

Before a liquid imbibition process can be measured, the signal in
tensity is optimized by the addition of a contrast agent. In this study two 
main contrast agents were studied, namely Clariscan and CuSO4. For 
both contrast agents, an optimum concentration could be determined 
with a theoretical model, which was based on the relaxation charac
teristics of the corresponding contrast agent. It was also shown that by 
the addition of those contrast agents, the measured signal intensity was 
independent of the porous medium and was fully determined by the 
hydrogen density. 

After a clear characterization of the measured signal intensity, 
penetration experiments were performed on PVDF membranes with two 
different pore radii (0.22 μm and 0.65 μm). In the measured moisture 
distribution profiles the droplet, membrane and tape could be clearly 
distinguished. From the profiles, the porosity could be determined to be 
65% which agreed well with porosity’s measured by Mercury intrusion 
porosometry. The liquid distribution profiles in PVDF revealed a sharp 
moving liquid front, which could be used to measure the liquid front 
penetration speed for different water- glycerol mixtures and membrane 
pore radii. The liquid front penetration speed for the PVDF membranes 
showed to decrease with increasing viscosity and decreasing pore radii 
of the membrane. Different from previous measurements on Nylon 6,6 
[29] the front position could not be rescaled with 

̅̅̅̅̅̅̅̅̅̅̅
σrt/η

√
. However a 

rescaling with σrt/η was possible. The deviation could not be related to 
the effect of swelling as was proposed by Kuijpers et al. [34]. However 
further research is required to explain this behavior. 

Finally the NMR-measurements were compared to ASA measure
ments and showed good agreement. The advantage of the UFI NMR 
imaging method however is that a direct moisture profile within the 
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membrane can be measured. Being able to measure inside the media, 
allows to study more physical and chemical liquid uptake phenomenons, 
making the techniques much more valuable. 
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Appendix A. Derivation of the Ultra Fast Imaging Sequence signal intensity 

In this section, a detailed derivation is given of eq. (5). The derivation starts with eq. (4) 

S = ρ
(

1 − exp
(

−
tr

T1

))
∑2N

n=1
exp
(

− n
te

T2

)

. (8) 

For simplicity, we set x = te(1/T2) and y = ρ(1 − exp(tr/T1) ) which results in: 

S = y
∑2N

n=1
e− nx. (9) 

After rearrangement, this equation can be turned into: 

S = y

(
∑∞

n=0
e− nx − 1 −

∑∞

n=2N+1
e− nx

)

. (10) 

When using the geometric series 
(
∑∞

n=0exp( − nα) = 1/(1 − α)
)

on the first term and replacing n’ = n − (N + 1) in the last term, we end up with, 

S = y

(
1

1 − e− x −
1 − e− x

1 − e− x − e− (2N+1)x
∑∞

n’=0
e− n’x

)

. (11) 

When again using a geometric series on the last term and doing some more calculations we end up with, 

S = y
(

1
1 − e− x −

1 − e− x

1 − e− x −
e− (2N+1)x

1 − e− x

)

,

S = y
(

e− x − e− (2N+1)x

1 − e− x

)

.

(12) 

By replacing x and yagain, we end up with eq. (5): 

S = ρ
(

1 − e−
tr
T1

)
[

e−
te
T2 − e− (2N+1) te

T2

1 − e−
te
T2

]

. (13)  

Appendix B. Contrast agent characteristics in different water-glycerol mixtures 

In section 4.1, relaxation time measurements for different CuSO4 and Clariscan containing water/glycerol mixtures were introduced. Besides the 
relaxation times, also the signal intensity in function of the contrast agent was discussed and shown in Fig. 6 for a clariscan solution containing 0 wt% 
glycerol. In this appendix, graphs for the inverse T1- and T2- relaxation times are given in function of the CuSO4 (Fig. 12) and Clariscan (Fig. 14) 
concentration. Also the remaining data showing the signal intensity for varying water/glycerol mixtures containing 0, 25, 50 or 70 wt% of glycerol are 
shown in function of the CuSO4 (Fig. 13) and Clariscan (Fig. 15) concentration. 
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