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A B S T R A C T   

The performance of nano- and micro-porous materials in capturing and releasing fluids, such as during CO2 geo- 
storage and water/gas removal in fuel cells and electrolyzers, is determined by their wettability in contact with 
the solid. However, accurately characterizing wettability is challenging due to spatial variations in dynamic 
forces, chemical heterogeneity, and surface roughness. In situ measurements can potentially measure wettability 
locally as a contact angle - the angle a denser phase (e.g water) contacts solid in the presence of a second phase 
(e.g. hydrogen, air, CO2) - but suffer from difficulties in accurately capturing curvatures, contact areas, and 
contact loops of multiphase fluids. We introduce a novel extended topological method for in situ contact angle 
measurement and provide a comparative review of current geometric and topological methods, assessing their 
accuracy on ideal surfaces, porous rocks containing CO2, and water in gas diffusion layers. The new method 
demonstrates higher accuracy and reliability of in situ measurements for uniformly wetting systems compared to 
previous topological approaches, while geometric measurements perform best for mixed-wetting domains. This 
study further provides a comprehensive open-source platform for in situ characterization of wettability in porous 
materials with implications for gas geo-storage, fuel cells and electrolyzers, filtration, and catalysis.   

1. Introduction 

Wettability defines the relative affinity for one fluid to coat the 
surface of a given solid over another fluid. This relative adhesion of two 
fluids to a solid occurs widely in natural and industrial processes 
involving multiphase flows in porous media, such as CO2 sequestration 
[1,2], H2 gas production and storage [3,4] in porous rocks, and gas and 
water flows in hydrogen electrolysers and fuel cells [5–7]. In these 
systems, the wettability distribution across the solid surface is known to 
vary and has a profound effect on pore-scale flow patterns, which greatly 
influence large-scale factors such as injectivity, productivity, and re
covery in geological storage and production, and overall energy density 
and efficiency of hydrogen-based electrochemical cells [8]. 

Contact angle measurement is a widely used method for character
izing the wetting properties of a solid surface and is defined as the angle 
formed between the solid-liquid-vapor (or solid-liquid-liquid in the case 

of two immiscible liquids) triple line at the point of contact between a 
liquid drop and a solid surface, measured through the denser (usually 
aqueous) phase. There are several methods available for measuring the 
wettability of a two-fluid and solid material, including ex situ mea
surements involving the use of averaged estimates at the cm-scale such 
as the Amott and USBM indices [9], laboratory measurements on 
smooth pure mineral surfaces, and underlying numerical methods 
involving molecular dynamics [10] or modeling disjoining pressures 
[11]. These methods make the assumption of smooth surfaces and an 
absence of mineralogical or chemical heterogeneity within the pore 
space of real materials due to either averaging above the scale of the 
contact line in ex situ methods, or a limited spatial domain in molecular 
dynamics simulations. In addition, in 3D space the common contact of 
three phases forms a contact loop with its own complex geometry rather 
than the commonly used (and misleading) terminology of a common 
line. 
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In recent years, there has been increasing interest in developing 
techniques for in situ measurement of contact angle, which allows for the 
real-time determination of the wetting properties of a surface under 
operating conditions, mapped directly to the pore structure. This is 
particularly important in situations where the contact angle may change 
due to external factors such as temperature, humidity, applied pressure 
[12,13], or ongoing surface reactions [14,15]. By leveraging micro-scale 
imaging of porous media using X-ray micro computed tomography 
(micro-CT), multiphase fluid configurations are directly visible and 
measurable. Initial manual measurements on three-phase contact loops 
[16] have been successfully used for characterization [17], but their 
limited data throughput and inherent measurement biases have given 
way to automatic methods on segmented micro-CT images. These 
automatic in situ methods can have evolved from measurements using a 
segmented voxelized image of the fluids and solids [18], which struggles 
with aliasing (though deep learning has alleviated this somewhat 
[19,20]), to measurements on smoothed meshes of fluid clusters [21], 
which are reliant on accurate three-phase contact loop identification 
and smooth meshing algorithms that minimize deformation. A different 
methodology has also been proposed and implemented on pore-scale 
multiphase images involving the integration of surface curvatures of 
fluid bodies using principles of topology to determine the wettability 
[22–25], which have been shown to be less sensitive to changes in voxel 
resolution and accuracy of the three-phase contact loops as the method 
in its original form does not require identification of the solid-fluid 
interface and incorporation of the surface and contact loop orienta
tions. With these considerations, it remains unclear which of these 
methods is most suitable, and the overall availability of implementation 
of these in situ methods remains low due to the complexity of the 
methodology. In the public domain, aside from this study and its asso
ciated implementation, there exists no available repository of topolog
ical methods [22–25], while geometric implementations exist 
[18,19,21]. 

In this paper, a detailed description and associated software package 
of the most recent and widely used computational methods are pre
sented for in situ measurements of wettability in multiphase porous 
media. This includes (a) direct measurement of the geometry of 
smoothed meshes of fluid clusters; (b) integration of surface curvatures 
of fluid bodies using principles of topology; and (c) a new, more 
generalized formulation of the topological method – an extended topo
logical method. This formulation accounts for deviations associated with 
solid surface orientation, and the meshing algorithm retains sensitivity 
to three-phase contact loop identification and mesh quality. The relative 
accuracy, limitations, and advantages of these methods are explored on 
ideal cases of droplets on smooth and curved surfaces, as well as their 
relative accuracy in probing the wettability within porous media. A full 

analysis of meshing sensitivity in relation to measured wettability is 
performed, as this pre-processing step is a key limitation of these 
methods. It is found that the extended topological method performs 
similarly to direct geometric measurements on meshes for uniformly 
wetting porous systems, while the original topological method deviates 
in accuracy at intermediate wettabilities. For mixed-wet systems, geo
metric methods continue to outperform topological methods due to 
increased sensitivity to surface curvature for complex cluster geome
tries, especially in mixed-wet systems where the local contact angle is an 
important value to estimate, aside from the overall wetting character
istics of a domain. Since many materials involve the interplay between 
complex geometries and variable wetting sub-materials, the use of in situ 
measures of wettability in the characterization and design of advanced 
porous materials for fluid and energy transfer has the potential to 
significantly enhance their performance and efficiency in a variety of 
applications. 

2. Materials and data 

This study uses a series of increasingly complex meshed domains to 
(i) validate the inherent accuracy of each contact angle measurement 
method, (ii) their robustness when applied to voxelized simple geome
tries, and (iii) application to complex real porous media from simula
tions and segmented micro-CT images. These meshed domains are 
depicted in Fig. 1. 

2.1. Perfectly meshed sphere on a flat or curved surface 

To investigate the inherent accuracy in measuring the contact angle 
of a fluid body in contact with a solid surface surrounded by another 
fluid, a near-perfect spherical mesh is generated on a flat meshed surface 
by the Young-Laplace equation. The intersection of the spherical mesh 
and flat surface form the fluid-solid interface, which retains a sharp 
geometry (see Fig. 1), and is shifted along the diameter of the sphere to 
model contact angles from 2o to 178o. 

2.2. Voxelized sphere on a flat or curved surface 

Since micro-CT images (and 3D pore-scale images from other imag
ing sources) are voxelized at varying levels of detail, a surface and 
sphere are generated by the segmentation of a Euclidean Distance 
Transform in a cubic voxel domain at different resolutions. The solid 
surface in these cases is also modeled by either a flat voxel surface, or a 
spherical grain, on which the spherical phase body sits. These voxelized 
cases represent the type of geometric detail and voxel-aliasing found in 
real micro-CT images of multiphase fluid configurations in porous 

Fig. 1. Examples of the various fluid configurations tested in this study. Perfect meshes test inherent mathematical accuracy, smoothed meshes from voxelized 
volumes test sensitivity to geometrical errors, and curved/real fluid bodies test overall accuracy. 
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media. The level of detail in these domains represents both the intrinsic 
size of a phase body, as well as the imaging resolution available. 
Example configurations are shown in Fig. 1. 

It is important to mention that, due to voxel aliasing, as a sphere (or 
any geometry) is characterized by fewer and fewer voxels, the intrinsic 
intended geometry of the object deviates from the generated (or imaged) 
object. For example, the extreme case of a sphere described by a 2 × 2 ×
2 voxel domain becomes a cube. The issue of recovering the intrinsic 
geometry of such a highly aliased object is ill-posed, and this study 
addresses this issue with a convergent meshing approach outlined in 
Section 3.1.2. 

2.3. Voxelized multiphase fluid configurations in porous media: CO2/H2 
geo-storage and a proton exchange membrane fuel cell 

In voxelized images of multiphase fluid configurations in porous 
media, there exist further considerations of image quality [26,27], 
multi-label segmentation accuracy [28,29], and complex solid-fluid 
geometries beyond the simple Young-Laplace droplet mentioned previ
ously. These factors significantly increase the uncertainty of what the 
intrinsic geometry of a voxelized fluid body should be. Image noise and 
segmentation errors are key factors that cause high sensitivity in 
measuring contact angles, and is especially the case for aliasing of small 
fluid bodies and complex solid geometries. As such, this study also uses 
images obtained from multiphase fluid flow LBM simulations [30–32] 
on micro-CT images of (i) CO2 gas storage in water saturated Bentheimer 
sandstone rock, and (ii) liquid water transport in an air-saturated gas 
diffusion layer (GDL) of a Proton Exchange Membrane Fuel Cell 
(PEMFC) [6]. The sandstone domain measures 10003 voxels at a reso
lution of 5.3 μm/voxel and represents a typical target domain for CO2 or 
H2 geostorage, whereas the GDL of the PEMFC measures 2000 × 2000 ×
400 voxels at a resolution of 700 nm/voxel, representing a typical 
porous structure present in the layers of a fuel cell or electrolyzer for 
optimisation of the cross-flow and cross-diffusion of gas and water. 

3. Methods 

3.1. Preparation of the geometry 

3.1.1. Meshing isolated voxelized fluid clusters 
From a multiphase segmented micro-CT image of, for instance, solid 

(s), water (w), and gas (g), the water phase is considered phase 1 (the 
denser phase), while the gas is phase 2. Individual clusters of the phase 
of interest are isolated by connected components analysis. This phase of 
interest is typically the phase with a lower overall saturation and/or the 
phase that is predominantly non-wetting as these conditions result in a 
larger number of isolated fluid clusters for analysis. In this paper, for 
simple examples, we will isolate clusters of phase 1 by default; later 
when mixed-wet media are analyzed clusters of both phases will be 
considered. From here, the fluid-fluid interface and the fluid-solid 
interface of each isolated fluid cluster is identified. As there are 3 pha
ses present – solid (s), and phases 1 and 2, two binary boundaries can be 
extracted; (i) between the solid and the two fluids Γs−12 and (ii) the 
boundary between the isolated phase and the surrounding phase and 
solid Γ1−s2. These boundaries are meshed by performing the marching 
cubes algorithm [33]. From these meshes, as they were triangulated on 
the exact voxel geometry, their intersection forms the fluid-solid 
boundary mesh as Γs = Γ1−s2 ∩ Γs−12, while the fluid-fluid boundary is 
the subtraction of the fluid-solid boundary from the cluster surface as Γf 
= Γ1−s2 \ Γs. From these meshed interfaces, the contact loops Sfs can be 
extracted by identifying which of the edge elements of all triangles in Γf 
are unbounded (edges that only exist within 1 triangle). This edge 
identification operation applies to all triangles on the surface mesh as a 
list of all edges of all triangles, and edges that only occur once are the 
edges of the entire surface. The loops formed from these unbounded 
edges form the contact loops. This process is visualized in Fig. 2. 

3.1.2. Smoothing meshed fluid clusters 
After cluster isolation and surface/contact loop identification as 

described in the previous section, the meshes need to be smoothed to 
measure contact angles within reasonable precision. As the surfaces and 
the contact loops have been identified, they are smoothed separately to 
maintain sharpness along the three-phase contact loop. Mesh smoothing 

Fig. 2. Depiction of the workflow for cluster isolation, surface identification, and mesh smoothing.  

Y.D. Wang et al.                                                                                                                                                                                                                                



Advances in Colloid and Interface Science 326 (2024) 103122

4

falls under two main categories; shrinking and volume preserving, with 
each method possessing benefits and drawbacks. 

In this study, the shrinking method performs neighborhood coordi
nate averaging for each node on a mesh (Laplacian smoothing [34]), 
that is, the coordinates X→N of node N are updated to be the mean value 
of the neighboring nodes connected by edge elements Ne such that 

X→Nsmoothed =

∑
e
Ne∑
e
e
. This smoothing requires relatively few iterations to 

achieve a smooth surface, but will cause shrinkage in convex regions and 
expansion in concave regions. A volume-preserving smoothing is also 
applied in this study which reduces volume shrinkage but requires many 
iterations to smooth a surface. The algorithm developed for this study 
involves first performing standard shrinking smoothing, then computing 
the normal vectors of the shrunken smoothed surface, projecting the 
shrunken coordinates back along these normal vectors the same distance 
that they were displaced during the shrinking step. This is repeated over 
many iterations to result in a stable smoothing that preserves the orig
inal volume of the cluster. The projection distance is scalable to allow 
small degrees of volume shrinking and expansion per iteration. Neither 
method is capable of adequately smoothing a fluid cluster without a 
degree of volume shrinkage and thus, a volume shrinkage threshold of 
5% of the original cluster volume is used in this study (see Section 4.2). 

3.2. Contact angle measurement 

3.2.1. Geometric contact angle calculation 
As the methodology for fluid cluster meshing in this study explicitly 

isolates the contact loops and employs separate smoothing routines for 
lines and surfaces [21] (see previous Section 3.1.1), the contact angle 
along the nodes of the contact loop (Fig. 3a) can be measured directly on 
the geometry of the cluster. The normal plane Nplane to the contact loop 
can be defined using the node coordinate of X→N and normal vector N→

approximated by the secant drawn by the neighboring contact loop 

nodes 
[

X→N−1, X→N+1

]

of each contact loop node (Fig. 3b). This normal 

plane is then intersected with the cluster mesh Γ1−s2, and the angle made 
by the nearest nodes in the intersected polygon are used to measure the 
contact angle directly (Fig. 3c). This measurement directly on the mesh 
achieves a similar outcome to measuring the dot product of the normal 
vectors of the fluid and solid mesh surfaces [21]. 

3.2.2. Topological contact angle calculation 
A topological approach to contact angle measurement that mini

mizes the uncertainty of segmentation and identification of the contact 
loop can be developed with fundamental concepts from integral geom
etry [23,24] and the deficit curvature [22]. This term, referred to as 

θmacro, is not strictly a measure of the contact angle, rather it is a measure 
of the wetting state of a system [35]. This is defined as an approximate 
relationship between the topology (i.e., curvature) of the fluid body and 
the contact loop as: 

θmacro =
4πχ −

∑
κGi Ai

4Nloops
, (1)  

where χ is the Euler number, κGi is the Gaussian curvature of triangular 
element i of any given surface element of the fluid body, and Ai is the 
element area, and Nloops is the number of contact loops. This calculation 
of the topological contact angle, also referred to as the macroscopic 
contact angle, is a relatively straightforward calculation as it only re
quires the computation of the Gaussian curvature (the product of the 
two principal curvatures) over a smoothed mesh of the entire fluid body 
∑

κGi Ai, the Euler number χ, and the number of contact loops Nloops. This 
results in the calculation being less sensitive to the curvatures near the 
microscopic contact point, and independent of any need to measure 
sharp angles along the contact loops and interfaces. Due to the inherent 
simplifying assumptions in this calculation, θmacro does not directly map 
to a geometric contact angle for geometric angles near 45o and 135o, 
which exhibit under and over estimation, respectively [35]. Fig. 4a-c 
depicts the required steps involved per cluster to compute the terms 
within the topological calculation method. 

The Euler number or the Euler-Poincare characteristic of the isolated 
cluster is a topological invariant used in image analysis to characterize 
the connectivity of structures within an image, and is calculated as χ = V 
− E + F, where χ is the Euler number, V is the number of vertices, E is the 
number of edges, and F is the number of faces [36]. The Gaussian cur
vature κi of a given element i is calculated on each node by calculating 
the local least-square quadratic surface fit, then the eigenvectors and 
eigenvalues of the Hessian are used to calculate the principal, mean and 
Gaussian curvatures. The per-element values are then given by the mean 
of the nodal values per triangular element. Due to the ill-posed nature of 
mesh smoothing of voxelized domains (see Section 3.1.2), the curvatures 
of even smoothed surfaces are rather noisy due to imperfections on the 
mesh surface. These issues are alleviated by the weighted area averaging 
effect of the 

∑
κGi Ai term, which returns a scalar average curvature of 

the cluster surface. 

3.2.3. Extended topological contact angle calculation 
The relationship between the Gauss-Bonnet Theorem and wettability 

can be generalized to an expression for the deficit curvature for the 
meniscus of a cluster with an added term ϕ that accounts for the 
orientation of the solid surface. This eliminates the discrepancy between 
the topological contact angle introduced in the previous section (which 
does not consider ϕ) and geometric contact angle calculations at 

Fig. 3. Geometric contact angle measurement on the smoothed mesh.  
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intermediate acute and obtuse angles. A full derivation can be found in 
the Appendix. 

ϕ = cos−1
(

κ→line • N→s

)

θextended = ϕ−
π
2
+ cos−1

(

1−
4πnf −

∑
κGif Aif

2πNloops

)

, (2)  

where κ→line is the curvature of the contact loop nodes, N→s is the normal 
unit vector to the solid surface at the contact loop nodes, κGif is the 
Gaussian curvature of element if on the fluid-fluid interface, Aif is the 
element area, and nf is the number of separate fluid-fluid interfaces 
which is calculated by iteratively indexing the connectivity of elements 
on the fluid-fluid interface mesh surface. Separate fluid-fluid interfaces 
will contain a closed list of connected nodes and elements. This calcu
lation is more geometrically complex compared to the simpler calcula
tion in Eq. (1), and requires accurately identified and smoothed contact 
loops. Alongside the previously mentioned separate meshing of the 
fluid-fluid (Γf) and the fluid-solid (Γf) interfaces and the contact loops 
(Sfs) in Section 3.1.1, as well as the calculation of the Gaussian curvature 
κi, further calculations of contact loop curvature and solid-fluid interface 

normal at the contact loop ( κ→line • N→s in Eq. (2)) are then required to 
evaluate Eq. (2). Fig. 4a-e depicts the required steps involved per cluster 
to compute the terms within the topological calculation method. 

4. Results and discussion 

4.1. Comparison for perfectly smooth meshes on flat and curved surfaces 

To clarify the intrinsic precision of each contact angle measurement 
technique, an initial comparison is conducted on spherical meshes 
created by employing distance functions. This approach enables the 
production of almost flawless spherical meshes, which are subsequently 
altered by incorporating either a planar solid-fluid boundary or a pro
gressively curved one. The intersection between the spherical mesh and 
the flat surface creates the solid-fluid boundary, maintaining a well- 
defined geometry. This intersection is moved along the sphere’s diam
eter to simulate contact angles ranging from 2o to 178o. 

The resulting contact angles measured and depictions of the meshes 
used are shown in Fig. 5. A clear match is seen with geometric mea
surement and the extended topological method (Eq. (2)), while signifi
cant deviation occurs with the original topological method (Eq. (1)) at 

Fig. 4. Depiction of processing steps to calculate the topological, Eq. (1) and extended topological contact angle, Eq. (2). With the curvature of the surfaces (a-c), the 
topological contact angle outlined in Section 3.2.2 can be calculated. With additional steps to identify contact loops, their curvatures and surface normals (a-e), the 
extended topological contact angle in Section 3.2.3 can be calculated. 
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acute and obtuse angles, peaking at 45o and 135o. This discrepancy is 
due to the mapping of the topological contact angle (which is a measure 
of the wetting state rather than explicitly the contact angle) to the 
geometric contact angle as was discussed in [23]. The deviation of the 
extended topological contact angle measurement at extreme angles is 
due to numerical approximation errors in calculating the Gaussian 
curvature of the spherical mesh at extremely flat angles. The method of 
calculating the local curvatures outlined in Section 3.2.2 results in 
approximation errors due to attempting to fit a paraboloid on increas
ingly flat surfaces at extreme angles. 

4.2. Comparison on voxelized meshes 

On meshes of fluid clusters that originate from voxelized images 
(such as segmented micro-CT data), there are extra sources of 

uncertainty in the calculation of contact angle. The main issues are (i) 
the ill-posed smoothing of the mesh that causes divergent deformation, 
and (ii) the aliasing that occurs on fluid clusters that are characterized 
by few voxels. In both cases the value of the intrinsic contact angle of a 
fluid cluster becomes unknown. This problem is exemplified in Figs. 6 
and 7, which show the measured contact angles as they change with 
continued mesh deformation and low-resolution aliasing. The case in 
Fig. 6 shows a hemispherical fluid cluster on a flat surface, with an 
intrinsic contact angle of 90o. This is generated using distance functions 
on voxelized domains. It becomes visually evident that for a spherical 
diameter (D) of approximately below 16 voxels (and clear in the case of 
D = 8 voxels) that the relationship between the voxel geometry of the 
cluster and the intrinsic contact angle is non-existent. This aliasing is 
also evident in the case of the fluid clusters on curved solid surfaces in 
Fig. 7. 

Fig. 5. Comparison of the inherent accuracy of contact angle measurement for each method. We assume that phase 1 is contained within the droplets shown. (a) 
Shows the case of a spherical droplet on a flat surface, while (b) shows the case of a hemispherical droplet on a curved surface. Both examples exhibit clear deviations 
in the original topological measurement method (Eq. (1)), whereas the extended topological calculation (Eq. (2)) and the geometric measurement methods closely 
match the intrinsic value. 
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The resulting measurements of contact angle for these clusters (D =
8,16,32,64 voxels) using each of the contact angle measurement 
methods (Geometric, Topological, Extended Topological) are shown for 
a volume shrinkage factor of 0.95 (5% shrinkage). The volume shrinkage 

factor is defined as 
(

Fshrinkage = 1 − Vcurrent
Vinitial

)
and can be used to gauge the 

extent that mesh smoothing remains within the bounds of the intrinsic 
contact angle. Plots of the full shrinkage range can be found in Sup
plementary Materials Fig. 1 in the Appendix, showing 5% to 15% 
shrinkage as the sweet spot for cluster accuracy. From the plots in Figs. 6 
and 7, it can be seen that mesh smoothing can be considered valid for 

spherical clusters at 5% volume shrinkage based on rapid convergence 
of the geometric method and the extended topological methods. 

A slightly slower convergence of topological methods to the intrinsic 
value can be seen for the hemispherical case (surface curvature error 
dominates), while the geometric method converges slower for the 
curved surface case (contact loop error dominates). These errors can be 
qualitatively defined as the deviation of the measured values relative to 
the case of a perfectly meshed equivalent object, such as those generated 
in Section 4.1. Since geometric methods do not use any surface curva
ture information while the original topological method exclusively uses 

Fig. 6. Left: Visual render of voxelized fluid clusters of hemispheres at diameters of 8, 16, 32, and 64 voxels. Right: Calculated contact angle of these fluid clusters as 
a function of the calculation method and the equivalent cluster radius. The concept of an intrinsic contact angle breaks down around D < 16 due to aliasing, and 
smoothing results in a reasonable calculated value of the contact angle at 5% shrinkage for D > 8 for geometric and D > 16 for topological methods. The geometric 
method performs most consistently as it does not require surface curvatures, and the smoothing algorithm in this study preserves contact loop sharpness which is flat 
in the z-direction. 

Fig. 7. Left: Visual render of voxelized fluid clusters of spheres on curved surfaces at diameters of 8, 16, 32, and 64 voxels. Right: Calculated contact angle of these 
fluid clusters as a function of the calculation method and the equivalent cluster radius. In this case, the geometric method and the extended topological methods 
perform most accurately since the smoothing of surfaces plays a larger role and the contact loop is affected by aliasing in 3 orientations. The original topological 
method shows its characteristic acute/obtuse angle deviation. 
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surface curvature and the extended topological method uses a combi
nation of surface curvatures and contact loop vectors, the hemispherical 
voxelized fluid clusters intrinsically have less deviation in their contact 
loop error due to the 2D flat-bottom geometry of the fluid-solid inter
face. This means that any differences between the accuracy of topo
logical and geometric methods for the case of a hemispherical cluster is 
naturally dominated by the surface curvature error. In the case of curved 
fluid-solid surfaces, the contact loop formed by the smoothing of the 
voxelized geometry is much more sensitive to aliasing due to the surface 
varying in 3D and as such, the observation that geometric methods 
converge slower is due exclusively to these contact loop errors as geo
metric methods are not dependent on surface curvature. 

The geometric and extended topological methods perform well from 
D ∈ [8,64], but in general, all methods require a higher quality mesh 
from D ∈ [16,64] for a reliable result. The characteristic deviation at 
acute angles when calculating contact angles with the topological 
method is also apparent in Fig. 7, as the topological method over- 
estimates the contact angle compared to the geometric and extended 
topological measurements. Overall, the geometric method and the 
extended topological methods perform most consistently over the mesh 
smoothing and voxel aliasing range though topological methods require 
higher levels of mesh detail due to surface curvature calculations being 
more sensitive to voxel aliasing. The high accuracy of the geometric 
method is due to the algorithm outlined in Section 3.1.1 that discretely 
isolates contact loops and Section 3.1.2 that performs smoothing oper
ations separately on surfaces and lines, which preserves the accuracy 
and sharpness of the angles formed at the contact loops by the fluid-fluid 
and fluid-solid interfaces. While the contact loop geometry is critical for 
the extended topological method, topological methods are also 
extremely sensitive to the 

∑
κGi Ai term – the sum total cluster Gaussian 

curvature. 

4.3. Comparison on variably wetted micro-CT images of porous structures 

With the validation of the contact angle methods on perfect meshes 
as well as analysis of their accuracy and sensitivity on voxelized meshes, 
the performance of these methods can be analyzed on real images of 
porous structures. A shrinkage factor of 5% is chosen for these cases 
based on the convergence results shown in the previous section, which 
indicate <10% error in cases with D > 8 voxels for geometric methods 
and < 20% error in cases with D > 16 voxels for topological methods. 
The porous structures and fluids used in this case are (i) hydrogen/CO2 
gas storage in sandstone rocks, and (ii) liquid water and gas flow 
through the Gas Diffusion Layer (GDL) of a Proton Exchange Membrane 
Fuel Cell (PEMFC). In these simulations, the wettability on the surface of 
the rock and GDL are uniformly varied, with the sandstone case assumed 
to be water wetting and the GDL case assumed to be gas wetting (hy
drophobic). The contact angles, measured through the water, tested for 
these cases are 60o, 30o, 0o for the sandstone and 120o, 150o, 180o for the 
GDL. The simulations are performed using Lattice Boltzmann Methods 
[31,32] whereby the contact angle is assigned as a surface affinity value, 
and the non-wetting phase saturation (gas for the sandstone and water 
for the GDL) is set at 30% for the sandstone and the GDL to emulate near- 
residual saturation cases, as well as maximize cluster isolation to 
improve the accuracy of the contact angle measurement methods. The 
initial condition of these domains is set with no external forces, and the 
initial fluid distribution is set to a saturation of 30% water for the GDL 
and 30% gas for the rock sample. This saturation is set in the initial 
condition of the domain by randomly flipping 30% of pore voxels to the 
desired phase. This uniformly random distribution is an approximation 
at these millimetre length scales for a condensation process. The result of 
this spinodal decomposition approach is that the LBM simulation will 
coalesce the clusters naturally as the simulation progresses. A small 
periodic boundary condition pressure gradient is imposed at the inlet- 
outlet boundaries (z-axis in this case) to drive the interfaces under a 
capillary dominated flow regime. Once the simulation reaches a steady 

state (approximated by running for 10,000,000 timesteps [30]), the 
boundary condition driving forces are set to zero for 1000,000 further 
timesteps. These fluid distributions are rendered in Fig. 8, and the 
computed contact angles of the clusters within each multiphase domain 
are shown in Fig. 9. 

From the measurement contact angle distributions in Fig. 9, the 
relative accuracy of each measurement method can be compared. For 
intermediate contact angles (30-60o and 120-150o), it is clear that geo
metric measurements and the extended topological method perform 
similarly accurately, while the original topological method deviates as 
expected, under-estimating the wettability by 10-30o. On the other 
hand, for highly wetting or non-wetting cases (0 and 180o), the most 
accurate measurements are from the original topological method. This is 
likely partially due to the method not requiring measurements of the 
contact loop vectors, which as can be seen in previous Section 4.1 can be 
distorted at extreme angles for the extended topological and geometric 
methods when the cluster contacts with the solid surfaces are highly 
spherical with small contact areas, and only requiring surface curvatures 
that are increasingly accurate when clusters are more spherical. The 
geometric measurement tends to also produce values with a wider 
variance on a per-cluster basis due to mesh and geometry variation. The 
topological measurements of contact angle effectively produce a single 
number (original method), or a very tight band of values (extended 
method) per fluid cluster, which represents the “macroscopic contact 
angle” of the cluster. This results in a tighter distribution of measure
ments on a well-meshed domain. However, this can also result in 
increased outliers at intermediate wettabilities, as clusters in these cases 
are less sensitive to the fluid interface curvature while also possessing 
more varied contact loop geometries. Overall, the geometric method and 
the extended topological method produce similar accuracy in the case of 
measuring the overall wettability of a porous system. 

Observing the global variation versus the cluster size of the calculated 
contact angle per cluster in Fig. 10 shows that the direct geometric 
measurement method provides a more reliable and less noisy measure
ment on a per-cluster basis. Topological and extended topological 
methods show higher deviation in the measured contact angle at 
equivalent cluster radii below 20 voxels. This is consistent with obser
vations from previous sections on spherical clusters and is due to the 
increased sensitivity of the surface curvature to voxel detail and aliasing. 
For the measurement of the mean wetting characteristics however, these 
small clusters do not represent a significant number of measurements 
over their contact loop perimeters and thus do not show a strong effect in 
the histograms in Fig. 9. For the sandstone image, small clusters below 
12 voxels equivalent radius constitute 10% of the total datapoints within 
the histograms. These deviations at smaller cluster sizes pose a signifi
cant problem for topological methods to map out the internal wettability 
distribution of a mixed-wetting domain, as each cluster becomes an 
important spatial data point. This is explored next in Section 4.4. 

4.4. Spatial measurement and in situ wettability calculation for a mixed 
wetting gas diffusion layer 

Validating and comparing the accuracy of the extended topological 
method, the original topological method, and the geometric measure
ment methods of contact angles on ideal fluid clusters as well as on fluid 
clusters within uniformly wetting porous structures in the previous 
sections only tests the ability of the methods to capture an average 
contact angle. In situ contact angle methods also need to accurately 
characterize the distribution of wettability. Many systems are mixed-wet 
with both hydrophilic and hydrophobic regions of the pore space. In 
these cases, the accuracy of the local contact angle measurement be
comes the prevailing metric rather than an average measure of the 
system. 

To benchmark the accuracy of recovering the local mixed-wetting 
contact angle distribution, the gas diffusion layer domain used thus far 
in this study is assigned a Gaussian distribution of local contact angle 
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values on a per-voxel basis. This is visually depicted in Fig. 11a, showing 
zones of hydrophobic fiber and hydrophilic fiber emulating a GDL 
treated with PTFE. The case examined here is extreme, as it spans all 
possible contact angles, with relatively sharp transitions between 

wetting zones. This mixed-wetting domain is used as input for the same 
LBM simulation protocol as outlined in the previous Section 4.3, with 
the resulting steady state fluid distributions rendered in Fig. 11b. From 
this, the local contact angles of each cluster, for both phases – water 

Fig. 8. Visual renders of the fluid distributions within the porous structures of sandstone and gas diffusion layer for different wettabilities, as simulated by the Lattice 
Boltzmann Method. Red indicates gas and water is shown in blue for both rock and GDL domains. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 9. Plots of the measured contact angles within the simulated domains in Fig. 8. (a-f) The original topological method shows the deviation in measurements 
consistent with previously shown deviations in simple clusters. The extended topological method and the geometric measurement method show good agreement with 
each other and the intrinsic contact angle set in the simulation. Geometric measurements show a wider variance due to contact loop variation, while topological 
methods show less accuracy and outliers in intermediate wetting conditions due to less accurate interface curvature measurements. 
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(phase 1) and gas (phase 2) are measured to obtain the contact angle 
map over the entire domain. 

The contact angle at the contact loops of both phases is rendered in 
Fig. 11c-e for the geometric, topological, and extended topological 
methods. A coarse visual match can be seen over the sparse loop data for 
hydrophobic and hydrophilic regions, and data density is highest in 
regions of high clustering. This data density is governed by the volume 
fraction of each phase relative to the volume of the pore space that is 
non-wetting to said phase, also assuming the phase is present in the non- 
wetting region. Thus, in this case, the most data is collected for the water 
phase as it occupies a realistic and minor fraction of 30% of the volume 
and exists throughout the GDL. This is a typical spatial distribution and 
volume fraction of water found within the GDL during the operation of a 
PEMFC and represents the steady state condensation of water droplets 
from water vapor within a GDL [6]. In real experimental conditions of 
fluid invasion into mixed wetting media, it may be more difficult to 
establish the presence of a non-wetting phase in tight pore spaces due to 
capillary barriers. In these numerical experiments, a gradual conden
sation of one phase is simulated with spinodal decomposition, which for 
the case of the GDL, emulates water droplets condensing uniformly 
throughout the domain as the surrounding temperature slowly falls. This 
is achieved in the LBM simulation with initial and boundary conditions 
described in the previous Section 4.3. From this coarse visual match of 
measured contact angles on the contact loops, a full contact angle map 
and comparison over the domain can be obtained by natural neighbor 
interpolation [37] over the full domain. 

The geometric, topological, and extended topological methods are 
used to obtain comparative contact angle maps, which can be seen in 
Fig. 12a-c. The interpolation of the contact angle over the full solid 
phase performs well for this test case due to the Gaussian distribution of 
wetting over the domain. All methods visually show an accurate overall 
characterization of water-wetting and gas-wetting regions. The error 
maps in Fig. 12d-f also show that local errors are limited to 

approximately 30o in isolated outlier clusters. In regions of neutral 
wetting (near 90o), topological methods also tend to over-estimate the 
contact angle. These spatially visible trends are confirmed by a plot of 
the measured contact angles from the simulated clusters against the 
assigned contact angles in the simulation in Fig. 12g-i. 

The overall absolute error (
∑

|θmeasured−θassigned|
N ) over the entire domain is 

9.1o for geometric methods and 19.4o and 14.0o for the topological and 
extended topological methods respectively. In general, the error bands 
indicate that the geometric method gives the tightest and most accurate 
result, while extended topological methods improve the widely scat
tered results from the original topological method. The calculated 
standard deviation of the error supports this observation, with values of 
11.4o, 24.0o, and 17.5o for geometric, topological, and extended topo
logical methods respectively. This is expected, as topological methods 
effectively operate at a length scale above the voxel resolution of the 
domain. The topological method calculates a single contact angle for 
each cluster, while the extended topological method calculates a single 
contact angle for each contact loop within each cluster. This measure
ment of singular values at the cluster scale naturally introduces spatial 
error and noise at the voxel scale. This is not an issue with geometric 
methods, as they individually calculate the contact angle at every voxel 
along every contact loop. In the case where a single contact loop is in 
contact with multiple contact angles, the geometric method will locally 
measure the contact angle at the location, thus the resulting values of 
contact angle measured at the contact loop nodes will reflect the local 
apparent contact angle of the fluid cluster. Based on the fluid and solid 
configuration, some smearing of the contact angle would occur at the 
boundary, resulting in a continuously changing apparent contact angle 
through this region. In the case of topological methods, the original 
topological method would return a single “cluster-averaged value” of 
the effective wettability that influences the shape of the cluster of in
terest. In the extended topological method, the influence of a varying 

Fig. 10. The effect of smoothing and aliasing of ill-defined small clusters is seen as a deviation from intrinsic at small equivalent radii, and at the extreme of complete 
non-wetting, smoothing errors persist as underestimation due to deformation. Though these are plotted per cluster here, their small contact loop perimeters do not 
affect the overall mean wetting histograms but pose issues for the spatial accuracy of wettability maps of mixed wetting domains. 
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contact angle on a contact loop would manifest as variation in the 
measured value of ϕ, the product of the normal vector to the solid-fluid 
surface at the contact loop and the contact loop curvature. This is not 
directly the local measurement, as the sum of Gaussian curvature on the 
fluid-fluid interface also has an averaging effect on the calculation using 
the extended topological method. 

At extreme contact angles (<20o and > 160o), all methods struggle to 
accurately measure the contact angle, since these surface wetting con
ditions generate vanishingly thin droplets that are intrinsically difficult 
to measure, even experimentally, as the mesh/voxels possess a finite 
volume. For geometric methods that only see the contact line and nearby 
fluid and solid surface meshes, this results in over-estimation at low 
contact angles and under-estimation at large contact angles. For topo
logical methods, no specific bias in error exists at these extreme angles 
from curvature measurements. At neutrally wetting conditions (around 
90o), topological methods tend to overestimate the contact angle by up 
to 45o for the original method, and 25o for the extended method and in 
general become less accurate and more scattered. This is due to both the 
issue of cluster scale measurement vs. voxel scale measurement dis
cussed in the previous paragraph, as well as errors in the measurement 
of the total Gaussian curvature 

∑
κGi Ai. At intermediate contact angles, 

clusters tend to be more complex in shape and curvature. Saddle points 
and flatter regions become more common, which are difficult to smooth 
without significant deformation, even at the 5% shrinkage limit of this 
study. This issue is not as significant for contact loop smoothing as their 
loop curvature vectors are more independent of the contact angle which 
is measured on the solid and fluid surface meshes that are orthogonal to 
the loop. Thus for mixed wetting domains, the extended topological 

method significantly reduces the spread of measurements compared to 
the original topological method. The geometric method remains the 
most accurate due to i) the meshing algorithm outlined in Section 3.1.1 
enforcing contact loop accuracy, ii) the issue of cluster-scale and voxel- 
scale resolution of measurements, and iii) complexities of surface cur
vatures at intermediate wetting conditions. 

5. Conclusions 

This study offers pivotal advancements in the understanding and 
assessment of in situ wettability in porous materials, which has critical 
implications for the performance and efficiency of CO2/H2 geo-storage, 
fuel cells, electrolyzers, filtration systems, and catalysts. The wettability 
distributions of these materials are often complex, subject to spatial 
variations and influenced by dynamic forces, chemical heterogeneity, 
and surface roughness. Current in situ measurements, while offering 
localized insights into wettability, face challenges in accurately 
capturing the nuances of multiphase fluid interactions in voxelized 3D 
domains. 

A novel and transformative approach is introduced in this study with 
a specific focus on mixed wettability domains. An extended topological 
method for in situ contact angle measurement is presented, as well as a 
detailed and simplified implementation and analysis of the ill-posed 
meshing stage alongside geometric methods of measurement. These 
new methods and improved techniques surpass the accuracy and reli
ability of existing topological methods and perform comparably to 
geometric methods on uniformly wetting systems. The issues that to
pological methods have of effectively existing at one length scale above 

Fig. 11. 3D renders of a) the contact angle distribution assigned over the solid phase of the domain, spanning hydrophobic (gas wetting), neutral, and hydrophilic 
zones, and b) the resulting fluid distributions of water (blue) and gas (red) as simulated by LBM. The contact angle at the contact loops of both phases is rendered for 
c) geometric, d) topological, and e) extended topological methods, with a coarse visual match for hydrophobic and hydrophilic regions, and data density highest in 
regions of high clustering of the less abundant phase (30% water). (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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the contact loop voxels – the cluster scale, as well as the sensitivity of 
Gaussian curvature measurements at intermediate wetting conditions 
are explored and compared with geometric methods, showing that 
geometric methods continue to excel in mixed-wetting domains aside 
from meshing biases at extreme contact angles, illustrating a nuanced 
interplay of these methodologies in assessing wettability for mixed-wet 
systems. Geometric methods in this study have been shown overall to 
perform on-par or even better than the topological and extended topo
logical methods in terms of measurement accuracy, with similar 
computational cost. In certain instances of highly non-wetting/wetting 
systems, where fluid clusters do not contact the solid surface upon 
segmentation of the multiphase image, the original topological method 
works best as it does not require discrimination of the contact loop or the 
fluid-fluid and fluid-solid interfaces. In cases of difficult or poorly- 
resolved image segmentation, a combination of the extended topologi
cal method and geometric methods would provide sufficient informa
tion to improve the confidence of the calculated result. 

Accompanying this research is a comprehensive open-source plat
form enabling the scientific community to delve deeper into in situ 
wettability characterization beyond its origins in geoscience. 

In conclusion, we provide precise tools for measuring in situ wetta
bility on porous structures, and ultimately, understanding and opti
mizing fluid and energy transfer in porous materials. The methods 
introduced in this study have the potential to dramatically enhance the 
performance of critical porous structure applications and signify a stride 
toward more efficient and sustainable systems. 
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Appendix A. Appendix 

A.1. Extended topological method 

Here, we generalise the relationship between Gaussian curvature and wettability derived by [22,23] and [25] to account for the orientation of the 
solid surface at the contact line. We follow the vectorial approach used in the supplementary material of [22].

n12

t̂12

n2s

t̂2s

N̂
Solid, s

Phase1

Phase2

Fig. 13. Diagram of a sessile droplet depicting the relevant vectors and notations used in the following derivation, based on Fig. S1 from [22].  

The Gauss-Bonnet theorem relates the geometry of an object to its topology [38], 
∫

M
KdA+

∫

∂M
kgds = 2πχ(M), (3)  

where K is the total Gaussian curvature, dA is an infinitesimal area element on the surface M of the object, kg is the geodesic curvature, ds is an 
infinitesimal arc length element along the contact line ∂M and χ(M) is the Euler characteristic of the surface. The Euler characteristic is a topological 
invariant of any manifold (object, surface, etc.) and for this application can be expressed in terms of three Betti numbers, 

χ = N −L+O, (4) 

where informally N is the number of disconnected objects, L is the number of loops and O is the number of cavities. We deviate from previous 
derivations [22,23,25] by applying the Gauss-Bonnet theorem to the fluid-fluid interface (i.e., the meniscus) M12, instead of the entire object, giving 
∫

M12

KdA+

∫

∂M
kg12 ds = 2πχ(M12), (5)  

where kg12 is the geodesic curvature of the meniscus. The geodesic curvature of the meniscus is the magnitude of the curvature vector k projected onto 
the meniscus, thus 

kg12 = k • t̂12, (6)  

where ̂t12 is the unit tangent vector of the meniscus. The curvature vector is oriented in the direction normal to the contact line N̂, 

kg12 = k(N̂ • t̂12), (7)  
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where k = ||k|| is the magnitude of the curvature of the contact line. The angle between these two vectors is (π − θ + ϕ), where θ is the contact angle 
and ϕ is the angle measured anticlockwise from N̂ to t̂2s (Fig. 13). The angle ϕ thus quantifies the relative orientation of the solid to the plane 
containing the contact line. Therefore, 

kg12 = − k cos(θ−ϕ). (8) 

The second term of Eq. (5), often referred to as the deficit curvature kd(M12), is the integral of this geodesic curvature along the contact line. 
Assuming that the contact line lies within a plane, the total curvature ́∂M k ds = 2π. Since k is the reciprocal of the radius of curvature, a change of 
variables can be performed, k ds = du, where u is an angular coordinate along the contact line, giving 

kd(M12) = −

∫ 2π

0
cos(θ−ϕ)du. (9) 

The Gauss-Bonnet theorem relates the deficit curvature to the Gaussian curvature and the Euler characteristic of an object. An object with n menisci 
and Nloops contact line loops in total has an Euler characteristic χ(M12) = 2n − N. For example, a meniscus with no contact lines is homologous to a 
sphere, or a meniscus with two contact lines is homologous to a disk with two holes. Substituting the expression for the Euler characteristic and Eq. (9) 
into Eq. (5) yields 

2πN −
∑N

i=0

∫ 2π

0
cos(θ−ϕ)dui = 4πn−

∫

M12

KdA, (10)  

where we have summed the deficit curvatures of each contact line. We simplify this expression by assuming that θ and ϕ are constant along each 
contact line, to arrive at 

2πN(1− cos(θ−ϕ) ) = 4πn−
∫

M12

KdA, (11) 

Rearranging for contact angle gives 

θ = ϕ+ cos−1

(

1−
4πn −

∫

M12
KdA

2πNloops

)

. (12) 

The orientation angle ϕ is defined as 

ϕ = cos−1(N̂ • n̂2s)−
π
2
, (13)  

where n̂2s is the unit normal vector to the solid at the contact line. 

A.2. Supplementary Figure 1

Fig. 14. Calculated contact angle of voxelized fluid clusters of hemispheres at diameters of 8, 16, 32, and 64 voxels as a function of the calculation method and the 
degree of smoothing (shrinkage). The idea of an “intrinsic contact angle” breaks down around D < 16 due to aliasing, and smoothing results in a reasonable 
calculated value of the contact angle at <10% shrinkage. The geometric method performs most consistently as it does not require surface curvatures, and the 
smoothing algorithm in this study preserves contact loop sharpness which is flat in the z-direction.  
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Fig. 15. Calculated contact angle of voxelized fluid clusters of spheres on curved surfaces at diameters of 8, 16, 32, and 64 voxels as a function of the calculation 
method and the degree of smoothing (shrinkage). In this case, the geometric method and the extended topological methods perform most accurately since the 
smoothing of surfaces plays a larger role and the contact loop is affected by aliasing in 3 orientations. The original topological method shows its characteristic acute/ 
obtuse angle deviation. 
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