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A B S T R A C T

The present study investigates the quality of four three-dimensional (3D) printing technologies to accurately
reproduce the complex pore structure of a real undisturbed soil sample for laboratory experiments of transport
in porous media at a 1:1 scale. Four state-of-the-art 3D printing technologies were evaluated (digital light
synthesis, PolyJet with gel support material, low-force stereolithography, and PolyJet with water-soluble
support material) using a combination of 3D image analysis from microtomopraphy and flow simulations of the
pore structure produced with each 3D printing technique. Accuracy, as determined by matching solid and void
volumes, permeability, connected porosity, specific surface area, and pore size distribution of the print against
the original digital soil structure, was found to be substantially better for digital light synthesis, as compared
to the other tested technologies. Repeatability, as determined by the same metrics but compared between
identical prints, was found to be comparable across all printing technologies and did not significantly improve
for prints at greater magnification (1.5×). Wettability of the samples was improved by plasma treatment of
the prints. The thorough analysis herein presented demonstrates that advanced, yet relatively inexpensive 3D
printing approaches can be used to generate real-scale high quality analogs of soils/rocks that are much needed
for experimental laboratory work. Such a method can open countless opportunities for studying the coupling
of pore-structure and hydrodynamics on reactive mass transport in environmental science and engineering,
soil science, and other subsurface related fields.
1. Introduction

Geologic media (soils and rocks) are physically heterogeneous; that
is, their pore micro-structural properties (e.g., pore size, geometry,
alignment, connectivity) can vary greatly in space (Blunt et al., 2013;
Bacher et al., 2015; Huang et al., 2011; Meyer and Bijeljic, 2016;
Bultreys et al., 2016; Vogel and Roth, 2001). Pore-scale interactions
between fluids and geologic media influence numerous subsurface phe-
nomena, including the transport of groundwater contaminants (Zheng
et al., 2011), biogeochemical cycling of nutrients (Briggs et al., 2015),
torage of CO2 (Pereira Nunes et al., 2016), extraction of oil from
reservoirs (Ishutov et al., 2018b), colloid filtration (Scheidweiler et al.,
2020; Bordoloi et al., 2022), and bioclogging (Kurz et al., 2022). The
impact of such microscopic physical heterogeneity on macroscopic
processes is well documented and recognized for influencing flow
distribution (Muljadi et al., 2016; Heyman et al., 2020; Kang et al.,
014), transport behavior (Tompson and Gelhar, 1990; Berkowitz et al.,
2000; Morales et al., 2017), mixing dynamics (Werth et al., 2006;
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Anna et al., 2014; Sole-Mari et al., 2020), fluid partitioning (Benzhong
et al., 2019; Ferrari et al., 2015; Bandara et al., 2011) and effective
reactions (Meakin and Tartakovsky, 2009; Valocchi et al., 2019; Gram-
ling et al., 2002) that differ substantially from homogeneous media.
Nevertheless, a direct and formal relationship between a medium’s
microscopic structure and its resulting flow and transport dynamics
is still elusive. While image-based numerical simulations have been
central to elucidating this relationship (e.g., from microtomography
scans of the sample), high-quality experimental data is needed to
validate and complement the numerical models for flow and transport.
Using undisturbed samples for repeatable experimentation is out of
the question, as no two natural samples are exactly alike. Methods
capable of replicating identical soil/rock pore structural analogues
accurately, at high-resolution, in 3D, and at the 1:1 scale, would enable
conducting repeatable and well-controlled laboratory experimentation
under realistic structural heterogeneity.
https://doi.org/10.1016/j.advwatres.2024.104795
Received 10 March 2024; Received in revised form 13 August 2024; Accepted 18 A
vailable online 20 August 2024 
309-1708/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access
c/4.0/ ). 
ugust 2024

 article under the CC BY-NC license ( http://creativecommons.org/licenses/by- 

https://www.elsevier.com/locate/advwatres
https://www.elsevier.com/locate/advwatres
mailto:vermorales@ucdavis.edu
https://doi.org/10.1016/j.advwatres.2024.104795
https://doi.org/10.1016/j.advwatres.2024.104795
http://crossmark.crossref.org/dialog/?doi=10.1016/j.advwatres.2024.104795&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


J.E. Patiño et al. Advances in Water Resources 192 (2024) 104795 
Significant progress has been made in the last decade to convert
digital soils/rocks into 3D printed analogues for geoscience. Resolution
and scale are the two most challenging factors for current 3D print-
ing methods aiming to replicate the pore network of natural porous
media (Bacher et al., 2015; Otten et al., 2012; Dal Ferro and Morari,
2015; Ishutov et al., 2015, 2021; Kong et al., 2019; Suzuki et al.,
2017). The resolution of 3D printing approaches is restricted by the
printing technique and the printing material properties. Increasing the
scale has been routinely used to capture more details of the structure
(e.g., Otten et al., 2012 used 1:3, Ishutov et al., 2018a used 1:15,
1:23, and 1:30, and Song et al., 2021 used 1:10, 1:20, 1:30, 1:60 scale
magnification to reproduce 3D printed soil/rock prototypes). An added
benefit of upscaling the print is the reduced difficulty in removing
residual/support materials from the complex pore network during post-
processing, although no reported approach has shown to be fully
successful. The latest printing formats like low force stereolithography
and digital light synthesis do away with the need for support material
altogether, thereby circumventing the issue of pore clogging from
inefficient post-processing.

Few studies have successfully reconstructed their undisturbed sam-
ple analogues at the original 1:1 scale, albeit with notable limitations.
For example, work by Dal Ferro and Morari (2015) printed soil samples
at the real 1:1 scale with multijet technology, but reported measured
hydraulic conductivity discrepancies from the original soil model of
88%–1400%. Bacher et al. (2015) created reprints of undisturbed soils
at their original scale with selective laser sintering, stereolithography,
and polyjet approaches, but only reproduced the percolating macro-
pore. Most recently, Ishutov et al. (2021) proposed a two-photon
lithography approach that can resolve porous medium features in the
order of ∼100 nm, with the explicit stipulation about size limitations of
the nano-printed model being <1 mm in each direction for a printing
job that requires several days of labor.

As of yet, a substantial trade-off exists between achieving accurate
pore structures and realistic surface properties in 3D printed soil/rock
analogues due to the availability of materials used to print. On the one
hand, powder-based printed rock proxies with wettability or reactive
surface properties that mimic natural samples suffer evident printing
defects with regards to the complex pore structure (Ferrari et al.,
2022; Anjikar et al., 2020; Song et al., 2021). On the other, resin-
based prints show superior performance at reproducing the complex
pore structure but differ in wettability (are typically less hydrophilic)
from natural rocks (Song et al., 2021; Dal Ferro and Morari, 2015;
Bacher et al., 2015; Ishutov et al., 2021). Recently, different chemical
treatments (silanization) have been used to manipulate the wettabil-
ity of printed porous media with remarkable success in pseudo-2D
samples (Catterton et al., 2021; Bacha et al., 2021) or 3D samples
with highly homogeneous, and well connected structures made of large
pores (>250 μm) (Hodder and Nychka, 2019; Vogelsang et al., 2022).
Alternative protocols must be developed for complex samples with
structural heterogeneity and micron-sized pores to work around mass
diffusion limitations that prevent homogeneous functionalization of the
printed surface.

This study explores the quality performance of four low-cost 3D
printing technologies to reproduce the heterogeneous pore structure
of an undisturbed soil sample at its original 1:1 scale for fluid flow
experimentation. We propose specific measurements to benchmark the
characteristics that define accuracy and repeatability in 3D prints from
a combination of structural and hydrologic properties obtained from
analysis of tomographic images of the printed products and image-
based simulations, respectively. The paper is organized as follows.
First, we describe the soil model used as the basis for 3D printing,
the printing technologies chosen, as well as structural and hydrologic
properties considered for evaluating the goodness of the prints. Second,
we summarize our evaluation of accuracy and repeatability for the
four technologies. Third, wettability of the prints is assessed prior to

and post plasma treatment. Finally, we discuss performance trade-offs
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between the 3D printing technologies evaluated, make recommenda-
tions for achieving the most accurate and repeatable porous media
analogues, and summarize the limitations of replicating key properties
in soils/rocks by 3D printing that are of paramount importance for fluid
flow and mass transport.

2. Materials & methods

2.1. Soil model from 3D 𝜇CT image

An undisturbed sample of sandy loam Cambisol from an agricultural
experimental plot at the James Hutton Institute, Invergowrie, Scotland
(established in 2003) was selected as the basis for 3D printing, from
here on forth referred to as soil Computer Aided Design (CAD). Char-
acterization of the internal pore geometry was achieved by scanning the
sample with 3D micro-computed tomography (𝜇CT) in a Metrix X-Tek
X-ray (Nikon, UK) at a resolution of 35 μm. For more details, the reader
is referred to Pérez-Reche et al. (2012). A subsample of the segmented
scan (size: 14 mm × 14 mm × 18 mm) was selected and pre-processed
to remove isolated pores that encumber 3D printing and analysis of the
prints. A mesh file of the cleaned soil image was generated with Fiji (Fiji
is ImageJ) (Schindelin et al., 2012), an open source image processing
software, and exported as a stereolithography (.stl) file for 3D printing.

2.2. 3D printing of soil samples

The four additive technologies considered for 3D printing soil ana-
logues include (1) digital light synthesis (DLS), (2) PolyJet with gel
support material (PJ Gel), (3) low-force stereolithography (LFS), and
(4) Polyjet with water-soluble support material (PJ WS). The authors
note that selective laser sintering (SLS) with nylon powder and stere-
olithography (SLA) with dual resin were also tested, but were excluded
from this study because it was impossible to remove unsintered powder
and support resin, respectively, from the pore space (data not included).
As a result, the choice of techniques here presented is motivated by the
requirement to fabricate a soil analogue with an open pore space with
as much resolution as possible and at its original scale. Neither DLS
nor LFS require a support resin to be used in the void space during
printing due to the light sheet used to cure the printing material and
their gravity-inverted extraction process (see Fig. A.6 for a schematic).
Conversely, both PolyJet approaches (PJ Gel and PJ WS) require the
use of a support material for the void space, which require heat and
water treatments during post-processing, respectively, to be removed
from the pore space. Despite these advantages over solid resin support
(e.g., from SLA), gel and water soluble support materials can still be
difficult to remove completely. To evaluate improvements in support
resin removal, replicates of these techniques were also printed at 1.5×
magnification. Samples generated by LFS were printed at two orienta-
tions of 45◦ rotation over an edge or a corner. It is worth noting that
LFS prints at the default face (0◦ rotation) did not generate connected
pore networks from the sample’s top to bottom, suggesting that rotation
during printing is required with this technique.

A summary of the technologies and materials used in each case is
provided in Table 1. Details about the principles behind each printing
process and a photograph of the produced prints are also included
in the appendix (see Appendix A and Fig. A.7). All four techniques
here evaluated employ plastic resin as the primary printing material
because it provides the best resolution for the final product (Ishutov
et al., 2021) and surface finishes (Kafle et al., 2021). Resin is also the
most commonly used material for 3D printing (Arrieta-Escobar et al.,
2020). Polyjet was chosen because it is one of the most commonly
used printing technologies for producing models in the soil science
domain Arrieta-Escobar et al. (2020). LFS from FormLabs was chosen
because it is a high-quality, high-precision desktop printer found in

many classrooms and labs. DLS was chosen for its proclaimed accuracy.
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Table 1
3D printing technology specifications for Digital Light Synthesis (DLS), PolyJet gel (PJ Gel), Low-Force Stereolithography (LFS), PolyJet water soluble (PJ
WS).
Printing technology Maker Material Resolutiona Accuracyb Provider

Print Support XY, Z [μm] [μm]

DLS Carbon M2 UMA90 None 75, 25 70 Diversified Plasticsc
PJ Gel PolyJet 3D VeroWhite HQ SUP705 16, 16 100–200 Fathom
LFS Form 3L Clear Resin None 25, 25 100–300 UC Davis TEAM
PJ WS PolyJet 3D VeroWhitePlus SUP706 16, 16 100–200 Stratasys

a Z resolution is generically reported as the smallest layer thickness.
b Manufacturer estimated on closeness agreement between a CAD source file of regular shapes (e.g., pipe, tubes, stair lattice) and the printed product.
c DLS replicates were printed by two different providers–UC Davis TEAM and Diversified Plastics.
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dentical printing conditions were used for printing at least two repli-
ates for each technology to evaluate repeatability at 1× magnification
f the original soil CAD. The cost for fabricating the samples in this
tudy ranged from 50–160 US dollars per unit. All 3D printing services
sed (three of which are commercial) proposed cost advantages for
obs with 10 or more identical prints, making the technology broadly
ccessible and affordable for researchers.

.3. Image analysis of 3D printed soils

.3.1. 3D microtomography imaging:
3D X-ray microtomography images of each printed sample were

ollected at a voxel resolution of 25 μm with a MicroXCT-200 (ZEISS
radia). Scanning settings included 8 W of X-ray power source, 40
V of energy and 1600 projections covering the full sample at 360◦.
n LE1 source filter of 0.03 mm thickness was used to reduce beam
ardening artifacts (ZEISS X-ray Microscopy, Oberkochen, Germany).
econstructed images were processed in Amira (Thermo Fisher Sci-
ntific), a commercial software for CT image analysis, according to
he following protocol for increasing signal-to-noise ratio with a non-
ocal mean filter, registration, rescaling, and segmentation. Given that
he microtomography images of the original undisturbed soil and each
rinted soil analogue varied slightly in scale, orientation, and resolu-
ion, two important image pre-processing steps were performed. First,
ll tomograms were aligned to a common spatial reference by way of
mage registration. Second, all images were matched in resolution by
ay of image rescaling so as to obtain the same voxel size. Finally,
atershed thresholding was used to segment the image into solid and
ore voxels. The authors note that any support material or residual
esin that was not removed by post-processing of the prints was here
lassified as part of the solid phase. By matching the orientation and
esolution of all images it is possible to equitably compare structural
roperties between and across samples.
Identification of the percolation path (PP) and its morphological

haracteristics for all sample images was carried out with the Particle
nalyzer plugin of the software Fiji (Domander et al., 2021b). Briefly,
he Particle Analyzer plugin identifies individual particles in the bi-
ary image stack, and computes their volume and bounding rectangle
imensions. Here, particles correspond to isolated pores that do not
ecessarily connect all the way through the sample in the 𝑧-direction
from the top to the bottom). Only those pores with the largest volume
nd a bounding rectangle that spans the full length of the sample are
aken as the percolation path (PP) (see Fig. B.8). Analyses related to the
ermeability, specific surface area, connected porosity, and pores size
istribution are carried out only on the PP, as it is expected that pores
hat are not connected to it will not significantly contribute towards
low and mass transport (Sirivithayapakorn and Keller, 2003).

.3.2. Quantitative image analysis:
The following describes the five quantitative metrics used to eval-

ate the accuracy and repeatability of the 3D printing technologies
ecause they play important roles in the description and understanding
f flow and transport through porous media. The choice of metrics
 i

3 
s motivated by the need to balance hard-line criteria for microscopic
efects with effective macroscopic performance metrics of hydrologic
elevance.
Match/mismatch volume: Voxel-by-voxel comparison between regis-

ered and rescaled images is used to provide a volumetric approxima-
ion of the accuracy across 3D printing technologies (comparing images
f 3D printed samples against the reference soil image) and of the
epeatability within each technology (comparing replicate images of 3D
rinted samples against one another). Mismatched voxels in analyses
or accuracy can be classified in one of two ways. First, solid voxels
n the reference soil image that appear as pore in the printed soil are
onsidered missing. Second, pore voxels in the reference soil image that
appear as solid in the printed soil are considered excess. Mismatched
oxels in analyses for repeatability have only a single classification,
ismatch, since there is no reference. Matched voxels for both accuracy
nd repeatability analysis have the same classification (solid or pore)
n the two images being compared and are considered match.
Permeability: Permeability defines the ability of the medium to

transport fluid. The permeability of each printed soil is calculated
from steady-state pore-scale flow simulations (by solving the Navier–
Stokes equations) within the porous medium’s detailed geometry. The
pore geometry provides the local boundary conditions that control the
flow field. Direct numerical simulations are then performed with the
FlowDict module in Geodict, a commercial solver for porous materials
(Math2Market, Germany). Briefly, a mean approach fluid velocity of
25 mm/h (corresponding to a creeping flow with Reynolds number of
roughly 10−2, typical infiltration rate for sandy loam soils) is specified
in FlowDict (Brouwer et al., 1988). The software adjusts the pressure
drop until the calculated water velocity matches the one specified by
the user. Then, during post-processing, the software applies Darcy’s
principle to compute the sample permeability from the simulated mean
flow velocity, the water viscosity, simulated pressure drop, and the
media thickness (Hilden et al., 2019).

Specific surface area: The specific surface area (SSA) of the pore
space is an informative metric for reactive transport problems where re-
actions occur at the fluid-solid interface (e.g., colloid filtration, mineral
precipitation). The SSA is estimated as the surface area to volume ratio
of the percolating path, as determined from morphological analysis
of this region of interest using the Particle Analyser plugin in Fiji
(surface resampling = 1) (Domander et al., 2021a). Consistent and
limited resampling on the registered and rescaled images allows a fair
comparison of the meshed surface area across samples.

Connected Porosity: Connected porosity is a fundamental metric that
describes the fraction of voids in the medium that control the transport
of fluids. The connected porosity is computed according to the pore
space volume associated with the percolating path, relative to the total
sample volume.

Pore size distribution: The pore size distribution is a basic charac-
eristic of porous media that describes its structural heterogeneity and
ignals the system’s propensity for anomalous transport (Xiong et al.,
016). Porosimetry is used to estimate the pore size distribution in each
ample with the PoroDict module in Geodict. With this method, the

ntrusion of a non-wetting fluid is simulated into the pore space and



J.E. Patiño et al.

2

i
w
p
1

Advances in Water Resources 192 (2024) 104795 
Fig. 1. Voxel-by-voxel analysis of 3D printed soil analogues. (a) 3D rendering of the pore space (i.e., negative of the 3D print) of the computer-aided design (CAD) and replicates
of the four prints obtained with digital light synthesis (DLS), PolyJet with gel-based support material (PJ Gel), low-force stereolithography (LFS), and PolyJet with water-soluble
support material (PJ WS). (b) Percentage of sample volume that is missing (CAD solid - print void), in excess (CAD void - print solid), or matching (CAD = print). (c) Percentage
of sample volume that is mismatched or matching from replicate 3D prints for each technology.
a
(

the volume of the intruded fluid is then used to calculate the pore size
distribution. To quantify the level of pore size distribution dissimilarity
between the reference soil and the printed soils (for accuracy) or
between multiple printed soils (for repeatability), we use the Earth
Mover’s Distance method (EMD), which provides a measure of the
minimum amount of work required to change one distribution into the
other (Rubner et al., 1998).

.3.3. Wettability measurements and treatment:
Static water contact angles were measured to quantify the wettabil-

ty of the printed analogues. Briefly, a 10 μL droplet of Milli-Q water
as pipetted on a smooth, flat face of the printed analogues and its
rofile imaged after 10 s by a handheld digital microsope MicroDirect
080P HDMI (Celestron). The images of the contact angle were then
4 
nalyzed with Fiji with the drop shape analysis plugin Stalder et al.
2010).

To improve the wettability of the printed analogues, the samples
were subjected to standard plasma cleaning for soft-lithography, which
is traditionally used to impart hydrophilicity on Polydimethylsilox-
ane (PDMS) microfluidic reactors. First, the samples were thoroughly
soaked in isopropanol to clean their surface from dust. Compressed air
was then used to dry them out completely. Next, the samples were
exposed to 1 min and then 2 min treatments by air plasma (Harrick
Plasma, Inc. Ithaca, NY). Immediately following each treatment, the
contact angle was measured on two different surfaces.
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Fig. 2. Illustrative cross-sections at different z-depths of matched and mismatched pore geometry for each 3D printing technique tested. Left column shows a 3D rendering of the
soil CAD and cross-sections with solid (black) and void (white). Additional columns show the corresponding cross-section produced by the four 3D printing technologies evaluated.
The pore space is color-coded (corresponding to the summary of Fig. 1) for matched (gray), missing (orange), and excess (blue) volume. All cases lack the smallest pore features.
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3. Results

The following section presents the results from all five quantitative
metrics to assess accuracy and repeatability in all 3D printed technolo-
gies herein evaluated. The soil structure used here is considered to be
a reasonable representation of ‘‘typical’’ soil characterized by its broad
pore size distribution, multitude of interconnected pores, and intricate
topology, as explicitly determined by Pérez-Reche et al. (2012).

3.1. Accuracy: similarity between printed analogues and reference soil

Qualitative comparison of pore structure: A visual inspection of the
rendering of the original soil design and the porosity produced by the
3D printing techniques under evaluation is shown in Fig. 1a. The pore
space of the soil CAD is shown in white, while the pore space of the
printed soil analogue replicas are shown in different colors. Qualita-
tively, the soil CAD displays a complex structure with interconnected
pores of diverse sizes that is most closely recreated by DLS (green) and
PJ Gel (yellow) approaches. Analogues made by LFS (red) and PJ WS
(magenta) lack much of the details of the pore structure by comparison.

Match/mismatch volume: Voxel-by-voxel comparisons of the soil CAD
against the printed soil analogues are shown as stacked bar plots
in Fig. 1b. Missing volume (shown as the black portion of the bar)
represents portions of the solid that are missing in the printed soil
(i.e., incorrect pores). Missing is consistently below 3% for all tech-
nologies, with even smaller percentages for DLS and LFS. One possible
source for this structural error is infiltrated air bubbles during the drop
injection process for traditional stereolithography, which can generate
undesirable micropores in the final print (Patpatiya et al., 2022).
Nevertheless, their contribution to printing errors is considerably low
across all forms of 3D printing. Excess volume (shown as the gray
5 
portion of the bar) represents portions of the void that are missing
in the printed soil (i.e., clogged pores). The percent of excess printed
solid ranges from 11%–20%, with DLS at the lowest end. This structural
defect can be attributed to printing error in the cases of DLS and LFS,
and to incomplete removal of the support material in the cases of
PJ Gel and PJ WS. Match volume (shown as the line shaded portion
of the bar) represents portions of the sample (solid or void) that are
correctly created in the printed soil. The percent of matched structure
ranges from 75%–86%, with DLS and PJ Gel as the technologies that
most closely resemble the CAD. Fig. 2 illustrates three cross-sections
t different sample depths for each technique where details of the
atched/missing/excess volume are indicated. In general, the image
uggests that the smallest pore features are the hardest to reproduce for
ll printers. Overall, the outcomes of the voxel-by-voxel comparison are
n agreement with the visual inspection of the 3D printed pore spaces
Fig. 1a). From the combined qualitative and quantitative analyses, the
D printing techniques would rank as follows DLS > PJ Gel > LFS ∼ PJ
S.
Permeability, specific surface area, connected porosity: Relative percent

ifferences in permeability, SSA, and connected porosity between the
AD and each digitized print are reported in Fig. 3a (refer to the Ta-
ble B.2 in the appendix for measured absolute values). In this analysis,
properties reported from the soil CAD are taken as the reference point.

The simulated permeability of the soil CAD was found to be 8.62 ×
10−10 m2, which is within the upper range reported for typical Cam-
bisol (Pawlowska and Pawlowski, 2014; Gonçalves-Maduro et al., 2020)
All printed analogues had lower simulated permeability values than
the CAD, with DLS differing by only −23.9%, while the other three
techniques differed between −85.6 and −99.8% (see solid bars in
Fig. 3a). Considering the importance of permeability for all hydrologic

processes, DLS substantially outperforms the other approaches for the
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porous structure here tested. Despite the substantial differences of the
other printing techniques to recreate the desired permeability, fabri-
cating realistic printed porous media analogues with permeabilities of
𝑂(10−10) to 𝑂(10−12) m2 is already a great advance, bearing in mind
previous studies of reported printed soil-like sample permeabilities
in the range of 10−18 or 10−21 m2 (Kong et al., 2019). While the
analysis here presented is from image-based simulations, it permits an
equitable comparison of the permeability of the soil and the prints
at identical resolutions, which cannot be done with laboratory mea-
surements because the soil sample no longer exists. Nevertheless, the
interested reader is advised to work with cylindrical 3D prints (rather
than the cubic samples here used) to create a proper seal at the interface
between the printed analogue and the permeameter when applying
fluid flow in the lab to measure permeability experimentally. It is
recommended that the soil analogue and the flow through cell (if also
3D printed) are generated as independent pieces and assembled prior
to experimentation and not printed as a single integrated unit. This
will ensure maximal efficacy of the porous medium’s post-processing
(i.e., cleaning of the pores with water at high pressure), which is
especially important for anisotropic samples.

The SSA of the soil CAD was found to be 5.69 × 103 m−1. Most
rinted samples had lower SSA values than the CAD, with a narrow
ange of differences from −17.0% to −26.9%. Only PJ Gel produced
greater SSA of similar discrepancy magnitude (see dotted bars in
ig. 3a). This small difference suggests that SSA can be easily repro-
uced by 3D printing. Discrepancies of this structural property can be
nderstood as the imbalance between reduced pore surface area, which
esults in lacking SSA, and the inevitable reduction in porosity, which
eads to enlarged SSA during 3D printing.
The connected porosity of the soil CAD was estimated at 0.29. All

rinted samples exhibited lower connected porosity than the CAD, with
ariations between −32.4 to −80.3% (see stripped bars in Fig. 3a).
or this structural property a clear trend emerges among the printing
ethods tested, where DLS shows the smallest discrepancy at −32.43%,
ollowed by PJ Gel at −49.7%, then LFS with much greater difference at
71.09%, and PJ WS as the worst performer with −80.27% deviation.
hese quantitative results are consistent with the renderings in Fig. 1a,
hich illustrate that DLS most closely matches the desired porosity,
hile LFS and PJ WS exhibit the largest differences from the soil CAD.
The above comparative analysis of the pore structure between the

rints and the soil CAD demonstrates that none of the 3D printing
echniques can perfectly match the permeability, SSA, or connected
orosity of the original design. However, the structural features that
an be achieved are closer to a natural porous medium than a typical
ead pack and are still useful for experimental work. Moreover, one 3D
rinting technique clearly outperforms the others in accuracy of these
articular metrics. As such, ranking of the approaches from this analysis
ollows the order DLS ≫ PJ Gel ≥ LFS ∼ PJ WS.
Pore size distribution: The cumulative pore size distribution for the

riginal soil CAD and the 1× magnification printed soil samples is
resented in Fig. 4a. Consistently, the pores in the printed samples
re larger than the original design, yet this shifted pore size is not
ufficient to increase porosity as shown in Fig. 3a. The largest pore
ize in the soil CAD (gray line) was found to be ∼2400 μm, while
he maximum pore size of all printed soils (colored lines) was larger
between ∼2700 μm and ∼3400 μm). The smallest pore size is dictated by
he resolution of the soil scan (35 μm voxel size), which is comparable
o the resolution of the printers (between 16 and 75 μm, as specified
y the manufacturer). The soil CAD distribution increases most sharply
etween 244 μm and 944 μm (0.2 and 0.8 cumulative probability,
espectively), indicating a large proportion of pores within this specific
ize range. The print distributions for all samples increase somewhat
ess sharply in this size range, except for prints made by PJ Gel. This
uggests that a broader size distribution is typically produced with
D printing of complex porous media. It is worth noting that only in
 t
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amples from PJ Gel (yellow line), a substantial fraction of the pores
up to 0.6) tend to be smaller (<600 μm) than those of the CAD.
The distribution dissimilarity (through Earth Mover’s Distance anal-

sis) quantifies the absolute differences between the prints and the
AD distributions, as shown in Fig. 4b. As the figure shows, PJ Gel
has the smallest dissimilarity from the CAD, followed closely by DLS
and LFS. PJ WS had the largest dissimilarity. One important limitation
of 3D printing analogues of geologic porous media is the difficulty
in reproducing the smallest of pores, as is evident in the cumulative
pore size distributions. On the one hand, for techniques that require
support resin, the main challenge is removing this material from the
smallest pores. On the other hand, support-free techniques are limited
by both the resolution of the laser and the high viscosity of the resin
that makes harder the removal process of the non-cured material. Suc-
cessful cleaning of the pore space during post-processing is challenging,
especially for complex geometries with structural features equal to or
smaller than the printer resolution (Quan et al., 2020; Ye et al., 2024)
refer to Table 1 for details of the printers here used). Importantly, the
echnology that most closely recreated the CAD’s pore size distribution
as not the same as that which produced the closest permeability, SSA,
nd connected porosity. Thus, it is imperative that the user evaluates
he trade-offs of matching the pore size distribution at the expense of
roperties like permeability. From a pore size distribution analysis, the
anking of the 3D printing technologies follows the order PJ Gel > DLS
LFS ≫ PJ WS.

.2. Repeatability: similarity between like-printed analogues

Qualitative comparison of pore structure: A visual evaluation of repli-
ate pore structures pairs fabricated by the four 3D printing approaches
s presented in Fig. 1a. Qualitatively, each soil analogue exceptionally
esembles its replicate counterpart (compare pore structures of the
ame color top vs. bottom). While each printing type has obvious
eficiencies in accurately recreating the soil CAD, the imperfections in
ach printing technique are very consistent. In the sample produced by
LS (green), only minor variations at the front boundary are apparent
etween the two replicates. Of note, is the upper left region, which is
ore connected for the bottom sample. This defect is in excess from
he CAD and is here classified as a printing artifact. In addition, the
ottom right corner for both replicates is similarly missing a small
egion of the pore space in the original design. This opening is missing
rom the CAD and can be considered to be a structural feature that
s particularly difficult to recreate with DLS. The remaining details of
he pore network are captured remarkably well in both prints. For
he sample produced by PJ Gel (yellow), similar trends emerge: the
pper left region has slight variations in connectivity between the two
rints, and a small gap at the center of the sample shows up equally.
lthough samples made by LFS (red) and PJ WS (magenta) deviate
he most from the soil CAD (e.g., final prints were unable to recover
he dainty portions of the pore network), these techniques are still
apable of duplicating the same imperfections from print to print. Thus,
omparing replicate analogues (top and bottom) for the four additive
anufacturing techniques under scrutiny demonstrates that whatever
D printer is used will yield highly reproducible, albeit imperfect, soil
nalogues.
Match/mismatch volume: Voxel-by-voxel comparisons replicate pairs

rinted by the same technique are shown as stacked bar plots in
ig. 1c. Similar to the above section evaluating printing accuracy, here
ismatched volume (shown as the black portion of the bar) indicates an
nconsistent representation of the solid/void at identical locations of the
eplicate prints. That is, we group together missing/excess type errors
ince there is no reference structure. Mismatched volume is consistently
elow 5% for all approaches. Match volume (shown as the remaining
ine shaded portion of the bar) represents the proportion of the sample
hat is consistently classified (solid or pore) at identical locations of

he replicate prints. The matched structure across replicates for all
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Fig. 3. Differences in permeability, specific surface area (SSA), and connected porosity between (a) the soil CAD and the printed soil analogues (accuracy) and (b) like-printed
oil analogues (repeatability).
Fig. 4. (a) Cumulative pore size distribution and (b) their corresponding distribution dissimilarity metric for the soil CAD and all printed analogues (accuracy). (c) Cumulative
pore size distribution and (d) their corresponding distribution dissimilarity metric for replicate analogue pairs (repeatability).
printing techniques is over 95%, a quantity that is in agreement with
the rendering of the pore space shown in Fig. 1a. Of note, PJ WS

exceeds the other three techniques in this evaluation with the lowest

7 
error (<1%) and greatest match (>99%) for replicate prints, but this
trait should be taken into consideration with the other metrics herein

presented when choosing a 3D printing technique.
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Permeability, specific surface area, connected porosity: The differences
in permeability, SSA, and connected porosity between replicate pairs
printed by the same technique are reported in absolute percent in
Fig. 3b. In terms of permeability (see solid bars in Fig. 3b), the choice of
printing approach distinctly affects how similar this property will be for
like-printed analogues. Our findings show that permeability differences
among replicates range from 10% for DLS up to 36% for PJ WS. While
the permeability differences for repeatability are important, they are
considerably lower than those for accuracy. For SSA (see dotted bars
in Fig. 3b), all printing approaches reproduce this property to a similar
and faithful degree; differing by <11%. Our findings reveal that SSA
is a structural feature that is the easiest to generate both accurately
(as prescribed in the original design) and reproducibly across identical
printed replicates. On the basis of connected porosity (see stripped
bars in Fig. 3b), only DLS succeeded at matching this property closely
between the two printed analogues (with the smallest difference of
∼7%). All other printing approaches differed by ∼20% in connected
porosity. For pore networks that are structurally complex, it is crucial to
identify the 3D printing approach that offers the closest corresponding
permeability and connected porosity with each batch of prints. In this
regard, DLS is the prominent performer for repeatability.

Pore size distribution: Pore size distributions of two replicate prints
(A and B) are shown in Fig. 4c in dark/light coloring. Unfailingly, all
four printing technologies under evaluation are capable of reproduc-
ing nearly identical pore size distributions in replicate analogues, for
the given undisturbed soil design. This observation is quantitatively
confirmed by the distribution dissimilarity analysis for like-fabricated
analogues, which is very low (<0.04) across the board for all technolo-
gies (see Fig. 4d). This crucial finding demonstrates that, even when
one of the evaluated 3D printing techniques falls short to accurately
recreate the pore size distribution of the CAD, any imperfections in the
pore network will be rendered in near identical ways for every print.

3.3. Surface wettability

3D printing resins are strongly hydrophobic, producing water con-
tact angles > 86◦ (see Fig. 5 circles). Through this measurement, is it
evident that contact angle variability is substantial among all printing
techniques, with PJ WS being the most erratic. Plasma treatment is
traditionally used to render polymer substrates temporarily water wet.
Here, we expose our 3D printed soil analogues to air plasma as per
standard soft-lithography protocols because it is an approach to modify
the surface wettability of substrates that does not suffer from the mass
diffusion limitations of liquid silanization. Two tests were conducted to
understand how the plasma exposure influences the wettability of the
resin prints. The first treatment (1 min plasma exposure) diminished
the contact angle for all samples to span a range of 30–66◦ (see Fig. 5
triangles). The second treatment (2 min plasma exposure) produced
mixed results in improved wettability, whereby one resin became more
wettable (DLS), some resins stayed similarly wettable (PJ Gel and
LFS), and another became slightly less wettable (PJ WS) (see Fig. 5
diamonds). Such a reversion to hydrophobic surfaces is not uncommon
with plasma treatment and must be fine-tuned for each resin type.
In general, for 3D printed soil analogues we recommend the shorter
plasma treatment which guarantees an improved wettability, even if
the contact angle is at an intermediate value (30–60◦) of the normal
reported range in real soils (0–120◦) (Morales et al., 2010; Woche
et al., 2005; Bachmann et al., 2000a,b; Leelamanie and Karube, 2013).
Because the longest distance to permeate plasma into the pore space
from any external sample surface is short (here, ∼5 mm), we expect that
this treatment improves the wettability of the pores inside the sample in
a similar way as the sample’s measured exterior. Verifying wettability
changes to the internal pore network surface, however, is beyond the
scope of this work.
8 
Fig. 5. Water contact angle measurements of printed samples prior to and post plasma
treatment (1 and 2 min) to improve their wettability.

4. Discussion

4.1. Recommendations for best 3D printing with maximal accuracy and
repeatability

While each soil structure is one of a kind, we are confident that the
recommendations made here for soil/rock analogue fabrication with 3D
printing will hold for other complex porous media. The authors invite
the readership to contribute to expand the assessment of accuracy and
repeatability of any of the 3D printing approaches here presented (with
priority placed on DLS) for alternative soil structures.

The thorough evaluation here presented reveals that the best print-
ing technology to fabricate soil analogues that accurately capture the
pore structural complexity of real soils/rocks is plainly DLS. This ap-
proach dominantly outperformed the others in terms of accuracy for
most similar by visual inspection, greatest voxel-by-voxel match, and
least difference in permeability, SSA, and connected porosity from the
CAD. Although pore size distribution was best captured by PJ Gel, DLS
came in at a close second for this criterion. All three other approaches
performed similarly worse, especially in terms of permeability and
connected porosity, which are at the center of all hydrologic processes
that these analogues would be used for studying. Both PolyJet-based
technologies had pore clogging issues that affected the quality of the
prints. Our analysis suggests that gel (SUP705) is more easily removed
than water soluble (SUP706) support material in intricate pore net-
works like the soil one here tested. Attempts to artificially boost the
pore space accuracy by increasing the sample’s printing magnification
did not sufficiently improve the recovered pore features to achieve
better results than DLS, which has excellent performance at the original
1:1 scale.

Parallel evaluation for the best printing technology to fabricate
identical soil analogues indicates that all considered approaches are
very good for replication, with a moderately better performance by
DLS over the rest. Replicates made by the same approach are alike in
visual similarity, resemble one another in high voxel-by-voxel match,
and show nearly identical matches in pore size distribution. The largest
difference between the four tested technologies is seen in the absolute
difference in permeability, SSA, and connected porosity for which
DLS produces prints that are objectively almost exactly the same. For
all technologies, no clear issues emerged in reproducing the same
imperfect pore structure from one printing batch to the next. With the
exception of DLS, all analogues were produced and post-processed in
back to back batches. The samples from DLS were produced by two
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different providers (UC Davis TEAM and Diversified Plastics) with a
time gap of two years, which is a further testament to this technique’s
exceptional repeatability. This suggests that whatever difficulties exist
during the printing process and sample post-processing (e.g., removing
the support material), the final outcome is a nearly identical copy
from print to print. Moving forward, the authors encourage future 3D
printing users to adopt the quality control metrics herein proposed to
better cross evaluate 3D printing approaches with other pore network
samples.

4.2. Limitations and remaining qualities to optimize for 3D printing geologic
porous media

The latest advances in high-resolution 3D printing are finally ca-
pable of reproducing key characteristics of porous media, including
geometry, permeability, specific surface area, porosity, and pore size
distribution at the original size with a single material in a repeatable
anner. Wettability and surface texture, however, are geologic proper-
ies that cannot yet be perfectly matched in addition to the above listed
hysical features. Resin-based printers can accurately fabricate the pore
eometry, but the wettability is different (even after plasma treatment)
rom what might be expected of natural porous media (Ishutov et al.,
021; Bacher et al., 2015; Otten et al., 2012; Suzuki et al., 2017;
Dal Ferro and Morari, 2015). Powder-printing technologies enable the
fabrication of 3D prints with surface texture and wettability that can
more closely resemble soils and rocks, but the geometry of pore systems
is poorly replicated (Ishutov et al., 2021; Anjikar et al., 2020; Ferrari
et al., 2022; Song et al., 2020). Nevertheless, for research that requires
abrication of identical copies of a natural pore structure, function-
lity and accuracy are paramount, even if they lack certain surface
roperties.
The workflow herein presented can be applied to replicate the

hysical micro heterogeneity of permeable soils and rocks within the
imensional limit of resin-based printers. Improvements made to the
ettability of the soil analogues show that this surface property can
e adjusted through plasma treatment to closely approach measure-
ents from real soils, which the literature reports span between 0–
20◦ (Morales et al., 2010; Woche et al., 2005; Bachmann et al.,
2000a,b; Leelamanie and Karube, 2013). Yet, the longevity of its effect
and its efficacy to uniformly increase the wettability of the entire
pore network must still be evaluated in greater detail. Nanoporosity
can be introduced by use of powder-based printers at the expense of
reproducing the intricate microstructure blueprinted in the CAD.

The authors recommend that 3D printed geologic analogues for ap-
plications in fluid flow should choose an optimal size and resolution of
the printed samples by ‘‘reverse engineering’’ the system. This implies
selecting the smallest physical size of the analogue that can be used for
laboratory experimentation (e.g., minimum 10 mm diameter × 20 mm
length), using this sample size to obtain the maximum image resolution
of the original sample, and selecting a 3D printer whose accuracy and
resolution can support the detail required. Omission of these three
considerations may render a sample that is too small for fluid flow
experimentation, or a microstructure that is unrecognizable by the
imaging technique or unprintable at the original scale. The authors note
that the sample herein analyzed is dominated by large pores (≥500 μm),
which contain a pore size that is suitable to the printer resolution.
The applicability of this method to soils with pores dominated by even
finer textured grains requires reviewing the resolution of the image of
the original soil sample and the printer resolution to ensure the finest
details are both visible for CAD construction and printable in the final
product.

5. Summary and conclusions

In this work we present one of the most detailed descriptions and
measurements of structural and hydrologic properties in 3D printed
9 
heterogeneous porous media. In doing so, we shed light on the quality
of 3D printing to produce identical soil/rock analogues, which has
been an elusively revolutionary technique for investigating subsurface
processes due largely to the improper removal of support material
from the pore space, a longstanding bottleneck. We have surveyed the
capability of four different 3D printing technologies for producing soil
analogues through direct comparison of microtomography imaging of
their pore space. Typical metrics were used for quantifying the recov-
ered pore morphology to evaluate how well each technique can relate
their print to the complex soil design they were crafted from (accuracy),
as well as how close the prints are to one another (repeatability).
One particular technology emerged as the best–DLS. No trade-off was
required between accuracy and repeatability.

Strategies to overcome accuracy limitations are unique to each
printing strategy here investigated. Generally, we recommend avoid-
ing approaches that require the use of support material in the voids
during fabrication (PolyJet) because its removal from intricate pore
networks is notoriously difficult. For LFS, tilting the sample by 45◦
on edge or corner during printing greatly and similarly improved
the final product. To alleviate the extreme hydrophobicity of resin
printing, we propose plasma treatment. While some limitations remain
to be resolved (e.g., printing the smallest of pores and treating the
polymer surface to change its wettability and surface texture), we are
optimistic that the soil/environmental science community could be on
the verge of moving past using glass beads and sand for performing
controlled transport experiments in the laboratory. The adoption of a
new generation of model porous media with realistic pore structures
can take advantage of the large databases of microtomography images
of undisturbed soils/rocks representative of myriad systems, land uses,
and applications. High quality 3D printed soil/rock analogues can
open up many yet unexplored opportunities to investigate the impacts
of pore structural characteristics on flow, transport, and reactions in
environmentally relevant media.
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Fig. A.6. Schematic of the printing mechanism for the four 3D printers technologies investigated. (a) Digital Light Synthesis (DLS). (b) UV curing of photopolymers by PolyGet
and subsequent removal of the Gel or (c) Water support, WS. (d) Low Force Stereolithography (LFS).
Fig. A.7. Photograph of the produced printed soil analogues by DLS, PJ Gel, PJ WS, and LFS arranged left to right.
A
n

ppendix A. Summary of 3D printed technologies tested

DLS 3D printing builds on principles of stereolithography (SLA).
oth DLS and SLA use UV light (laser spot and projector, respectively)
o cure liquid resin into solid material. Briefly, the DLS printing process
orks by holding a thin layer of uncured liquid resin in a transparent
ank, which is subsequently cured into a specific pattern with a UV
aser source from below. An oxygen permeable layer at the base of
he tank ensures the UV light penetrates only the first 70 μm of the
ank. The printed prototype is attached to a building platform that is
aised incrementally as the printing process progresses. In doing so, the
echnique forgoes the need to use support material to prop the voids
pen because it works with gravity to create the print. Recurrently, the
ransparent tank is refilled with more liquid resin, a new pattern layer
s cured with UV light, and the 3D print is extracted from above (see
ig. A.6a). The digital light projector (as opposed to a laser) allows
he entire cross-section of the print to be cured with a single pass.
his process results in printing times that are up to 10 × faster than
raditional SLA printers, because the laser spot has to scan the entire
ross-section (DiversifiedPlastics, 2024, 2023).
PolyJet 3D printing works by jetting droplets of liquid photopoly-

er onto a build platform, one layer at a time. Each droplet is cured

10 
by a point-wise UV light source, hardening it into place. The process is
repeated until the entire model is built. Support material is injected into
positions where voids should be located, providing subsequent layers
with supporting forces. Indeed, this support material helps to keep the
model in place during printing and prevents it from collapsing. After
printing, the support material must be removed by post-processing by
means of high-pressure air or water flushing, vapor steaming, or oven
drying (Dal Ferro and Morari, 2015).

LFS 3D printing is also a derivative of SLA, but an intermediate with
DLS. For this technique, the standard SLA technique is improved by
(1) the use of a flexible resin tank that reduces the peeling forces in
the cleaning step, (2) a point-by-point surface’s orthogonal laser’s spot
that reduces unwanted lateral laser curing, and (3) a smaller laser spot
size (FormLabs, 2019) (see Fig. A.7).

ppendix B. Measured permeability, specific surface area, con-
ected porosity

See Fig. B.8 and Table B.2.
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Fig. B.8. Identification of percolating and isolated pores from microtomography images of a soil pore network using Particle Analyzer (FIJI). (Left) shows all individual pores in
the sample. (Center) shows only the percolating pore connecting top to bottom boundaries. (Right) shows only isolated pores.
Table B.2
Transport properties for CAD and printed samples obtained from image analysis and flow simulations.
Label Scale Permeability Specific surface area Connected porosity

[m2] [×103 m−1] [–]

CAD – 8.62 × 10−10 5.686 0.290
DLS A 1x 6.56 × 10−10 4.714 0.196
DLS B 1x 5.88 × 10−10 5.086 0.181
PJ Gel A 1x 9.89 × 10−11 7.057 0.146
PJ Gel B 1.5x 1.24 × 10−10 6.771 0.177
LFS A 1x 2.91 × 10−11 4.714 0.084
LFS B 1x 2.06 × 10−11 4.143 0.069
PJ WS A 1x 1.56 × 10−12 4.814 0.057
PJ WS B 1.5x 2.13 × 10−12 5.086 0.068
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