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Abstract

Additively manufactured lattice structures have become a staple of optimized structural
parts and are increasingly common in biomedical and chemical applications that require
consideration of flow through porous architectures. However, design principles governing
transport performance trail those established for mechanical optimization. Here, we
introduce two complementary design frameworks that modify symmetry at both the
unit cell and part scales to systematically tune internal transport. These approaches are
further extended into patterned lattice structures, where multiple unit cell designs can
be combined in one, two, or three dimensions to further regulate the internal flow. We
find that identical global lattice geometries can arise from different unit cell basis and
voxel plane orientations, with minimal changes in bulk geometric properties. Yet in
parts with diameters of 12–35 mm, hydraulic diameters of 1–4 mm, and porosities ~80%,
these design selections significantly affect the hydraulic tortuosity and fluid transport
behavior. We further demonstrate performance from select designs that yield a new
class of anisotropic lattices with strong sensitivity to flow direction that is tuned by the
projected area perpendicular to flow. Collectively, these symmetry-informed, multi-order
combinatorial design approaches enable predictable, direction-dependent transport design
and expand the functional potential of lattice architectures across disciplines.

Keywords: lattices; open cellular structures; cellular fluidics; metamaterial; unit cell design;
additive manufacturing; anisotropic transport

1. Introduction
One of the most unique features of additive manufacturing is the ability to produce

intricate hierarchical structures at unprecedented speed and scale [1,2]. Typically, lat-
tice structures or metamaterials have been used to make lighter parts with equivalent or
enhanced strength and mechanical function. Topology optimization [3] and homogeniza-
tion [4] methods are well-established approaches for designing lattices in these structural
contexts, in which material is selectively distributed or structures are simulated by effective
bulk properties of a unit cell, rather than by direct simulation of each individual element [5].
In recent years, lattice capabilities have expanded into biomedical and chemical engineer-
ing applications, becoming implants [6,7] cell culture platforms [8–10], filters [11–13], and
substrates for catalysis and separations [14–16]. In chemical engineering, they are most
comparable to traditional porous media, packed beds of particles, or open cell foams [17,18].
Compared to traditional porous media, which has an effectively random structure, the
ordered structures afforded by additive manufacturing have been shown to have more
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tunability, lower pressure drop, and enhanced performance [19]. These advantages have
given rise to the domain of cellular fluidics [20]. While inverse design methods—specifying
performance outcomes and generating the corresponding lattice configuration—are increas-
ingly common and efficient for mechanical properties [21], existing approaches for fluidic
lattices remain largely forward-design based, requiring iterative trial-and-error exploration
of a vast parameter space that includes unit cell geometry, orientation, and spatial pattern-
ing. As a result, there is currently no generalizable framework to map desired transport
behavior (e.g., pressure drop or flow distribution) to lattice architecture.

While prior work has described pressure gradients using adapted classical model
forms, these approaches are typically limited to homogeneous or weakly graded structures
and do not capture how complex patterning or multi-unit cell architectures influence flow
behavior [22–24]. Critically, the relationship between lattice patterning and anisotropic
flow response under steady conditions remains poorly understood, limiting the ability
to design structures with directional or asymmetric transport properties. Examples such
as fluid diodes (Tesla valves) demonstrate that direction-dependent flow behavior can
arise from geometry alone [25,26], but these have yet to be realized in periodic lattice
metamaterials. Meanwhile, advances in additive manufacturing have enabled increasingly
complex patterned lattices, where multiple unit cell types coexist within a single struc-
ture [27–31]. However, design principles for leveraging this expanded design space to
achieve targeted fluidic performance remain underdeveloped, particularly given practical
constraints on printability that further restrict accessible geometries [32,33]. Therefore,
there is a clear need to establish design rules that connect lattice architecture to emergent
transport behavior, enabling inverse design of fluidic metamaterials with tunable and
potentially anisotropic properties.

This work introduces a design framework based on alternatives for common unit
cell geometries, patterning, and part orientation that can be used to tune the pressure
gradient observed across the lattice structure. Using lattice generation techniques de-
scribed previously [32], these structures are realized as open, conformal, self-supporting
structures, which make them particularly relevant for multidisciplinary applications. De-
sign approaches are presented for creating patterned or homogeneous lattices, enabled
by careful selection of symmetrical features at the part scale, local scale, and unit cell
scale. This work shows that selection of an appropriate cell basis is critical for enabling
patterned lattice structures in which unit cells are combined in 1D, 2D, and 3D alternating
arrangements. The selection of center-based or edge-based unit cell designs has minimal
implications for the geometric quantities of individual parts but produces demonstra-
ble variation in fluidic performance. Furthermore, the choice of unit cell basis, coupled
with unit cell designs featuring rotational symmetry, can enable homogeneous lattice
structures that yield direction-associated fluid performance, similar to fluid diodes. This
design-based anisotropy is considered along with anisotropy arising from processing by
vat photopolymerization. Finally, the two developments are combined to further modulate
the performance of these cellular fluidic systems. Thus, in this work, we focus on how
symmetry choices at the unit cell and part scales, independent of material composition, can
be used as explicit design variables to tune transport behavior.

2. Materials and Methods
2.1. Pressure Gradient in Periodic Open Cellular Structures (POCS)

Previous work has evaluated the fluid performance of lattice structures by measuring
the pressure gradient over the length of a lattice column and comparing them to open cell
foams, finding that the typical quantities associated with traditional porous media can
be used to model the behavior observed in these novel structures [34–37]. The pressure
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gradient can be described as the sum of viscous and inertial force contributions, related
to the fluid velocity through the system and the characteristic dimensions of the medium,
namely porosity and hydraulic diameter. The general form is shown in Equation (1).

∆ P
L

= A u + B u2 (1)

In this generalized form, L is the length of the porous medium, A is the viscous term
that encompasses the dynamic viscosity of the fluid and characteristic dimensions, B is
the inertial term that encompasses the density of the fluid and characteristic dimensions,
and u is the superficial velocity of the fluid, the velocity through an open, unpacked tube.
Inayat et al. [34] presented a model form with an additional term, tortuosity (τ), to describe
the winding path of the fluid through a Kelvin foam. This model has since been supported
in other works studying lattice systems, including simple cubic lattices [36]. The complete
model is shown in Equation (2).

∆ P
L

= 32 τ2 µ

ε · d2
h

u +
τ3

2
ρ

ε2 · dh
u2 (2)

In this model, ε is the porosity of the packed region, dh is the hydraulic diameter of the
system, µ is the dynamic viscosity of the fluid, and ρ is the density of the fluid. For
non-circular ducts, the hydraulic diameter (dh) is normally defined as a ratio of the cross-
sectional area to the wetted perimeter, multiplied by a factor of 4. In the case of porous
media and lattice structures, an average value can be determined for the entire medium by
effectively integrating over the entire length, resulting in Equation (3).

dh =
4ε

av
[=]

1
mm2

mm3

[=]mm (3)

where av is the specific surface area of the medium, or the total solid surface area in a given
unit volume. Dimensional analysis is shown to validate that the dh calculated this way
remains in units of length. In the case of lattice structures, these volumetric quantities are
easily computed from CAD designs.

2.2. Lattice Design

Homogeneous lattice structures are typically created by generating a regular grid
of voxels throughout the design domain, populating each voxel with the same unit cell
design, including topology and element thickness [32]. Input dimensions include the
voxel edge length or cell length (lc) and element radius (r), which can also be described
in nondimensional form (r* = r/lc). To create a patterned lattice, multiple unit cells are
designed and patterned throughout the primitive shape. For this study, cubic and Kelvin
unit cells were chosen with identical input dimensions. This study tested patterned lattices
designed with XY and YZ voxelization planes. The voxelization plane is the reference
plane for discretization of the primitive geometry. This can be aligned with the primary
Cartesian axes or oriented with an arbitrary normal vector [35]. For homogeneous lattices,
the voxelization plane does not have a significant effect on the lattice design. However, in
patterned lattices, changes to the voxelization plane can yield different lattices. Functional
grading is a typical strategy in which a characteristic quantity is varied throughout the
design domain, either globally or at the voxel level [38]. Designing a lattice to have smaller
strut thickness at its center is a common example of functional grading in 3D-printed lattices
as it can reduce clogging [36]. Certain unit cell geometries can be defined in multiple bases;
simple cubic can be described as a cube (edge-based) or a cross-like structure (center-based)
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as seen in Figure 1. Regardless of basis, reflection symmetry is maintained about the
primary Cartesian axes. A similar description can be made for the Kelvin unit cell, in which
the pore is centered within the voxel or split between the faces (edge-based), sometimes
referred to as the vintiles unit cell [39]. In a homogeneous lattice, a unit cell can be defined
by a voxel centered at any point that does not intersect with the primitive wall. Center-
and edge-based unit cells are two possible locations to center the voxels. The repeating
structure is the same but is defined by a different center point.

Figure 1. (A) Visualizations of cubic, Kelvin, and directional unit cells; (B) visualizations of cubic and
Kelvin unit cells defined by edge and center basis; (C) examples of possible patterns for patterned lat-
tices with two distinct unit cells where red and blue indicate different unit cell placements, indicating
top–down projection (left) and perspective (right) views for each configuration. These patterns are
organized in order of increasing complexity in 3D space.

In a homogeneous lattice, the choice of unit cell basis is largely inconsequential.
However, in patterned lattices, neighboring unit cells must have compatible edge- or center-
based geometry. With this satisfied, it is possible to create patterned combination lattice
structures in 1D, 2D, and 3D. For a given voxel within the lattice, populated with unit
cell A, this voxel could have a von Neumann neighborhood populated with unit cell B
containing a different unit cell geometry. This type of patterned structure is only possible
where the basis of both unit cell geometries consists of elements in analogous positions, or
else the lattice would not be self-supporting. This is illustrated in Figure 1. The concept of
unit cell basis can be further combined with modifications to unit cell symmetry, enabling
uniform lattice structures with inherent directionality or anisotropy. This can be achieved
by removing the constraint of reflection symmetry about the XY plane, permitting pyramid-
like structures with rotational symmetry about the vertical axis (Figure 1A). The design of
a pyramid unit cell with an arbitrary base shape is enabled by selecting a unit cell basis
that positions the features of a cubic unit cell at the center of the bounding box, rather than
the edges (Figure 1B). For lattice design and parameter selection, the geometric properties
of pyramids enable a unique set of comparisons. The volume of a pyramid is defined as
B·h/3, where B is the area of the pyramid base and h is the pyramid height. By imposing
equal base area and height between pyramids, the solid volume will be equal, regardless
of the number of sides (including a circular base or cone). By extension, the porosity will
also be comparable between unit cells with different pyramid designs. Scaling the unit cell
is facilitated by defining nondimensionalized quantities analogous to the dimensionless
radius (r*)—namely base area (B* = B/lc2) and height (h* = h/lc). The design process also
affords a rotational degree of freedom about the center axis of the pyramid.

https://doi.org/10.3390/jcs10050246

Version of record at: https://doi.org/10.3390/jcs10050246 

https://doi.org/10.3390/jcs10050246


J. Compos. Sci. 2026, 10, 246 5 of 16

In summary, lattice performance can be modulated through three independent but
interacting design choices: unit cell basis, voxelization plane, and local symmetry breaking
within the unit cell.

2.3. Design

Parts were designed in Rhino 6 and Grasshopper on a Windows 10 desktop with
an Intel(R) Core (TM) i5-4460S CPU @ 2.9 GHz, 16 GB RAM, and 2 GB dedicated graph-
ics. In-house scripts were used with the Crystallon and Dendro plugins for generating
lattice structures. Voxelization components from Crystallon were adapted to produce
the framework for patterning alternating unit cells. In-house features are available at
https://github.com/fromenlab/LatticeTools, accessed on 15 April 2026. All configurations
used the technique for generating uniform conformal lattices described previously [32].
Lattice dimensions were selected to align with previous studies for comparison, using cell
lengths (lc) of 2.38 mm or 4.48 mm and dimensionless radius (r* = r/lc) of 0.11. Smaller cell
lengths were used in a pipe system of internal diameter 12.2 mm, and larger cell lengths
used for internal diameter 34.1 mm. Large voxel samples were designed to have a height of
20 voxels while small voxel samples had a height of 40 voxels. This meant all samples were
approximately 100 mm in height. Lattices based on alternate cell designs and alternating
voxels were designed for the smaller system, with a subset made for the large system.
Lattices used for parameter testing in directional lattices were designed for the larger sys-
tem only to ensure that pyramidal features would be resolvable by the fabrication process.
Directional lattices used parameters of r* = 0.11, B* = 0.5, h* = 1, unless otherwise indicated.

2.4. Additive Manufacturing

All parts were fabricated using UMA 90 Black resin and a Carbon M1 3D printer
(Carbon, Redwood City, CA, USA) with 75 µm resolution in the XY plane. The M1 uses a
vat photopolymerization technique, Continuous Liquid Interphase Production (CLIP), in
which entire XY cross sections of a part are cured as a platform moves up and out of the
resin pool. Pre-processing was performed using the Carbon software, and post-processing
(solvent washing and curing) was performed according to manufacturer recommendations.
Notably, this lattice generation technique enables entirely support-free printing, which
reduces material waste and both pre- and post-processing resource demand. Parts were
printed at the standard 100 µm resolution in the Z direction, except for the noted directional
samples printed with 25 µm Z resolution.

2.5. Characterization

All parts were first characterized in mesh format by the native utilities for volume and
surface area in Rhino 6/Grasshopper. After printing and post-processing, the mass of each
part was recorded and converted to estimated volume using the specified solid density
(1.2 g/mL). For the diamond-based directional lattices, X-ray computed tomography was
performed on a Buker Skyscan 1276 with the following settings: 40 kV, 200 µA, 6.5 µm
pixel size, 400 ms exposure, with no filter over 180◦ at a rotation step of 0.2◦. Due to
the computational demands of this resolution setting, volume and surface area were not
quantified. Instead, the scan morphology was qualitatively compared to the CAD design.
CT reconstruction was performed using NRecon 1.7.4.6, 3D Slicer 5.0.3, and the SlicerMorph
ImageStacks plugin.

Pressure gradient was measured in one of two configurations (Figure 2), depending
on sample size and set. For samples based on alternate unit cell basis and alternating voxel
patterns, pressure gradient was evaluated with an Ashcroft CXLdp differential pressure
transmitter (Ashcroft, Inc., model CX8MB2421IW, Stratford, CT, USA) in the respective pipe
size for the sample (ID = 12.2 mm; ID = 34.1 mm). Pressure was measured from taps placed
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on either side of the sample zone [36]. For directional lattice samples used to evaluate
pyramid design and processing parameters, the pressure gradient was evaluated with a
Dwyer differential pressure gauge (Dwyer Instruments, Inc., 0–248.84 Pa ± 2%, Michigan
City, IN, USA). Pressure was measured from taps positioned 50 mm apart, and the sample
center was positioned at the center of the measurement zone, such that an equal length of
the part extended on either side. This measurement approach was taken to minimize the
influence of entrance or exit flow effects. Flow control was performed using a mass flow
meter, flow controller, and vacuum pump (TSI 4043, TSI, Inc., Shoreview, Minnesota, USA;
DFM 2000, TPK 2000, and HCP5, Copley Scientific, Ltd., Nottingham, UK).

Figure 2. Experimental setup examples. Pipe inner diameters include 12.2 mm and 34.1 mm. Relative
dimensions not to scale. Q = volumetric flow rate; ∆P = pressure difference; FT = mass flow meter
transmitter; FC = flow controller; D = diameter; L = length which is ~100mm. A vacuum pump was
used alongside the associated FC to allow for precise and constant flow.

Pressure gradient was modeled using R v4.2.3. Where applicable, pressure be-
havior was first modeled in terms of general viscous and inertial terms, according to
Equation (1). Then, assuming minimal deviation from the CAD-derived geometric prop-
erties, the tortuosity was fit based on Equation (2), using the nls package. As appro-
priate, the influence of other parameters, including unit cell basis, voxel plane orien-
tation, part orientation, print orientation, and slicing, were evaluated by ANOVA us-
ing Type III sum of squares. Code associated with analysis can be found at https:
//github.com/fromenlab/manuscript-2026-anisotropic-lattice, accessed on 15 April 2026.

3. Results and Discussion
3.1. Patterned Lattice Combinations

Pattern lattices were designed with cubic and Kelvin unit cells in increasingly complex
patterns. Patterns affected by voxelization plane were designed with an XY plane and then
redesigned with a YZ plane. Top and perspective views of tested patterned lattice condi-
tions can be seen in Figure 3. Geometric quantities were computed for a single unit cell of
the center-based cubic and Kelvin lattices, shown in Figure 4. At the level of a single cell,
center-based and edge-based geometries for the same unit cell type share effectively identi-
cal values at a common r*. Since the single-cell properties align with previous reporting,
the column-scale behavior was expected to also result similarly. Lattice design parameters
for column-shaped parts were selected to align with previous dimensions and techniques,
including dimensionless radius (r* = r/lc = 0.11) and cell length (lc = 2.38 mm) [36]. At
the overall part scale (Figure 4), trends for cubic and Kelvin columns are consistent with
previous reports and show minor differences between the unit cell bases. Cubic geometries
yield the highest porosity and hydraulic diameter and Kelvin geometries the lowest, with
each dimension of combination yielding an intermediate value. Considering a change in
voxel plane from XY to YZ, CAD-based geometric properties vary negligibly and less than
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the step between combination dimension (e.g., from 1D to 2D). Although porosity was
comparable between all configurations, ranging between roughly 75–85%, the properties
of combination structures are heavily influenced by the inclusion of Kelvin features. This
effect is most apparent in the estimated hydraulic diameter.

Figure 3. Rendering of tested homogeneous and patterned lattice designs (perspective and top
views). Conditions listed in order of increasing complexity and grouped by unit cell basis and voxel
plane symmetry.

Figure 4. Part-scale properties for tested homogeneous and patterned lattices; (A) porosity, (B) poros-
ity change, (C) specific surface area times unit cell length, and (D) hydraulic diameter of edge- and
center-basis patterned lattices. Porosity, specific surface area per unit length, and hydraulic diameter
are calculated with CAD properties, thus yielding single values per part. Porosity change was
calculated with measured porosity of the printed lattices. Error bars reported for parts printed in
triplicate. Conditions without error bars were not printed in replicate due to the minimal variability
from as-printed parts.

To compare the design values to the as-printed dimensions, each column was weighed,
and the porosity was estimated using the specified material properties. All parts exhibited
reduced mass compared to the expected value and an increase in porosity between 4 and
7% (Figure 4B). Even with the change in porosity, the trends shown in Figure 4A,C,D
were maintained in the as-printed parts, which suggests that the CAD estimates can be
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used effectively to compare design candidates on a relative basis. A set of replicates was
printed for the 1D XY, 2D XY, and 3D combinations. Across all configurations, there was a
statistically significant difference between the porosity increases in edge-based and center-
based unit cells (Table S3), with center-based combinations consistently exhibiting greater
porosity change.

3.2. Fluidic Performance

To evaluate the configuration-based differences in fluid performance, the pressure
drop across each column was measured over a range of flow conditions. The results of
pressure drop measurements for cubic, Kelvin, 2D, and stacked 50/50 are reported in
Figure 5 and the results for all combinations of cell basis and voxel plane can be found
in Figure S3. Observations for cubic, Kelvin, and 50/50 XY were consistent with the
previously reported results [36]. Considering only XY-based voxelization, edge-based
structures increased in pressure gradient in order of 2D, 50/50, 1D, then 3D, suggesting that
a higher-order combination does not necessarily result in an increased pressure gradient.
These trends were also supported by observations in a larger experimental system, which
consisted of a larger pipe diameter and larger unit cell dimensions (Figure S4). Center-
based cells corrected this trend to some degree, increasing the pressure gradient of the
2D combination to a level comparable to the stacked column pressure gradient. However,
the pressure gradient for the center-based 1D combination still exceeded the 2D and
stacked combinations.

 

Figure 5. (A) Pressure drop measurements for Kelvin, 2D XY, 50/50, and cubic lattices. Fit for
Equation (1) is plotted for each series. (B) Fit values from Equation (2) for viscous and inertial
coefficients as well as tortuosity estimates.

The influence of voxel plane orientation was examined for only stacked, 1D, and 2D
columns (Figure 6) because the symmetry of other configurations produced effectively
identical structures. Shifting from an XY to YZ voxel plane led to a decrease in pressure
gradient for 50/50 and 1D combinations. However, the voxel plane shift increased the
pressure gradient observed in 2D combinations. The increase was more pronounced for
the edge-based combination, for which the pressure gradient became greater than the
center-based combination in the YZ plane. In the 50/50 and 1D cases, the voxel plane shift
from XY to YZ also resulted in a lower pressure gradient for edge-based combinations
compared to the equivalent center-based combination.
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Figure 6. Pressure drop measurements for edge- and center-based lattices which contain 50% Kelvin
and 50% cubic unit cells in each cross-sectional slice. Fit for Equation (1) is plotted for each series.

Comparing the pressure gradient between edge-based and center-based lattices, all
configurations showed statistically significant differences between the unit cell designs
(p < 0.001), except for the 50/50 XY column. However, not all of these differences were
physically apparent. Cubic and Kelvin columns showed negligible performance differences
at the observed flow rates. 3D, 1D XY, and 50/50 YZ performance differences were less
apparent than 1D YZ and both 2D combinations. Further statistical inferences were made by
fitting viscous and inertial coefficients from Equation (1). Coefficients are shown in Figure 5,
where the described performance differences across changes in unit cell basis, combination,
and voxel plane are reflected in the relative changes in model coefficients. Only the cubic
configuration yielded a negligible viscous term, which is consistent with previous findings
of having primarily turbulent, inertia-dominant flow behavior [35,36]. Otherwise, the
relative pressure gradient for all configurations can be approximately inferred from the
magnitude of the inertial coefficient of the given configurations.

Taking the CAD-derived geometric properties and observed pressure gradient, the
model form of Equation (2) was also used to estimate the tortuosity of each structure
(Figure 5). In this case, the estimated value is representative of the average hydraulic
tortuosity over the flow range. Estimated tortuosity trends follow those of the inertial
coefficient, but the tortuosity term can yield some additional insight into the intrinsic
geometric characteristics of each structure. Hydraulic tortuosity is defined as the average
path of a fluid through a unit cell divided by the shortest path through the unit cell. This
definition requires a lower bound of 1 and has the cubit unit cell approach this limit [36].
However, the fitted parameter is the hydraulic tortuosity averaged over the flow range
(radial and Z height average). By averaging over the flow range, the flow between unit
cells becomes coupled. This removes the lower bound of 1 as flow could enter unit cells
at planes other than the upstream XY plane. Beam thinning and porosity increases from
the print process could also lower the tortuosity estimates as the CAD-derived geometric
properties are used in Equation (2).

From the fit tortuosity values (Figure 5B), it can be inferred that results closer to the
limit of the cubic column arise from configurations which yield straighter overall flow
patterns. In the cases of 50/50 YZ (edge- and center-based), 1D YZ (edge-based), and 2D YZ
(edge-based) combinations, all have near-cubic tortuosity estimates but greater observed
pressure gradients than a simple cubic column. The combination of low tortuosity and
a relatively higher pressure gradient suggests that a greater fraction of the flow may be
channeled through the open cubic pores in these configurations, as suggested for the larger
pores in Kelvin lattices [37]. As a result, the effective interstitial velocity through those
regions would be increased, yielding a higher pressure gradient.
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The implications of unit cell basis and voxel plane are highlighted for configurations
in which the fraction of unit cell types perpendicular to the flow direction are equal (i.e.,
50% A cells and 50% B cells distributed in a cross-sectional slice). Three cases are shown in
Figure 6 for both edge-based and center-based cells, using 50/50 (YZ), 1D (YZ), and 2D (XY)
alternating patterns. For all edge-based configurations, the pressure gradient is effectively
the same. However, changing to a center-based cell design yields a pressure gradient
positively correlated with pattern complexity. At first consideration, this trend may have
resulted from porosity and surface area changes that occur as fewer lattice elements overlap
and more elements are exposed. However, the tortuosity estimate controls for these changes
in geometric properties, and these estimated values roughly coincide with the observed
differences in pressure gradient. Thus, the symmetry parameters associated with unit
cell basis and voxel plane can be selected to modulate the effective tortuosity and fluid
phenomena in these systems.

3.3. Homogeneous Directional Lattices

Three pyramid designs were selected for comparison at equal porosity, using a base
of a circle, square, or diamond (rotated square) to achieve 90◦ rotational symmetry about
the center vertical axis. For computational expedience and ensuring feature resolution,
directional lattice designs were generated at a larger scale consistent with previous dimen-
sions [36]. Lattices were designed with lc = 4.48 mm, r* = 0.11, B* = 0.5, and h* = 1. Each
lattice was printed and tested in two orientations, for a combination of four conditions
per design. Figure 7 shows CAD-based geometric properties and the treatment scheme
for parameter investigation. The pyramid lattices have intermediate geometric properties
compared to their cubic and Kelvin equivalents. The design porosity, dimensionless specific
surface area, and hydraulic diameter were approximately equal for all pyramid configura-
tions, consistent with the design ideal. However, the pyramid configuration did affect the
projected open area in the flow direction, resulting from differences between pyramid and
beam overlap. The square pyramid initially had the lowest projected open area but rotating
it into the diamond configuration led to an increase, surpassing the circular pyramid lattice.

To evaluate the orientation dependence of pressure-driven flow over these lattice
structures, lattice parts were first printed with the point of the pyramid facing the print
platform (point–platform, Figure 7B). Lattices were also printed with the base of the
pyramid facing the print platform (base–platform). These yielded lower quality prints.
Analysis of the printability and fluidic performance of the base–platform lattices can be
read in the Supplemental Information. Since point–platform lattices printed better, testing
began with these lattices. Each part was placed in a cocurrent or countercurrent orientation
with respect to the air flow in the system. In the cocurrent orientation, the point of the
pyramid was directed to the system outlet; in countercurrent, the point was directed to the
inlet (Figure 7C). Results of the pressure experiments are shown in Figure 8A. Consistent
with the geometric properties, pressure gradients were greater than cubic lattices and less
than those observed for Kelvin lattices. Diamond pyramid structures exhibited the lowest
pressure gradient, followed by circular and square pyramids, indicating an inverse trend
with projected open area. Orientation-dependent pressure gradients were observed for all
parts and were statistically significant based on ANOVA model comparison (flow-relative
orientation: circular and diamond, p < 0.001; square, p ~ 0.06). Notably, the increase in
projected open area of the diamond lattice also corresponded to a wider difference between
the orientations, visible at higher flow rates.
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Figure 7. (A) From left to right: top views of directional lattices with circle, square, and diamond
pyramid bases. (B) Schematic of point–platform and base–platform orientation to the print bed.
(C) Schematic of cocurrent and countercurrent directional lattices with flow direction. (D) Porosity,
(E) specific surface area times unit cell length, (F) projected open area, (G) and hydraulic diameter of
designed directional lattices. Values for homogeneous cubic and homogeneous Kelvin lattices are
indicated with solid and dashed lines, respectively.

Figure 8. (A) Pressure drop measurements for circular, square, and diamond directional lattices as
printed by point–platform and base–platform orientations. Fit of Equation (1) is plotted for each series.
(B) Viscous and inertial coefficients for directional lattices estimated from Equation (2). (C) Estimates
of tortuosity for directional lattices.

3.4. Patterned Directional Lattices

Leveraging both design paradigms of unit cell patterning and directionality demon-
strated here, a set of 3D patterned pyramid lattices was designed to further investigate
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the tunability of directional lattice performance. At the same scale of the patterned unit
cells (lc = 2.38 mm, r* = 0.11), one sample had all voxels (A + B) containing square pyramid
unit cells, as in the previous directional designs; one sample with only half of voxels (B)
containing a square pyramid unit cell; and a third with half of the voxels (B) containing a
square pyramid unit cell with the base extending to the bounds of the unit cell (B* = 1). The
design in the third condition was intended to block all straight paths through the column.

The pressure gradient and modeled coefficients for the combination-directional lattices
are shown in Figure 9. Pressure gradient, coefficients, and tortuosity estimates are highest
for the blocking lattice structure, followed by the fully populated directional column, then
the partially populated directional column. Only the blocking configuration exhibited
statistically significant viscous coefficients in both cocurrent and countercurrent orienta-
tions, supported by its increased pressure gradient compared to the other configurations.
Both the fully populated (A + B) and partially populated (B) directional columns returned
tortuosity estimates below 1 and are comparable to the pure cubic column. All columns
yielded increased tortuosity estimates for cocurrent orientation compared to countercurrent
orientation. Statistically significant orientation effects confirm that the directionality of
these structures is maintained at smaller length scales, which may be relevant for minia-
turized devices. Thus, in addition to pyramid base shape and projected open area, partial
population is a viable parameter for tuning the performance of these directional structures.

Figure 9. (A) From left to right: top views of directional B (blocking, B* = 1), directional B (non-
blocking, B* = 0.5), and directional A + B (non-blocking, B* = 0.5). Since the lattices are made in the
3D pattern, directional A + B and directional B only (non-blocking) have the same XY projection;
(B) pressure drop measurements for cocurrent and countercurrent flow with a fit from Equation
(1) plotted for each series; (C) viscous and inertial coefficient fits from Equation (2); (D) tortuosity
estimates from Equation (2).
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4. Conclusions
This work has introduced and demonstrated two design paradigms based on sym-

metry modulation at scales spanning the unit cell, local regions, and overall part. Careful
selection of unit cell basis can enable multiple types of unit cell patterning, and combined
with changes in voxel plane basis, the tortuosity of lattice structures can be tuned beyond
the extent of a uniform lattice column. Furthermore, selecting an anisotropic unit cell
design can result in directional fluid performance. Future work will benefit from improved
characterization of as-printed part porosity and surface area to enable more accurate quan-
tification of tortuosity. Nevertheless, the combination of these approaches has important
implications for controlling local and part-scale transport phenomena in these lattice struc-
tures, leading to two types of directional behavior—cocurrent or countercurrent. These
results are shown to be valid across unit cell length scales and overall part scales alike, as
well as robust to print defects. Importantly, these effects arise from symmetry selection
rather than material choice or post-processing. Such design flexibility could benefit two-
stage processes in which lattice cartridges or monoliths are used as a substrate, wherein the
lattice is exposed to flow in one direction during a given step, followed by flow in another
direction for another step. Alternatively, these designs could be integrated into previously
suggested cellular fluidics for novel catalytic, separations, or diagnostic processes. In total,
these developments highlight several advantages lattice structures have over traditional
stochastic foams, making them a robust platform for next-generation composite materials
in a multitude of applications.
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