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Abstract

Lattice-based heat sinks have attracted increasing attention as volumetric thermal man-
agement architectures for forced-convection cooling of high-power electronic systems.
In contrast to conventional plate-fin, pin-fin, and straight-channel configurations, lattice
geometries promote three-dimensional flow–solid interaction through interconnected liga-
ment networks that modify boundary-layer development, wake formation, and internal
heat-spreading pathways. This review synthesizes recent experimental and numerical
studies to examine the thermo-fluid mechanisms governing lattice performance, with em-
phasis on the coupled influence of porosity, ligament dimensions, topology, orientation, and
channel confinement on heat-transfer enhancement and hydraulic resistance. The analysis
indicates that while lattice structures can increase average Nusselt number and improve
temperature uniformity, these gains are intrinsically linked to pressure-drop penalties
associated with flow tortuosity and form drag, resulting in regime-dependent thermal-
hydraulic behavior. Apparent discrepancies reported across the literature are frequently
attributable to differences in geometric definition, Reynolds-number normalization, and
boundary-condition specification rather than to inconsistencies in physical mechanisms.
By consolidating geometric scaling, performance metrics, manufacturing considerations,
and system-level constraints, this review clarifies the conditions under which lattice heat
sinks may provide net benefit relative to conventional cooling technologies and identifies
key research directions required to support application-relevant design and evaluation.

Keywords: lattice heat sinks; forced convection; heat transfer; thermal-hydraulic performance;
additive manufacturing; power electronics cooling

1. Introduction
The rapid expansion of electrification and advanced energy-conversion technolo-

gies has driven sustained increases in the power density and functional integration of
modern power-electronic systems [1,2], with gravimetric power densities reported up to
approximately 10–86 kVA · kg−1 in compact converters and traction inverters relevant to
automotive and renewable applications [3]. This trend reflects the ongoing drive toward
lightweight, high-performance designs. As power densities increase and device packaging
becomes increasingly compact, thermal loads within electronic modules intensify [4,5].
Inverter-grade Insulated-Gate Bipolar Transistor (IGBT) modules have been reported
to experience local heat fluxes on the order of 100–150 W · cm−2 under full-load oper-
ation, with future systems expected to approach 500 W · cm−2 [6]. Moreover, recent
thermal-management optimization studies evaluate boundary heat-flux conditions up
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to 300 W · cm−2 in high-power drive inverters [7]. These escalating thermal demands
increasingly challenge conventional heat-removal strategies.

Thermal management has therefore become a decisive constraint on efficiency, reliabil-
ity, and service lifetime. Elevated junction temperatures (typically limited to approximately
150 °C for silicon power devices such as Metal-Oxide-Semiconductor Field-Effect Transistor
(MOSFETs) and IGBTs, with practical module limits around 175 °C due to packaging C
accelerate degradation processes, shift device characteristics, and promote failure mecha-
nisms in MOSFET and IGBT technologies [10,11]. Coupled electrothermal analyses further
indicate that temperature-dependent electrical and material properties directly influence
system efficiency [12]. Effective heat dissipation is thus a system-level requirement rather
than a secondary packaging consideration. In response to increasingly stringent ther-
mal and volumetric constraints, research activity in thermal management has expanded
progressively over the past two decades.

Figure 1 illustrates the evolution of Scopus-indexed publications over 2005–2025 on
four major cooling architectures: plate- and pin-fin heat sinks, microchannel heat sinks,
strut-based lattice heat sinks, and TPMS-based lattice heat sinks, where TPMS is the abbre-
viation of Triply Periodic Minimal Surface. Conventional extended-surface solutions have
maintained sustained research attention, while microchannel cooling experienced acceler-
ated growth during the 2010s. More recently, lattice and additively manufactured (AM)
heat sinks have shown pronounced growth, particularly after 2020, indicating increasing
interest in architected volumetric cooling strategies.

Figure 1. Yearly numbers of Scopus-indexed publications on four major cooling architectures: plate-
and pin-fin heat sinks, microchannel heat sinks, strut-based lattice heat sinks, and TPMS-based lattice
heat sinks over 2005–2025.

Against this broader research landscape, conventional heat sinks for power electronics
are predominantly based on extruded plate fins, pin-fin arrays, or straight microchannels
operating under forced convection. Although mature and cost-effective, these config-
urations are fundamentally governed by boundary-layer development along extended
passages and limited three-dimensional flow–surface interaction. Kirchhofer et al. [13]
demonstrated that plate-fin heat sinks are dominated by boundary-layer growth along
parallel channels. Ismail et al. [14] reported that regular pin-fin arrays exhibit limited trans-
verse mixing and rapidly increasing pressure losses as enhancement is pursued. Similarly,
Wu et al. [15] showed that straight microchannel performance is constrained by boundary-
layer thickening along smooth walls, motivating geometric modification to improve mixing
and heat transfer. More fundamentally, straight microchannel and plate-fin configurations
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promote flow predominantly along a single principal direction, with heat transfer governed
by streamwise boundary-layer development along streamwise surfaces within parallel flow
passages [13,15]. Such channel-dominated architectures inherently limit transverse mixing
and restrict three-dimensional thermal interaction within the heat-sink volume [14].

Attempts to intensify heat transfer by increasing surface-area density or reducing hy-
draulic diameter typically incur substantial hydraulic penalties. Zhang et al. [16] experimen-
tally demonstrated that decreasing microchannel hydraulic diameter increases heat-transfer
coefficients but sharply elevates pressure drop and pumping power. Parlak et al. [17] ob-
served similar trends in intensified pin-fin configurations, where enhanced heat-transfer
rates were accompanied by significantly higher pressure losses. Numerical optimization by
Kamma et al. [18] further showed that geometric modifications aimed at maximizing heat
transfer can rapidly shift plate-fin designs into pressure-dominated regimes. These studies
collectively illustrate the inherent thermal-hydraulic trade-off that becomes increasingly
restrictive as compactness requirements tighten and allowable auxiliary cooling power
is limited.

To address these architectural constraints, lattice heat sinks have emerged as an al-
ternative class of volumetric cooling structures. In the context of thermal management,
lattice heat sinks refer to architected porous structures composed of interconnected lig-
ament networks that generate three-dimensional internal flow pathways [19]. Unlike
channel-based configurations, lattice architectures distribute coolant through intercon-
nected volumetric pathways, enabling heat exchange throughout the internal volume
rather than primarily along external fin surfaces [20]. Recent advances in additive manu-
facturing (AM) have enabled fabrication of complex three-dimensional lattice architectures
that are impractical using conventional subtractive or casting-based manufacturing meth-
ods, particularly when precise control of relative density, pore topology, and permeability is
required. Du Plessis et al. [21] emphasized that layer-by-layer fabrication permits internal
ligament networks with geometric freedoms unattainable through traditional manufactur-
ing. In thermal applications, lattice structures operate as volumetric heat-transfer media in
which flow and heat exchange develop within interconnected passages rather than predom-
inantly along external fin surfaces [22–24]. Under turbulent forced convection conditions
(Re ≈ 5000–45,000) [19], architectured lattices, including strut-based lattices and Triply
Periodic Minimal Surface (TPMS), enhance convective transport through fundamentally
different mechanisms. Strut-based lattices promote mixing through repeated boundary-
layer disruption, flow separation, and wake interaction around discrete ligaments, whereas
TPMS architectures, characterized by continuous surfaces and interconnected channels,
facilitate more distributed, shear-driven mixing via flow splitting and recombination.
Large-eddy simulations by Corbett and Thole [25] resolved ligament-scale separation and
vortex structures associated with this process, while conjugate heat-transfer simulations
by Kaur et al. [26] demonstrated that the continuous solid ligament network enhances
internal heat spreading and solid–fluid coupling. Together, these mechanisms enable
enhanced heat-transfer performance and improved thermal uniformity within compact
volumes, albeit often accompanied by increased pressure drop and pumping power re-
quirements. Vaglio et al. [27] experimentally showed that enhanced convective transport
in Laser Powder Bed Fusion (LPBF) Body-Centered-Cubic (BCC) lattices is accompanied
by substantial pressure-drop penalties arising from strut-induced separation and form
drag. Padrão et al. [20] numerically reported that geometric features intensifying mixing
also increase flow tortuosity and inertial losses, leading to rapid pressure-drop escalation.
Batikh et al. [28] further demonstrated that under transitional-to-turbulent forced convec-
tion conditions (Re ≈ 1400–14,200), lattice configurations outperform straight-fin or pin-fin
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baselines only within specific operating regimes once pressure-drop and pumping power
constraints are incorporated.

Accordingly, maximizing Nusselt number alone is insufficient for design evaluation.
Comparative thermo-hydraulic studies show that configurations ranked favorably by
heat-transfer metrics may underperform once pressure drop is accounted for [22,29]. Bal-
anced performance metrics that integrate both heat-transfer enhancement and hydraulic
expenditure are therefore essential for rational, application-oriented designs.

Although several reviews have examined additively manufactured lattices and TPMS
structures for heat-transfer applications, including those by Kaur et al. [26], Sajjad et al. [30],
Amara et al. [31], Wang et al. [32], Ifa et al., [33], and Al-Safadi [34], etc., as summarized
in Table 1, most existing syntheses focus on geometric taxonomy, manufacturing consid-
erations, topology-specific performance, or isolated heat-transfer enhancement trends. In
particular, TPMS and strut-based lattices are often treated either independently or compared
using inconsistent normalization frameworks. As a result, systematic comparisons that
account for Reynolds-number scaling, pressure-drop constraints, and regime-dependent
thermo-hydraulic performance remain limited. A unified framework that consistently eval-
uates both discrete-ligament and continuous-surface architectures under forced convection
is therefore still lacking.

As summarized in Table 1, prior reviews provide valuable insights into lattice
fabrication strategies and topology-specific performance trends; however, a unified,
normalization-consistent thermo-hydraulic framework for forced-convection lattice heat
sinks remains underdeveloped.

The present review addresses these gaps by establishing a unified thermo-fluid frame-
work for forced-convection lattice heat sinks that consistently evaluates both strut-based
and TPMS-based architectures under common scaling and performance metrics. Lattice
heat sinks are explicitly framed as regime-dependent thermo-fluid systems, in which heat-
transfer enhancement and hydraulic resistance emerge from coupled interactions among
geometry, flow development, and solid conduction. Emphasis is placed on identifying
dominant transport mechanisms, reconciling conflicting trends across experimental and
numerical studies, and evaluating performance using integrated thermal–hydraulic metrics
under consistent Reynolds-number definitions

The quantitative contribution of this review is threefold. First, it consolidates the
normalization problem by explicitly comparing the characteristic-length, Reynolds-number,
Nusselt-number, friction-factor, and pumping power definitions used across the surveyed
literature. Second, it introduces a benchmarking-envelope approach in which reported
thermal gains and hydraulic penalties are grouped according to their original comparison
basis, including equal Reynolds number, equal pumping power, similar pressure drop, or
comparison against a conventional fin, microchannel, zigzag, or printed-circuit baseline.
Third, it summarizes representative order-of-magnitude ranges of thermal enhancement
and hydraulic penalty in Section 5.4, rather than relying only on qualitative statements or
isolated (Nu)-enhancement claims. In this way, the review does not propose a universal
correlation across incompatible datasets, but provides a quantitative framework for inter-
preting reported performance ranges without over-normalizing studies that use different
geometries, baselines, fluids, and boundary conditions.
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Table 1. Scope comparison of representative reviews related to lattice-based thermal management. Note: LS = Lattice Structure, TPMS = Triply Periodic Minimal
Surface, AM = Additive Manufacturing, TH = Thermal-Hydraulic, Re = Reynolds number.

Review (Year) Main Scope/Emphasis LS TPMS AM Forced
Convection TH Trade-Off Re/Scaling

Consistency

Kaur et al. (2021) [35] AM lattice structures for
thermal/heat-exchanger applications Yes No Yes Partial Partial Limited

Sajjad et al. (2022) [30] Manufacturing and applications of
lattice structures in thermal systems Yes Partial Yes Partial Partial Limited

Yan et al. (2023) [36]
Comparative review on turbulent
convection in 3D truss/
cellular structures

Yes No Limited Yes Yes Limited

Amara et al. (2025) [31] Review of TPMS structures for cooling
heat sinks No Yes Partial Yes Yes Limited

Wang et al. (2025) [32] Comprehensive review of TPMS
structures for thermal management Partial Yes Partial Partial Yes Limited

Dharmalingam et al. (2022) [37] TPMS-based heat exchanger designs and
thermal-hydraulic performance No Yes Yes Yes Yes Limited

Ifa et al. (2026) [33] TPMS-enabled architectures for heat
dissipation in thermal systems No Yes Partial Partial Partial Limited

Yeranee and Rao (2022) [38] Flow and heat transfer in TPMS-based
cooling channels Yes Yes Partial Yes Partial Limited

Rashid et al. (2025) [39]
TPMS structures for heat sinks, heat
exchangers, and PCM-based
thermal management

No Yes Yes Yes Yes Limited

Al-Safadi et al. (2026) [34] Quantitative synthesis/correlations for
TPMS heat transfer and friction Partial Yes Limited Yes Yes Yes

This review
Forced-convection lattice heat sinks with
regime-aware comparison and
consistent metrics

Yes Yes Yes Yes Yes Yes
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2. Thermally Relevant Classification of Lattice Structures
Lattice structures employed as heat sinks encompass a wide range of geometric con-

figurations, unit-cell topologies, and connectivity patterns. Although many classification
schemes originate from structural mechanics or manufacturability considerations, not all
geometric distinctions are equally meaningful from a heat-transfer perspective. To provide
a visual overview of the representative lattice structures considered in this review, Figure 2
illustrates commonly used strut-based and TPMS-based lattice structures for thermal man-
agement applications. The commonly used strut-based lattice structures include BCC
(Body-Centered-Cubic), FCC (Face-Centered-Cubic), Octet-truss, Pyramidal, Kelvin cell,
Cubic, X-Type, and Tetraheron, while the commonly used TPMS-based lattice structures in-
clude Gyroid, Fischer–Koch S (FKS), Diamond, Primitive, Lidinoid, IWP (I-graph-Wrapped
Package), Neovius, and Schwarz, although there are some other lattice structures used as
well, as summarized, e.g., in [36,40,41]. The mathematical representations of such TPMS
structures [33,41] are presented in Appendix A.

Figure 2. Schematic of the commonly used lattice structures for thermal management applica-
tions: strut-based lattice structures (left column) and TPMS-based lattice structures (right column)
(after [36,40,41]).

2.1. Thermo-Fluid-Oriented Classification Framework

Under forced-convection conditions relevant to power electronics, thermal perfor-
mance is governed by the interplay between internal flow development, surface-area
exposure, solid heat-spreading pathways, and hydraulic resistance.

Existing reviews on lattice structure heat sinks have primarily focused on geometric
taxonomy, manufacturing considerations, or topology-specific performance trends, without
systematically organizing lattice structures based on their coupled thermo-fluid transport
characteristics under forced convection. While individual studies report boundary-layer
disruption, wake interaction, and conduction effects, these mechanisms are typically dis-
cussed in isolation.

The qualitative rankings in Table 2 synthesize recurring thermo-fluid tendencies re-
ported across recent experimental and numerical studies of strut-based and TPMS-based
heat sinks. Strut-based lattices with higher obstruction commonly intensify boundary-layer
renewal and wake-driven mixing, but exhibit stronger form-drag and Forchheimer-type
pressure-loss penalties, as shown for Octet-truss and BCC configurations and related pe-
riodic arrays [42–47]. In contrast, TPMS-based topologies provide continuous surfaces
and are frequently reported to yield smoother flow development and competitive thermal-
hydraulic performance, although the relative advantage depends on porosity, orientation,
and operating regime [34,48–52]. Flow-guiding or semi-closed insert concepts can improve
surface utilization and temperature uniformity by redistributing coolant, typically at the
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expense of increased pressure drop [53–56]. In this context, conduction connectivity re-
flects the role of solid-network continuity and architecture-dependent effective conduction
pathways, which vary with relative density and topology [57,58].

The trends summarized in Table 2 are consistent with the conceptual framework
illustrated in Figure 3, which maps mixing intensity and pressure-drop penalty across
lattice architectures.

Figure 3. Thermo-fluid classification of lattice structures based on mixing and pressure-drop penalty.

Table 2. Qualitative thermo-fluid tendencies of lattice structure classes under steady forced convection
(rankings are qualitative and regime-dependent; ordering may shift with Reynolds number, porosity,
orientation, and confinement).

Structure Class Typical Flow Features Mixing Form Drag (∆p
Sensitivity)

Conduction
Connectivity Favorable When Ref.

TPMS-based (Gyroid,
Diamond, Schwarz, etc.)

Continuous surfaces;
smoother flow paths. Medium Low–Medium Medium

(density-dependent)
∆p budget limited;
uniformity prioritized. [59–61]

Strut-based, open/
low obstruction

Larger pores; partial
boundary-layer renewal. Low–Medium Low–Medium Medium Low ∆p with

moderate enhancement. [62]

Strut-based, dense/
high obstruction

Strong boundary-layer
interruption;
wake interaction.

High High
High (increase
with density/
connectivity)

Maximum heat-transfer gain
acceptable with higher ∆p. [45,57,63]

Flow-guiding/
semi-closed

Directed jets; reduced
bypass; wall interaction.

High
(localized) High Medium–High

(design-dependent)
Hot-spot mitigation; tuned to
fan/pump limits. [58,61,64]

Stretch-dominated
(e.g., Octet-truss)

High nodal connectivity;
continuous solid paths. Medium–High Medium–High High

(connectivity-driven)
Conjugate heat
spreading important. [51]

Bending-dominated
(e.g., Kelvin-type)

Lower connectivity;
smoother passages. Medium Medium Medium–Low

(topology-dependent)
∆p and uniformity prioritized
over peak Nu. [65,66]

Strut-based lattices consist of discrete cylindrical or prismatic ligaments connected at
nodes, creating localized geometric discontinuities and curvature variations [67]. Under
forced convection, such features promote repeated flow redirection and boundary-layer
interruption, leading to enhanced convective heat-transfer. Qian et al. [68] experimentally
and numerically demonstrated that a BCC topology can achieve approximately 35% higher
Nusselt numbers compared to conventional finned and foam-based heat sinks. This was
observed under jet impingement conditions corresponding to inlet velocities of 1–4 m/s and
a representative operating condition of the dimensionless pump power C f Re3 ≈ 8.45× 1012

(where C f is friction coefficient). This enhancement is commonly attributed to increased
flow disturbance and secondary flow structures induced by ligament interactions. However,
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these same characteristics also introduce form-drag-dominated resistance, particularly at
moderate to high Reynolds numbers [27,69]. As a result, strut-based structures often exhibit
pronounced heat-transfer enhancement accompanied by significant hydraulic penalties.

In contrast, TPMS-based lattices are characterized by smooth, continuous surfaces
with gradually varying curvature and no discrete node junctions [48,49]. This geometric
continuity tends to promote more uniform flow development compared with discrete-
ligament networks [50]. Quantitative comparisons by Richard et al. [51] showed that, at
comparable porosity (ε ≈ 0.79) and Reynolds numbers over Re ≈ 22–48, Gyroid TPMS
structures exhibit lower pressure drop than Kelvin-type lattices (≈3% reduction at 9 m/s),
and substantially lower pressure drop than BCC structures (up to 47% reduction under
comparable conditions). However, the smoother topology of TPMS structures promotes
more continuous flow development with reduced abrupt flow disturbances compared to
discrete-ligament lattices, with fluid transport occurring through interconnected channels
that facilitate flow redistribution and complex flow pathways [70,71]. As a result, TPMS
structures may exhibit lower peak convective enhancement than dense strut-based configu-
rations under certain conditions, but can provide more uniform thermal fields and favorable
thermo-hydraulic performance depending on topology, porosity, and Reynolds number.
This highlights that TPMS-based systems also exhibit a trade-off between enhanced mixing
and increased viscous and inertial losses. Experimental and numerical investigations have
shown that topology-optimized TPMS channels can enhance Nusselt number by up to
70–80%, while simultaneously reducing or increasing pressure drop depending on flow
redistribution and design strategy [60,72].

2.2. Stretch-Dominated and Bending-Dominated Architectures: Thermal Implications

Within this thermo-fluid framework, lattice architectures can be further inter-
preted through established mechanical classifications, such as stretch-dominated and
bending-dominated topologies, which influence conduction pathways and thermal
transport behavior [73].

Stretch-dominated architectures typically exhibit higher nodal connectivity and more
continuous axial load paths. From a thermal perspective, this connectivity can provide
relatively direct solid conduction routes between the heated base and the lattice interior,
potentially improving heat spreading within the solid framework [74].

Bending-dominated lattices, in contrast, generally possess lower nodal connectivity
and more compliant beam-like frameworks [75]. While such geometries may provide
higher specific surface area or intensified local flow interaction, their conduction pathways
may be less continuous, influencing internal temperature redistribution.

Pelanconi et al. [76] compared lattice cores for compact heat exchangers and demon-
strated that thermal performance depends not only on surface area and pressure drop
but also on effective solid thermal conductivity. Their results show that increased surface
interaction does not automatically guarantee improved global heat spreading. Under forced
convection, this can lead to configurations with strong local heat-transfer coefficients but
limited improvement in overall temperature uniformity [77].

Thus, mechanical classification alone does not determine thermal-hydraulic behav-
ior; its relevance must be interpreted alongside flow development characteristics and
solid–fluid coupling.

2.3. Open, Semi-Closed, and Flow-Guiding Lattice Configurations

Another key thermo-fluid distinction arises from the degree of flow confinement and
guidance imposed by lattice architecture
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Open lattice configurations provide relatively unobstructed flow passages with larger
effective pore sizes. This typically reduces hydraulic resistance but also decreases surface-
area-to-volume ratio and fluid–solid interaction intensity. Ho et al. [62] showed that
increasing unit-cell size in additively manufactured lattices reduces both pressure drop and
convective heat-transfer enhancement. Similarly, Richard et al. [51] evaluated Kelvin, BCC,
and Gyroid structures at comparable porosities and demonstrated that higher-porosity
configurations exhibit lower hydraulic resistance but reduced heat-transfer intensity. Com-
plementary simulations by Tang et al. [52] reported similar trends for TPMS lattices, where
enlarging through-flow passages lowered pressure drop while reducing Nusselt number.
Collectively, these studies indicate that more open architectures tend to reduce hydraulic
penalties at the expense of diminished volumetric heat-transfer augmentation.

Semi-closed configurations, by contrast, impose greater internal flow constraint, in-
creasing fluid–surface interaction and promoting cross-stream transport. Yan et al. [78]
demonstrated that inserting X-lattice cores into honeycomb channels induces secondary vor-
tices that enhance wall heat transfer but substantially increase pressure drop. Aider et al. [23]
and Lorenzon et al. [43] similarly reported that more obstructed lattice topologies gen-
erate higher Nusselt numbers while incurring elevated form-drag-induced losses. High-
fidelity simulations by Shi et al. [67] further confirmed that intensified vortex interaction
enhances convective transport but increases friction factor. These findings consistently
show that increased flow confinement strengthens convective augmentation but amplifies
hydraulic resistance.

More recently, flow-guiding lattice designs have been proposed to redistribute coolant
toward high-heat-flux regions or reduce bypass flow near channel walls [54–56]. From
a thermo-fluid standpoint, such architectures can improve surface utilization efficiency
and temperature uniformity. However, deliberate flow redirection generally increases
pressure drop, reinforcing that geometric complexity alone does not guarantee net perfor-
mance improvement.

2.4. Implications for Comparative Assessment and Design

The classifications discussed above demonstrate that no single lattice architecture
is intrinsically optimal for forced-convection heat-sink applications. Thermal-hydraulic
performance emerges from the coupled interplay among surface exposure, internal flow
development, solid heat spreading, and hydraulic resistance.

Meaningful comparison across studies therefore requires consistent thermo-fluid
framing rather than reliance on isolated geometric descriptors. By grouping architectures
according to dominant heat-transfer and flow characteristics, apparent inconsistencies in
reported Nusselt-number enhancement and pressure-drop behavior can be interpreted
more systematically.

This thermally oriented classification provides a unified conceptual foundation for
subsequent analysis of geometric parameters and performance trends. It establishes that
lattice heat-sink performance is fundamentally governed by coupled thermo-fluid mecha-
nisms rather than topology alone, and that apparent discrepancies in reported trends can
be systematically interpreted through differences in flow development, surface interaction,
and hydraulic resistance across architectures and operating regimes.

3. Thermo-Hydraulic Mechanisms in Lattice Heat Sinks
Lattice-based heat sinks operate as volumetric forced-convection thermal-management

systems in which heat transfer and hydraulic resistance are governed by coupled fluid
flow, solid conduction, and fluid–solid interfacial convection. Unlike conventional plate-fin
or pin-fin heat sinks, where the coolant interacts mainly with external extended surfaces,
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lattice and TPMS architectures distribute heat-transfer surfaces throughout the flow volume.
This produces repeated boundary-layer interruption, local acceleration and deceleration,
secondary-flow generation, wake interaction, and three-dimensional solid heat spreading.
Therefore, their performance cannot be evaluated only by heat-transfer enhancement; it
must be interpreted through the coupled balance between convective augmentation and
pressure-drop penalty [30,32,34,38,69]. The dominant thermo-hydraulic mechanisms are
illustrated schematically in Figure 4.

Figure 4. Schematic illustration of dominant thermo-fluid mechanisms in lattice heat sinks under
forced convection.

3.1. Governing Transport Framework

The underlying physics of lattice heat sinks can be described using the governing
equations for steady, incompressible, single-phase forced convection in the fluid region,
coupled with heat conduction in the solid lattice. For the fluid domain, the continuity,
momentum, and energy equations are generally written as

∇ · u = 0, (1)

ρ f (u · ∇)u = −∇p + µ f∇2u, (2)

ρ f cp, f (u · ∇Tf ) = k f∇2Tf , (3)

where u, p, Tf , ρ f , µ f , cp, f , and k f are the velocity vector, pressure, fluid temperature, fluid
density, dynamic viscosity, specific heat, and fluid thermal conductivity, respectively. In the
solid lattice, heat transfer is governed by conduction:

∇ · (ks∇Ts) = 0, (4)

where Ts and ks are the solid temperature and solid thermal conductivity. At the fluid–
solid interface, conjugate heat transfer requires both temperature continuity and heat-
flux continuity:

Tf = Ts, (5)

−k f
∂Tf

∂n
= −ks

∂Ts

∂n
. (6)

The governing equations and interface conditions in Equations (1)–(6) show that the
performance of lattice heat sinks is not controlled by surface area alone. The heat-transfer
rate depends on how the lattice geometry modifies both the fluid-side transport and the
solid-side conduction pathway. In discrete strut-based lattices, the ligament diameter,
ligament orientation, node connectivity, and unit-cell arrangement control wake forma-
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tion, local impingement, flow separation, and conduction through the solid frame. In
TPMS lattices, the continuous curvature, wall thickness, level-set parameter, and channel
connectivity control the distribution of flow pathways, interfacial area, and solid heat-
spreading resistance [32,34,38].

3.2. Dimensionless Interpretation of the Mechanisms

The mechanisms described above are commonly interpreted using dimensionless
thermal and hydraulic parameters, including the Reynolds number (Re), hydraulic
diameter (Dh), Nusselt number (Nu), friction factor ( f ), pressure drop (∆p), pumping
power (Ppump), and thermo-hydraulic performance factor (η). In the present section, these
quantities are introduced only as interpretive links between geometry and physics: Re
identifies the relative importance of inertial and viscous effects, Nu represents convective
heat-transfer enhancement, f and ∆p represent hydraulic penalty, and Ppump and η con-
nect thermal gain with flow-driving cost. Detailed definitions, normalization choices, and
benchmarking implications are discussed later in Section 5.

This separation avoids interpreting heat-transfer enhancement in isolation. For exam-
ple, the same geometric features that increase Nu, such as surface-area density, boundary-
layer renewal, and vortex-assisted mixing, can also increase f , ∆p, and pumping power.
Therefore, the mechanisms discussed in this section should be interpreted together with
the performance metrics, scaling definitions, and benchmarking framework presented
in Section 5.

3.3. Solid Conduction and Conjugate Heat-Transfer Pathways

A defining feature of lattice heat sinks is the continuous solid network extending
from the heated base into the flow domain. Heat is first conducted through the solid
ligaments or TPMS walls and is then transferred convectively from the wetted surfaces to
the coolant. This distributed conduction–convection pathway distinguishes lattice heat
sinks from conventional fins and requires conjugate heat-transfer interpretation [26,74,79].

Conjugate simulations by Kaur and Singh [26] demonstrated that heat propagates
through interconnected ligaments into the interior of octet-based structures, shaping in-
terfacial temperature distributions and strengthening conduction–convection coupling.
Comparative analysis across unit-cell topologies further showed that higher ligament con-
nectivity significantly alters thermal-transport behavior relative to simpler frameworks [80].
Son et al. [74] confirmed experimentally and numerically that overall performance de-
pends on ligament conduction resistance and surface efficiency, governed by cross-sectional
geometry and material conductivity. Similarly, Kemerli and Kahveci [81] showed that
variations in strut length and diameter simultaneously modify pressure drop and heat
transfer, including at fixed pumping power, highlighting the dominant role of geometry.

The relative importance of solid conduction and fluid convection changes with
Reynolds number and material conductivity [82]. At low flow rates, solid conduction
pathways and contact with the heated base can strongly influence temperature uniformity
and surface utilization. As the Reynolds number increases, thinner thermal boundary layers
increase the fluid-side heat-transfer coefficient, and the dominant thermal resistance may
shift toward interfacial convection or hydraulic limitation. Shahrzadi et al. [83] showed that,
for Reynolds numbers of approximately 1–150, the role of solid conductivity becomes less
dominant as forced convection intensifies. Lattice heat sinks are therefore best described
as conjugate heat-transfer systems in which solid conduction and fluid convection are
intrinsically coupled rather than independently optimized. Thus, solid conduction is most
likely to predominate when ks is low, ligament or wall thickness is small, porosity is high,
conduction pathways from the heated base are long or poorly connected, or the imposed
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heat flux is spatially non-uniform; fluid-side convection becomes more limiting when the
solid lattice is highly conductive and well connected but the coolant-side heat-transfer
coefficient remains low.

3.4. Boundary-Layer Renewal and Local Convective Enhancement

Under forced convection, the coolant repeatedly encounters ligaments, struts, nodes,
or curved TPMS walls. This interaction causes local boundary-layer formation, disruption,
and redevelopment. Thin hydrodynamic and thermal boundary layers near leading edges
or high-curvature regions produce locally elevated heat-transfer coefficients [25,79,80,84].
Successive lattice elements interrupt the continuous boundary-layer growth that would
otherwise occur in straight channels or simple fin arrays, thereby improving local
convective transport [53,78].

The effectiveness of boundary-layer renewal depends on ligament spacing, wall
thickness, unit-cell size, porosity, surface curvature, topology, and Reynolds number.
Padrão et al. [20] demonstrated that, in TPMS lattices operating in a laminar regime of
approximately Re = 3–60, internal geometry determines how effectively thermal energy is
transported through the fluid volume and how pressure losses develop along the structure.
Ho et al. [85] similarly showed that variations in ligament diameter and unit-cell geometry
simultaneously modify Nusselt number and pressure drop. These results confirm that
lattice performance is governed by geometry-controlled flow development rather than by
surface-area increase alone.

3.5. Vortex Generation, Flow Mixing, and Thermal Uniformity

Flow separation at ligament leading edges, strut intersections, or curved TPMS pas-
sages generates wake-like vortical structures that interact with downstream elements and
promote cross-stream transport. Shi et al. [86] identified composite vortex systems, includ-
ing horseshoe vortices and downstream wake structures, in BCC lattices. Wang et al. [87]
demonstrated that lattice-induced vortices increase turbulent kinetic energy and that pitch
governs vortex strength. Park et al. [24] linked improved performance of pyramidal and
tetrahedral cores to increased internal velocity and turbulence levels. Wake-induced mixing
transports heated fluid away from solid surfaces and replenishes thermal boundary layers
with cooler fluid, thereby increasing convective heat transfer [88,89].

Enhanced mixing can also improve temperature uniformity by reducing thermal strat-
ification and suppressing localized hot spots. Lee et al. [90] numerically optimized a BCC
lattice heat sink for temperature uniformity and demonstrated substantial reductions in spa-
tial temperature variation due to internal flow redistribution. This temperature-uniformity
benefit is particularly important for power-electronics cooling, where thermal gradients
can reduce reliability even when the average heat-transfer coefficient is high [91,92].

3.6. Hydraulic Penalty, Tortuosity, and Form Drag

The same geometric mechanisms responsible for heat-transfer enhancement also
generate hydraulic penalties. Vortex formation, flow separation, local contraction and
expansion, repeated flow redirection, and increased wetted surface area all contribute to
pressure loss. Chaudhari et al. [42] showed that pressure loss in octet-truss lattices follows
Forchheimer-type behavior, with inertial contributions becoming increasingly important
at higher Reynolds numbers. Lorenzon et al. [43] similarly reported that configurations
producing stronger convective enhancement incur markedly higher pressure losses, and
that inertial penalties intensify with increasing Reynolds number.

In addition to wake-induced drag, lattice geometries inherently increase flow tortuosity.
Three-dimensional acceleration, deceleration, and directional change generate pressure
losses associated with wall shear, form drag, and momentum exchange. Experimental
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and numerical studies consistently show that the pressure drop of lattice heat sinks can
increase more rapidly with Reynolds number than that of streamlined fins or straight
channels [42,43,69]. Therefore, elevated (Nu) values should not be interpreted as evidence of
superior heat-sink performance unless (f), (∆P), Ppump, or (η) are evaluated simultaneously.

3.7. Mechanistic Interpretation for Design

Consequently, the net thermo-hydraulic performance of a lattice heat sink reflects
the balance between convective heat-transfer enhancement and hydraulic penalty rather
than any single mechanism acting in isolation. Surface-area density, boundary-layer re-
newal, vortex generation, and solid conduction pathways can all increase heat-transfer
rate, but they may simultaneously increase friction factor and pumping power. This ex-
plains why different studies sometimes report apparently conflicting rankings for BCC,
octet, X-lattice, Gyroid, Diamond, Primitive, and other TPMS or strut-based architectures:
the ranking depends on Reynolds number, porosity, wall thickness, characteristic-length
definition, boundary condition, and whether the comparison is made at equal flow rate,
equal Reynolds number, equal pressure drop, or equal pumping power [32,34,38,69].

A mechanistic interpretation therefore requires the following sequence: lattice topol-
ogy and geometric scale define (Dh), (ε), (As/Vc), tortuosity, and solid conduction pathways;
these parameters determine boundary-layer renewal, vortex generation, local acceleration,
and pressure loss; the resulting thermal and hydraulic responses are then quantified using
(Nu), (f), (∆P), (PP), (Q/PP), and (η). This framework provides a quantitative basis for
interpreting the literature and for guiding application-oriented lattice heat-sink design.

4. Effect of Geometric Parameters on Forced-Convection Performance of
Lattice Heat Sinks

The forced-convection performance of lattice-based heat sinks is governed by geomet-
ric parameters that control surface-area density, internal flow development, solid–fluid
coupling, and hydraulic resistance. Unlike conventional finned heat sinks, typically charac-
terized by a limited set of independent variables, lattice architectures introduce multiple
interdependent descriptors, including ligament diameter, unit-cell topology, porosity, and
orientation, whose influences are inherently coupled. These geometric descriptors apply to
both discrete-ligament (strut-based) lattices and continuous-surface TPMS architectures,
although their physical interpretation differs due to distinct flow pathways and solid–fluid
interaction mechanisms.

Consequently, trends reported across the literature often reflect geometry-flow inter-
actions rather than fundamental contradictions. Variations in Reynolds number, poros-
ity, and unit-cell configuration shift the balance between heat-transfer enhancement and
pressure-drop penalty (∆P), repositioning a design within the conceptual thermal-hydraulic
envelope illustrated in Figure 4. This section therefore examines the governing geomet-
ric parameters with emphasis on physically consistent mechanisms rather than isolated
performance metrics.

4.1. Porosity and Relative Density

Porosity is among the most frequently reported geometric parameters in lattice heat-
sink studies and is commonly used as a primary basis for comparison. Increasing porosity
generally enhances flow permeability and reduces hydraulic resistance, whereas decreas-
ing porosity increases solid volume fraction and surface-area density. Ali and Sen [93]
performed coupled FE-CFD simulations on Gyroid and lattice-based architectures with
porosities of 65–90%, showing monotonic increases in permeability and corresponding
reductions in pressure drop as interconnected flow pathways enlarged. Timercan et al. [94]
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fabricated diamond and Gyroid lattices at 60–80% porosity and similarly reported higher
intrinsic permeability at higher porosity, with lower porosity increasing solid fraction
and hydraulic resistance. Egan et al. [95] further demonstrated approximate power-law
scaling between permeability and porosity over the 60–90% ranges. Collectively, these
studies consistently indicate that increasing porosity enhances bulk flow transport through
improved void connectivity and reduced hydraulic resistance.

Importantly, similar porosity-dependent trends have been consistently observed in
TPMS-based structures, although the underlying mechanisms differ due to their continuous-
surface topology. In TPMS lattices, increasing porosity enlarges interconnected flow chan-
nels and reduces flow resistance, while simultaneously decreasing surface-area density and
fluid–solid interaction intensity [96,97]. However, unlike discrete strut-based lattices, the
effect of porosity in TPMS lattices is strongly coupled with topology-dependent tortuosity
and channel curvature, which influence flow redistribution and mixing behavior beyond
simple permeability scaling [97].

Nevertheless, porosity alone does not uniquely dictate forced-convection performance.
Liang et al. [44] tested FCC lattices with identical porosity (0.92) but different ligament cross-
sectional shapes, reporting heat-transfer differences of 25–31% and distinct pressure-drop
responses at the same Reynolds number. Similarly, Aider et al. [23] compared multi-
ple lattice topologies at porosity ≈0.88 and observed heat-transfer coefficients spanning
167–415 W · m−2 · K−1, accompanied by substantial variation in hydraulic penalty. These
findings demonstrate that topology and ligament arrangement critically influence convec-
tive behavior even when porosity is fixed.

This limitation is particularly evident in TPMS structures, where different topologies
at identical porosity can exhibit substantially different thermo-hydraulic behavior. Com-
parative studies of Gyroid, primitive, and IWP structures demonstrate that variations in
surface curvature and channel connectivity lead to distinct pressure-drop and heat-transfer
responses, even at fixed porosity [59,97].

While permeability characterizes bulk transport, local heat-transfer enhancement
depends on solid–fluid interaction mechanisms. Reducing porosity increases ligament
density and promotes more frequent boundary-layer interruption, wake interaction, and
local mixing. Park et al. [24] reported that increasing relative density from 7.5% to 15%
increased average Nusselt number by up to 56.4%, accompanied by intensified turbulent
kinetic energy. Similar trends were reported by Qian et al. [68] and Yun et al. [98], who
observed enhanced convective coefficients at lower porosity due to increased surface
blockage and flow disturbance, albeit with higher pressure-drop penalties.

The resulting trade-off is Reynolds-number-dependent. At lower Reynolds numbers,
increased surface exposure and solid conduction pathways can elevate Nusselt number
with moderate hydraulic cost. As Re increases, inertial form-drag contributions grow
more rapidly, and pressure-drop escalation may outpace heat-transfer gains. Under such
conditions, thermal-hydraulic efficiency has been reported to decline despite continued
increases in heat-transfer coefficient [44,45]. These trends underscore that porosity must be
interpreted within a coupled geometry-flow framework rather than as an isolated predictor
of performance.

4.2. Strut Diameter and Geometric Aspect Ratio

The dimensions of individual ligaments significantly influence forced-convection be-
havior in lattice heat sinks, although their effects are typically observed as part of coupled
geometric variations rather than as isolated parameters [20,99]. In most parametric inves-
tigations, ligament diameter is adjusted to control relative density and porosity, thereby
simultaneously modifying pore size, hydraulic diameter, and internal flow pathways. Con-
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sequently, measured thermal-hydraulic trends reflect coupled geometric effects rather than
independent variation of ligament diameter.

Consistent with the porosity trends discussed in Section 4.1, increasing strut diameter
raises relative density and reduces permeability, whereas thinner ligaments correspond
to more open flow passages. Son et al. [74] reported that decreasing porosity through
increased ligament diameter in tetrahedral lattice-frame materials produced higher friction
factors and elevated Nusselt numbers, indicating intensified solid–fluid interaction and
stronger flow disturbance. However, because diameter variation inherently modifies
porosity, pore size distribution, and flow tortuosity simultaneously, observed performance
changes cannot be attributed solely to strut thickness as an independent variable.

Geometric aspect ratio, defined through characteristic cross-sectional proportions of
the struts, introduces additional sensitivity. Ahn et al. [100] varied strut cross-sectional
aspect ratio in an FCCZ (FCC with vertical strut) lattice while maintaining nominally
constant porosity and topology, and reported measurable changes in flow uniformity,
friction factor, and Colburn j factor (j = Nu/(RePr1/3), where Pr is the Prandtl number)
across a range of Re. Fundamental studies of bluff-body wakes further indicate that cross-
sectional aspect ratio governs separation mode, vortex shedding characteristics, and wake
persistence [101], providing physical insight into how geometric proportion influences
internal flow structure within lattice networks. These effects are Re dependent and interact
with confinement conditions, suggesting that aspect ratio modifies transport behavior even
when global porosity remains fixed.

Beyond hydrodynamics, ligament dimensions define the effective solid conduction
network. Conjugate heat-transfer analyses show that variations in strut thickness and con-
nectivity alter effective solid-phase transport while simultaneously reshaping convective
heat-transfer behavior [20,23]. Structural parameters governing cross-sectional area and
ligament connectivity influence both heat-spreading capability and internal flow distribu-
tion. Performance trends therefore cannot be interpreted solely through permeability or
surface-interaction metrics, as geometric modifications simultaneously alter both thermal
diffusion pathways and fluid-side transport processes. These findings underscore the
inherently conjugate nature of heat transfer in lattice heat sinks, where optimal design
requires coordinated control of solid conduction and fluid convection.

While strut diameter provides a direct geometric control parameter in discrete-
ligament lattices, an analogous role in TPMS structures is played by wall thickness and
level-set parameters defining the implicit surface. Variations in TPMS wall thickness simul-
taneously modify relative density, hydraulic diameter, and conduction pathways, thereby
influencing both fluid-side heat transfer and solid-phase heat conduction [59,102]. Similar
to strut-based systems, increasing wall thickness enhances surface area and conduction
connectivity but also increases flow resistance, reinforcing that geometric effects in both
architecture classes arise from coupled modifications of flow and thermal fields rather than
independent parameters.

4.3. Unit-Cell Topology and Orientation Relative to Flow

Beyond individual ligament dimensions, unit-cell topology and its orientation relative
to the mean flow direction exert a strong influence on forced-convection behavior. Compar-
ative studies under similar porosity conditions indicate that topology significantly alters
internal vortex structure, thermal development, and hydraulic resistance. Liang et al. [46]
compared staggered pin-fin, Kagome, and BCC arrays at the same porosity of ε = 0.88 and
reported endwall Nu increases of 17–24% and 26–41% for the Kagome and BCC arrays
compared to pin-fin configurations, attributing enhancement to intensified mixing, horse-
shoe vortices, and counter-rotating vortex structures. Liang et al. [44] further demonstrated
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that, within a single FCC topology at ε = 0.92, variations in ligament orientation were
associated with periodic acceleration–deceleration behavior and 25–31% differences in
heat-transfer performance. Similarly, Aider et al. [23] reported topology-dependent varia-
tions in thermal development and pressure-drop characteristics among periodic lattices
at comparable porosity, while Liang et al. [47] linked vortex-scale flow structures directly
to convective enhancement across lattice types. Collectively, these studies suggest that
topology influences separation behavior, wake interaction, and mixing intensity, thereby
modulating both Nu and friction factor even at similar porosity levels.

For TPMS architectures, topology plays an even more intrinsic role, as it directly
defines the continuous flow pathways and surface curvature distributions within the
structure. Different TPMS families, such as Gyroid, diamond, primitive, and Fischer–Koch
S, exhibit distinct flow tortuosity, mixing characteristics, and pressure-drop behavior due to
differences in channel connectivity and curvature continuity [97,103]. For instance, Gyroid
structures are often associated with relatively low flow resistance and balanced thermo-
hydraulic performance, whereas more complex TPMS topologies can enhance mixing but
incur higher pressure penalties [59,60].

However, the geometric features that intensify mixing also increase projected frontal
area, flow obstruction, and effective tortuosity, amplifying inertial losses. Ferroni et al. [104]
showed that decreasing cell size under comparable porosity conditions increases specific
surface area while substantially increasing pressure drop (∆p), reflecting the combined
growth of viscous and inertial resistance. In lattice heat-sink experiments, Vaglio et al. [27]
reported that reducing BCC strut pitch enhanced heat transfer but markedly increased pres-
sure loss, whereas less disruptive staggered configurations exhibited lower ∆p alongside
reduced thermal performance. Similarly, Shahid et al. [105] compared oblique inline and
oblique-staggered Schwarz-TPMS structures and found that staggered layouts promoted
stronger transverse mixing and higher Nu, but at the expense of increased hydraulic resis-
tance. These results illustrate the inherent mixing-pressure-loss trade-off associated with
topology-driven flow disruption.

Comparative evidence further indicates that topology does not determine performance
independently of orientation and boundary conditions. Yahya et al. [106] showed that
rotating unit-cell orientation within confined channels significantly altered both Nu and
∆p trends, demonstrating that orientation governs the manifestation of topology-driven
mixing and blockage effects. Padrão et al. [20] additionally reported that different lattice
types experience different effective Reynolds numbers at identical inlet velocities due to
variations in hydraulic diameter and internal flow area, complicating direct comparison.
This normalization sensitivity is reinforced by Bernardini et al. [107], who showed that
∆p correlations depend strongly on hydraulic-diameter definition and flow-direction as-
sumptions, and by Al-Safadi et al. [34], who emphasized that inconsistent Re definitions
and boundary-condition reporting contribute substantially to discrepancies across stud-
ies. Without consistent specification of unit-cell orientation, confinement conditions, and
Re normalization, direct comparison of Nu and ∆p trends across lattice topologies may
therefore lead to misleading conclusions.

Together, the preceding analyses of porosity, ligament dimensions, and topology indi-
cate that geometric effects operate across multiple interacting length scales. This coupling
becomes further complicated under channel confinement conditions, as discussed below.

4.4. Channel Confinement and Lattice–Wall Interaction

The degree of channel confinement and the interaction between lattice structures and
bounding walls constitute additional geometric variables that strongly influence forced-
convection performance. In confined channels, lattice inserts can reduce bypass flow

https://doi.org/10.3390/en19122834

https://doi.org/10.3390/en19122834


Energies 2026, 19, 2834 17 of 41

and redistribute the working fluid toward the lattice core and heated surfaces, thereby
increasing effective surface utilization and strengthening solid–fluid coupling [106,108].
Park et al. [24] further reported that lattice cores tested under confined channel conditions
exhibited heat-transfer distributions distinct from those observed for isolated lattice blocks,
underscoring the role of confinement in shaping near-wall thermal development.

In TPMS-based configurations, confinement effects can further alter flow distribu-
tion due to the bicontinuous nature of the structure, which enables simultaneous trans-
port through multiple interconnected channels. Under confinement, these pathways
can promote more uniform flow redistribution and temperature fields, but may also
intensify wall-induced shear and pressure gradients depending on blockage ratio and
channel geometry [72,97].

Beyond thermal redistribution effects, confinement modifies hydraulic behavior by
increasing effective blockage and restricting lateral wake expansion. Although many
foundational studies were conducted on canonical bluff bodies, their findings provide
mechanistic insight applicable to lattice-induced flow obstruction. Ooi et al. [109] sys-
tematically varied blockage ratio (β = 0–0.7) for a confined cylinder at Re = 3900 and
showed that increasing confinement accelerates flow through reduced lateral gaps, inten-
sifies wall shear layers, and strengthens adverse pressure gradients, thereby enhancing
interaction between wall boundary layers and the wake. Consistently, the review by Mon-
dal and Alam [110] reports monotonic increases in drag coefficient with blockage ratio,
reflecting amplification of both viscous and inertial loss mechanisms under restricted lat-
eral expansion. Kalogirou et al. [111] similarly describe how confinement constrains wake
development and enhances wall-induced vorticity, altering pressure distributions and
vortex organization. Collectively, these studies indicate that increased blockage constrains
wake development and intensifies wall-induced shear, leading to elevated hydraulic losses
under confinement.

In lattice and cellular heat sinks, confinement effects interact with Re scaling. As
Re increases, enhanced cross-stream mixing may coexist with disproportionately increas-
ing pressure-drop penalties due to strengthened form drag and inertial contributions.
Comparative investigations of confined lattice and cellular channels report that geometric
configurations promoting strong transverse motion also exhibit accelerated pressure-drop
growth under increasing blockage [104,105]. These results suggest that thermal-hydraulic
performance measured in isolated unit-cell studies or weakly confined test sections may
not directly translate to compact heat-sink assemblies integrated within electronic modules.

Meaningful evaluation therefore requires analysis under realistic confinement ratios
and boundary conditions representative of power-electronics cooling environments, where
lattice–wall interaction strongly influences both heat-transfer distribution and overall
pressure-drop behavior.

4.5. Implications for Comparative Assessment

Taken together, the preceding analyses show that forced-convection performance in
lattice heat sinks arises from the coupled interaction of porosity, ligament dimensions,
unit-cell topology, orientation, and confinement rather than from any single geometric
descriptor. Variation in one parameter typically induces concurrent changes in permeability,
surface-area density, hydraulic diameter, wake structure, and effective Re scaling, rendering
thermal-hydraulic behavior inherently multi-parameter- and regime-dependent.

Consequently, discrepancies in reported heat-transfer and pressure-drop trends across
the literature often reflect differences in geometric coupling and confinement conditions
rather than contradictions in underlying physical mechanisms. Direct comparison between
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studies employing distinct geometric configurations or operating regimes can therefore
obscure otherwise consistent thermo-fluid behavior.

These observations highlight the limitations of single-parameter geometric optimiza-
tion. Meaningful design assessment therefore requires coordinated evaluation of interacting
geometric descriptors within defined operating regimes, as further examined through per-
formance metrics in Section 5.

5. Thermal-Hydraulic Performance Metrics and Scaling Considerations
Building on the coupled-geometry perspective established in the previous section,

meaningful evaluation of lattice-based heat sinks requires performance metrics that simulta-
neously capture heat-transfer enhancement and hydraulic cost. Improvements in Nu alone
do not indicate superior system-level performance when accompanied by disproportionate
increases in pressure drop and pumping power.

Across the literature, inconsistent choices of performance indicators, Re definitions,
characteristic length scales, and normalization procedures have contributed to divergent
conclusions regarding the relative merit of different lattice geometries. Under one scaling
framework, a configuration may appear highly advantageous; under another, its benefit
may diminish once hydraulic penalties are accounted for.

This section therefore examines the principal thermal-hydraulic performance met-
rics employed in lattice heat-sink studies and analyzes how scaling definitions influence
comparative assessment and design interpretation.

5.1. Heat Transfer Metrics and Nusselt Number Normalization

The Nusselt number remains the principal metric for quantifying convective heat
transfer performance in lattice heat sinks. However, reported Nu values are highly sensitive
to the choice of characteristic length, bulk temperature definition, and velocity scale used
in the Re normalization.

In conventional duct flows, the channel hydraulic diameter provides a consistent
reference length. In lattice heat sinks, multiple geometric length scales coexist, including
channel hydraulic diameter, pore size, ligament diameter, and effective scales derived from
porosity or surface-area density. Accordingly, normalization strategies vary depending on
whether the lattice is modeled as a porous medium, a channel insert, or a periodic unit
cell [20,23,51]. This variability complicates direct comparison across studies.

For clarity, the Reynolds number is commonly written as

Re =
ρ f UinDh

µ f
, (7)

where Uin is the inlet mean velocity and Dh is the characteristic hydraulic diameter. In
lattice and TPMS channels, however, Dh is not unique. Depending on the study, it may be
based on the channel cross-section, pore scale, unit-cell size, channel height, strut diameter,
or wetted surface area. A frequently used volume-to-area definition is

Dh =
4Vc

As
, (8)

where Vc is the channel or fluid volume and As is the wetted heat-transfer surface area. An
equivalent form sometimes used for porous or cellular structures is

Dh =
4ε

Ass
, (9)
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where ε is porosity and Ass is the specific surface area. Caket et al. [69] emphasized that
studies on lattice metal frames use different characteristic lengths for Reynolds and Nusselt
numbers, including channel height, strut diameter, pore diameter, unit-cell length, and
hydraulic diameter, which prevents straightforward comparison unless the normalization
is clearly stated.

The convective heat-transfer coefficient is commonly obtained from

h =
q′′

Tw − Tm
, (10)

where q′′ is the imposed or measured heat flux, Tw is a representative wall or fluid–solid
interface temperature, and Tm is the bulk mean fluid temperature. The Nusselt number is
then defined as

Nu =
hDh
k f

. (11)

Consequently, Nu values reported in different studies should not be compared un-
less the definitions of Dh, Tw, Tm, velocity scale, and thermal boundary condition
are consistent [32,34,69].

Based on these inconsistencies, this review recommends a two-level Reynolds-number
reporting strategy. For device-level comparison between lattice heat sinks and conventional
fins, microchannels, or cold plates, Reynolds number should preferably be reported using
the externally imposed bulk inlet velocity and a channel-level hydraulic diameter,

Rech =
ρ f UinDh,ch

µ f
, (12)

because this definition is most directly linked to the imposed flow rate, pressure drop, and
pumping power requirement. For pore-scale or unit-cell-level mechanistic interpretation, a
secondary local Reynolds number may also be reported as

Rep =
ρ f UpLp

µ f
, (13)

where Up is a representative pore or interstitial velocity and Lp is a pore diameter, ligament
diameter, or unit-cell length. However, Rep should be treated as a supplementary descriptor
rather than the primary comparison basis, because pore-scale definitions vary strongly
between strut-based and TPMS architectures.

Accordingly, future studies should report at minimum: (i) the characteristic length
used in Re; (ii) whether the velocity scale is inlet, superficial, interstitial, or pore-scale;
(iii) porosity ε, wetted surface area As, and hydraulic diameter Dh; and (iv) the comparison
basis, such as equal flow rate, equal Re, equal pressure drop, or equal pumping power. This
two-level reporting strategy preserves a common device-level normalization for cross-study
comparison while retaining pore-scale Re as a mechanistic descriptor for explaining local
transport behavior [32,34,69].

Furthermore, increases in Nu do not necessarily imply superior heat-sink performance.
In confined or low-porosity lattices, geometric reduction of effective flow area can elevate
local velocities and apparent Re, increasing convective coefficients while simultaneously
producing disproportionate pressure-drop penalties. Liang et al. [44] and Ferroni et al. [104]
both documented cases in which geometric constriction enhanced heat transfer coefficients
but significantly amplified hydraulic resistance, illustrating that elevated Nu values may
reflect flow acceleration rather than intrinsic thermo-fluid improvement.
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Additional ambiguity arises from inconsistent use of superficial versus interstitial
velocity definitions. Al-Safadi et al. [34] demonstrated that variations in Re formulation
and boundary condition reporting contribute substantially to discrepancies in reported
thermal-hydraulic performance. Without clearly defined scaling conventions, comparisons
based solely on Nu magnitude can obscure physically consistent trends. Nusselt number
should therefore be interpreted within a clearly defined geometric and scaling framework
rather than as a standalone indicator of performance.

5.2. Pressure-Drop Metrics and Pumping Power Considerations

Pressure drop constitutes a critical constraint in forced-convection lattice heat sinks
because it governs the auxiliary energy required to sustain coolant flow. In lattice architec-
tures, hydraulic resistance arises from a combination of viscous wall shear and form drag
associated with ligament obstruction, flow separation, wake interaction, and geometric
tortuosity. Relative to straight-channel or conventional finned configurations, lattice net-
works can exhibit increased projected obstruction and repeated acceleration–deceleration
regions, which enhance inertial contributions to pressure loss, particularly at moderate to
high Reynolds numbers [27,104].

Pressure drop is commonly reported as ∆p, ∆p/L (L is the length), or friction fac-
tor ( f ) as a function of Re. However, interpretation of these quantities requires care.
Because the classical Darcy–Weisbach friction factor is defined using inertial scaling, it
may decrease with Re even while the dimensional pressure drop increases with flow
rate. de Souza Mendes [112] demonstrated that this apparent decrease arises from nor-
malization rather than from reduced mechanical energy dissipation. By reformulating
the friction group using viscous-force scaling, the author showed that friction remains
constant in laminar flow and increases monotonically with Re in turbulent flow, clarifying
the growth of inertial contributions to hydraulic resistance. These analyses indicate that
friction-factor trends should be interpreted alongside dimensional pressure-drop data to
avoid mischaracterizing inertial amplification.

The hydraulic penalty is commonly quantified using the friction factor. A typical
definition is

f =
2∆pDh

ρ f U2
inL

, (14)

where ∆p is the pressure drop over the lattice length L. Some studies instead define the
friction factor using wetted area, pore-scale quantities, permeability, or channel height.
Therefore, similar to Nu, the friction factor must be interpreted together with its definition
and characteristic length [34,69].

From a system-level perspective, pumping power,

Ppump = ∆pV̇, (15)

where V̇ is the volumetric flow rate, provides a more direct measure of hydraulic cost than
pressure drop alone. Because V̇ increases with velocity, pumping power scales with both
pressure drop and flow rate and therefore grows more rapidly with velocity in inertia-
dominated regimes.

These considerations indicate that pressure-drop data should be evaluated together
with flow-rate scaling and pumping power implications. Reporting ∆p or friction factor
without explicit reference to operating regime and energy consumption can lead to incom-
plete assessment of practical suitability in compact power-electronics cooling applications.
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Thermal-Hydraulic Efficiency and Performance Factor

To reconcile heat transfer enhancement with hydraulic penalty, studies on lattice heat
sinks commonly employ thermal-hydraulic performance indicators that combine Nu and
pressure-drop information into a single comparative index. A widely adopted formulation
is the performance evaluation criterion (PEC), expressed as

η =

(
Nu
Nu0

)(
f0

f

)1/3
(16)

where Nu0 and f0 denote the Nusselt number and friction factor of a reference geometry
evaluated at identical Re conditions. This formulation is commonly interpreted as repre-
senting comparison at equal pumping power and enables normalized assessment relative
to smooth channels, empty ducts, or conventional fin arrays [22,29].

The exponent 1/3 arises from equal-pumping power scaling. For geometrically com-
parable forced-convection channels, pressure drop scales approximately with f U2, while
volumetric flow rate scales with U. Therefore, Ppump = ∆pV̇ scales approximately with
f U3. If an enhanced geometry has a higher friction factor than the reference geometry, the
velocity allowed at equal pumping power is reduced by a factor proportional to ( f0/ f )1/3.
The term ( f0/ f )1/3 therefore penalizes heat-transfer enhancement by the hydraulic cost
associated with increased friction [32,38,69,113].

In addition to η or PEC-type metrics, several studies use alternative performance
indices such as Nu/ f 1/3, j/ f , and j/ f 1/3. Here, j is the Colburn heat-transfer factor,
defined as

j = StPr2/3, (17)

where St is the Stanton number and Pr is the Prandtl number. Since

St =
Nu

RePr
, (18)

the Colburn factor can also be written as

j =
Nu

RePr1/3 . (19)

The j-factor combines heat-transfer performance with the effects of Reynolds and Prandtl
numbers, allowing convective performance to be compared more compactly across different
flow conditions [34,69].

Heat-transfer rate per unit pumping power, Q/Ppump, is another useful cost–benefit
metric because it directly compares useful thermal transport with hydraulic power input:

Q
Ppump

=
ṁcp, f (Tout − Tin)

∆pV̇
, (20)

where Q = ṁcp, f (Tout − Tin) is the heat-transfer rate, ṁ is the mass flow rate, and Tout and
Tin are the outlet and inlet fluid temperatures, respectively. A higher Q/Ppump indicates
that more heat is transferred for a given hydraulic energy input, which is particularly
relevant for practical heat-sink and heat-exchanger design [34].

While convenient, the interpretive value of PEC depends strongly on the selected
baseline geometry, Re definition, and confinement condition. Dixit et al. [22] showed
that configurations ranking favorably based on heat-transfer coefficient alone may exhibit
reduced PEC values once friction penalties are incorporated. Similarly, Batikh et al. [28]
reported that certain lattice heat sinks outperform straight-fin baselines only within specific
Re ranges, with relative performance diminishing as inertial losses intensify.
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Across structured channels and lattice-based systems, thermal-hydraulic efficiency
often decreases with increasing Re in inertia-dominated regimes. Although Nu generally
increases with flow rate, friction factor and dimensional pressure-drop growth may scale
more steeply due to enhanced form drag and wake persistence [44,45]. Consequently,
the friction-related term in the PEC formulation can increase more rapidly than the heat
transfer ratio, leading to a reduction in η at a higher Re for geometries characterized by
strong flow disruption.

A performance factor exceeding unity therefore indicates improvement relative to the
chosen baseline at a specified operating condition, but does not imply universal superiority
across Re ranges or confinement levels.

5.3. Reynolds-Number Dependence and Scaling Behavior

The forced-convection performance of lattice heat sinks exhibits pronounced Re depen-
dence arising from the evolving balance between viscous transport, wake-induced mixing,
and inertial form drag. At low to moderate Re, convective enhancement is typically associ-
ated with boundary-layer disruption and localized acceleration–deceleration within the
ligament network. Under such conditions, increasing Re generally produces measurable
gains in Nu, while hydraulic penalties increase more gradually [24,44].

As Re increases further, inertial effects become increasingly dominant. Intensified
separation, persistent wake structures, and repeated flow redirection within the lattice
amplify form-drag contributions, leading to a more rapid rise in pressure drop relative
to heat transfer enhancement. Experimental and numerical investigations of lattice and
cellular heat sinks report that although Nu continues to increase with Re, the associated
growth in dimensional pressure drop often accelerates more strongly [27,45,114]. This
disparity in scaling frequently results in reduced thermal-hydraulic performance indicators
at higher Reynolds numbers, as discussed above.

Such Re sensitivity implies that lattice geometries cannot be evaluated independently
of their intended operating regime. Configurations designed to promote strong cross-
stream mixing and wake interaction may exhibit favorable performance within moderate Re
ranges but incur substantially higher hydraulic penalties as inertial contributions intensify.
Conversely, more flow-aligned or less obstructive architectures may provide comparatively
modest enhancement at low Reynolds numbers while maintaining more stable thermal-
hydraulic efficiency as Re increases.

Accordingly, scaling trends reported across the literature should be interpreted along-
side geometric confinement, porosity level, and normalization definitions. Differences in
Re range, velocity basis (superficial versus interstitial), and hydraulic-diameter selection
can shift apparent performance rankings. Apparent contradictions in reported trends
may therefore reflect differences in operating regime and scaling methodology rather than
fundamental disparities in lattice topology.

5.4. Quantitative Benchmarking Envelope Across Surveyed Studies

The preceding discussion shows that a single universal benchmark for lattice and
TPMS heat sinks would be misleading because the surveyed studies use different Reynolds-
number definitions, characteristic lengths, hydraulic diameters, baseline geometries,
coolants, thermal boundary conditions, and comparison bases. Nevertheless, a need
remains for order-of-magnitude guidance on the expected thermal and hydraulic per-
formance of lattice and TPMS heat sinks. Therefore, instead of forcing all data into one
universal correlation, the present review introduces a benchmarking-envelope approach. In
this approach, reported thermal gains and hydraulic penalties are grouped according to the
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original comparison basis used in each study, such as equal Reynolds number, equal pump-
ing power, similar pressure drop, or comparison against a specific conventional baseline.

To improve transparency, Table 3 summarizes representative quantitative ranges from
the surveyed literature. The reported values are not re-normalized across studies; rather,
they are retained in the form reported by the original authors or review sources. This
avoids artificial precision while still providing readers with practical order-of-magnitude
expectations for thermal enhancement and hydraulic cost.

The benchmark ranges in Table 3 indicate that lattice and TPMS architectures can
provide modest to very large thermal enhancement depending on topology and comparison
basis. Relative to plate-fin or zigzag-type compact baselines, reported improvements
commonly fall within the range of tens of percent and, in selected TPMS cases, exceed 100%.
However, the corresponding hydraulic penalty can also be substantial. For example, some
TPMS-to-zigzag comparisons report friction-factor increases of approximately 50–100%,
while fin-assisted TPMS designs report pressure-drop increases over the examined flow-
rate and fin-height ranges. Therefore, the relevant engineering question is not whether the
lattice increases (Nu), but whether the increase in (Nu), (h), or (Q) outweighs the increase
in (f), (∆p), and pumping power.

A useful way to interpret the surveyed data is through the qualitative benchmark-
ing map shown in Figure 5. The vertical axis represents thermal enhancement, such as
(Nu/Nu0), (h/h0), or (Q/Q0), while the horizontal axis represents hydraulic penalty, such
as ( f / f0), (∆p/∆p0), or (Ppump/Ppump,0). Because the reviewed studies do not use a single
common baseline, the map is intentionally presented as a design-envelope framework
rather than as a precise scatter plot.

Figure 5. Conceptual benchmarking map for lattice and TPMS heat-transfer structures.

The benchmarking envelope clarifies several practical trends. First, TPMS and lattice
designs are most compelling when thermal enhancement is reported at equal pumping
power or similar pressure drop, because these comparisons already include the hydraulic
cost. Second, very high (Nu) or heat-transfer-coefficient enhancement alone can be mis-
leading if achieved through severe flow blockage or high tortuosity. Third, geometry
modifications can sometimes improve both heat transfer and hydraulic performance, as
reported for controlled Gyroid deformation, but this behavior is not universal. Fourth,
conventional compact-channel heat sinks may still outperform TPMS structures in low-
Reynolds-number or pumping power-limited regimes. These observations support the
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use of benchmarking envelopes and performance maps, rather than isolated enhancement
ratios, when assessing practical lattice heat-sink viability.

Table 3. Representative quantitative benchmarking envelope for lattice and TPMS heat-transfer
structures. Values are retained using the comparison basis of the original studies; therefore, the
ranges should be interpreted as order-of-magnitude guidance rather than a universal correlation.

Study/Source Configuration
and Baseline Thermal Enhancement Hydraulic

Penalty/Interpretation

Wang et al. [32]; based on
Tang et al. [52]

TPMS heat sinks compared
with conventional plate-fin
heat sinks

Nusselt-number
enhancement of
approximately 5.8–196%,
depending on TPMS
topology and
operating condition

Enhancement
accompanied by increased
pressure drop; PEC-type
evaluation is required.

Yeranee and Rao [38]

Gyroid and Diamond
TPMS heat exchangers
compared with zigzag-type
compact channels

Nusselt-number increase of
approximately 30–65%;
thermal-performance
improvement of
approximately 17–100%

Friction factor
approximately 50–100%
higher in the cited
comparisons.

Dharmalingam et al. [37]

TPMS heat exchangers
compared with
printed-circuit
heat-exchanger designs

Heat-transfer coefficients
approximately 15–120%
higher

Reported at a given
pumping power; hydraulic
cost is partly embedded in
the comparison.

Dharmalingam et al. [37]
Fischer–Koch TPMS
designs compared with
Schwarz-D TPMS design

Heat-transfer increase of
approximately 23–356%

Reported at similar
pressure drop relative to
Schwarz-D in the cited
computational comparison.

Caket et al. [69]

Single-layer lattice
metal-frame channels
compared using
channel height as
characteristic length

X-type OA arrangement
reported the highest
Nusselt number among
compared LMFs

X-type OA also produced
the highest friction factor;
X-type OB showed the
highest efficiency index.

Al-Safadi et al. [34]

Gyroid TPMS heat-sink
data compared with
compact-channel heat-sink
data using heat transfer per
unit pumping power

TPMS was not always
superior when evaluated
using Q/Ppump

Conventional
compact-channel heat sinks
performed better at low
Reynolds numbers below
approximately Re = 800 in
the cited comparison.

Tang et al. [115]
Controlled deformation of
Gyroid-type TPMS
lattice structure

Increasing deformation
parameter increased
average heat-transfer
coefficient by 19.9–28.9%
and Nusselt number
by 0.3–4.5%

Average friction factor
decreased by 13.0–20.3%;
geometry control can
improve heat transfer
without increasing
flow resistance.

Tang et al. [116] TFS-Gyroid heat sink with
added fin structures

Average surface convective
heat-transfer coefficient
increased by 27.4–34.6%

Pressure drop increased
from 42.5 to 632.8 Pa as fin
height increased from 0 to
1.6 mm; PEC may decrease
due to pressure-
drop growth.
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5.5. Implications for Comparative Assessment and Design Practice

The preceding analysis indicates that no single metric, whether Nu, friction factor, or
pressure drop, can independently characterize the performance of lattice-based heat sinks.
Because geometric parameters simultaneously influence surface interaction, flow structure,
hydraulic resistance, and effective Re scaling, meaningful comparison requires integrated
evaluation within a consistent normalization framework. Comparative assessment should
therefore explicitly specify: (i) the characteristic length and velocity definitions used in
Nusselt-number calculation; (ii) the pressure-drop metric and scaling adopted (e.g., ∆p,
∆p/L, or friction factor), together with the corresponding reference length and hydraulic-
diameter definition; and (iii) the baseline configuration employed for performance-factor
evaluation. Without such transparency, reported enhancement may primarily reflect differ-
ences in normalization methodology rather than intrinsic geometric advantage.

From a design perspective, heat transfer enhancement alone is an insufficient decision
criterion. In energy-conversion and power-electronics cooling systems, where auxiliary
pumping power directly influences efficiency and sustainability, the relevant objective is
not maximizing Nu, but achieving improved heat-transfer effectiveness at an acceptable
hydraulic cost. Thermal-hydraulic performance metrics and regime-specific performance
maps, such as the conceptual framework illustrated in Figure 4, therefore provide a more
robust basis for identifying operating windows in which lattice geometries deliver tangible
system-level benefit.

Accordingly, rational design practice should move beyond single-parameter optimiza-
tion toward regime-aware, multi-parameter evaluation strategies that explicitly account
for Re dependence, confinement effects, and geometric coupling. Only within such a
balanced framework can lattice heat sinks be fairly assessed against conventional cool-
ing technologies and deployed where their structural complexity translates into genuine
thermal-hydraulic advantage.

6. Manufacturing, Materials, and Practical Constraints
Although lattice-based heat sinks often demonstrate favorable thermo-fluid perfor-

mance under controlled forced-convection conditions, practical deployment in power-
electronics cooling is governed by manufacturing feasibility, material behavior, scalability,
and system-level integration. Geometries optimized under idealized numerical or labo-
ratory environments may exhibit dimensional deviations, surface variability, or altered
flow distribution once realized as physical components. Accordingly, the viability of lattice
heat sinks depends on coordinated alignment between thermal-hydraulic performance,
manufacturability, material properties, and integration within compact energy systems.

6.1. Additive Manufacturing Constraints Relevant to Heat Transfer

Additive manufacturing (AM) enables fabrication of lattice geometries with high
surface-area density and complex three-dimensional connectivity that are difficult to
achieve using conventional processes [117]. However, process-specific constraints directly
influence thermo-fluid performance. Minimum feature size, powder-removal require-
ments, and layer-wise fabrication limit achievable ligament diameters and pore dimensions,
thereby constraining attainable combinations of porosity and surface-area density [118].
Designs approaching these limits may exhibit dimensional deviation and surface irregulari-
ties, characteristic of powder-bed fusion, including partially fused particles, stair-stepping
effects, and melt-pool-induced roughness [119–121].

As-built surface roughness further modifies forced-convection behavior. Compared
with smooth CAD geometry, experimentally measured roughness in AM lattices has been
shown to alter heat-transfer and pressure-drop predictions by tens of percent under turbu-
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lent conditions [122,123]. Experimental comparisons between additively manufactured and
conventionally fabricated heat exchangers likewise confirm that manufacturing-induced
surface and microstructural features influence both heat-transfer coefficients and hydraulic
resistance [124,125]. Because roughness magnitude and morphology depend on fabrication
route and processing parameters, performance trends are not universally transferable
across AM methods.

As-built surface condition should therefore be treated as an intrinsic geometric charac-
teristic rather than a secondary correction to idealized CAD representations.

6.2. Manufacturing-Induced Deviations and Their Thermo-Hydraulic Consequences

Although additive manufacturing enables fabrication of lattice and TPMS heat sinks
with complex internal geometries, the as-built structure often differs from the nominal CAD
model. This difference is important because thermal-hydraulic performance depends not
only on the designed topology, porosity, and wall thickness, but also on the manufactured
surface morphology, dimensional accuracy, internal defects, and post-processing condition.
Therefore, manufacturing constraints should be interpreted as performance-controlling
factors rather than only fabrication limitations.

The relationship between manufacturing parameters and thermal-hydraulic behavior
can be understood through the following causal pathway:

AM parameters → as-built deviations

→ Dh, As, ε, keff, roughness

→ Nu, f , ∆P, PP, η

(21)

At the process level, laser power, scanning speed, layer thickness, hatch spacing, build
orientation, and post-processing directly affect relative density, wall thickness, porosity
distribution, surface morphology, dimensional accuracy, and structural integrity [41]. For
TPMS structures, this sensitivity is amplified because the geometry contains thin walls,
continuously curved surfaces, overhang regions, and interconnected internal channels. In
powder-bed-fusion processes, partially melted powder, sticking powder, staircase effects,
overhang roughness, and melt-pool instability can produce deviations in wall thickness,
pore size, surface roughness, and porosity [32,38,41].

These deviations have direct thermal-hydraulic consequences. Surface roughness and
attached powder increase the effective wetted surface area and can disturb the near-wall
boundary layer, which may enhance local convective heat transfer. However, the same
roughness also increases wall shear, flow blockage, pressure drop, and pumping power
demand. Yeranee and Rao [38] reported that surface roughness and sticking powder in
PBF-fabricated TPMS cooling channels increase pressure loss, while micro-voids and micro-
cracks can reduce the thermal conductivity of the heat sink. Similarly, Wang et al. [32]
noted that sticking powder, overhang effects, and staircase effects alter the real fluid–solid
interface, disturb the flow field, and affect both flow resistance and thermal performance.

Quantitative evidence also shows that these deviations are not negligible. Wang et al. [32]
reported that SLM-fabricated Gyroid, Diamond, and Primitive heat sinks can show mea-
sured porosity deviations of up to 5% from the design value. The same review reported
porosity deviations of 7–12% in other AM-fabricated TPMS structures and relative-density
deviations of 1.54–3.94%. They also reported that CT-based comparison of as-built and
CAD geometries showed average deviations of approximately 42.27 µm for sheet-based
TPMS structures and 13.31 µm for network structures. These geometric deviations modify
the solid volume fraction, effective heat-transfer area, hydraulic diameter, and conductive
heat-transfer pathway.
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The effect on pressure drop can be particularly strong. Wang et al. [32] reported that
pressure-drop predictions based on ideal smooth models can deviate from measurements
by up to 69.82%. Al-Safadi et al. [34] similarly highlighted that AM-induced roughness,
wall-thickness deviation, and local geometric imperfections contribute to discrepancies
between CFD predictions and experiments. In the case discussed by Al-Safadi et al. [34],
the pressure-drop deviation reached 44.94% at (Re = 150) and increased to 69.82% near
(Re = 1350). This occurs because increased roughness and reduced hydraulic diameter
become more influential as the viscous boundary layer becomes thinner with increasing
Reynolds number.

Surface roughness may therefore be beneficial or detrimental depending on the se-
lected performance metric. Caket et al. [69] reported that DMLS-manufactured aluminum
alloy heat sinks with average surface roughness in the range of 1–25 µm under turbu-
lent conditions achieved approximately 50% higher thermal performance compared with
standard manufacturing techniques. However, this type of improvement should not be
generalized without considering the associated pressure drop and pumping power. For
lattice heat sinks, a rougher surface may increase (Nu), but the net performance improves
only if the increase in heat transfer outweighs the increase in (f), (∆P), and (PP).

Post-processing can reduce the hydraulic penalty while preserving much of the heat-
transfer capability. Rashid et al. [39] summarized a study on abrasive jet polishing of an
SLM-fabricated gyroid heat exchanger, where polishing reduced the density of protruding
internal microstructures. The reported roughness-induced surface-area increase decreased
from 106–123% before polishing to 20–45% after polishing, while the pressure drop de-
creased by approximately 40% and the heat-transfer capacity remained nearly unchanged.
Over Re = 300–3000, the polished prototype showed an average overall performance im-
provement of 12.94–26.09% compared with a counterbalance strip-fin heat exchanger [39].
This evidence shows that surface finishing can shift the thermal-hydraulic balance by
reducing flow resistance without necessarily sacrificing heat-transfer capacity.

Despite these reported data, the literature does not yet provide a universal quantitative
correlation directly linking AM process parameters to (Nu), (f), or (η) across all lattice and
TPMS heat sinks. Such a correlation is difficult because the outcome depends on topology,
material, unit-cell size, wall thickness, build orientation, post-processing, flow regime, and
the definitions of (Dh), (Nu), and (f). Therefore, the most reliable current approach is to
report both nominal design parameters and measured as-built quantities. Future studies
should report measured porosity, wall-thickness deviation, pore-size deviation, surface
roughness, CT-reconstructed surface area, hydraulic diameter, pressure drop, pumping
power, heat-transfer coefficient, and Nusselt number. This reporting practice is necessary
to establish physically meaningful relations between manufacturing quality and thermal-
hydraulic performance.

6.3. Material Thermal Conductivity and Solid–Fluid Coupling

Material selection influences lattice performance through solid-phase conduction and
solid–fluid thermal coupling. Studies on additively manufactured cellular metals consis-
tently report that effective thermal conductivity decreases with increasing porosity due
to reduced cross-sectional area and increased conduction-path tortuosity [23,95,126,127].
Effective conductivity scales strongly with relative density in open-cell lattices [95], and
topology and strut thickness alter solid conduction pathways under conjugate heat-transfer
conditions [23]. These findings confirm that ligament connectivity and cross-sectional area
govern internal heat-spreading capability.

Higher intrinsic material conductivity reduces internal temperature gradients [20].
However, in forced-convection systems, the relative contribution of solid conduction and
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fluid convection depends on operating regime. At moderate to high Reynolds numbers,
fluid-side resistance may become comparable to or dominant over solid conduction resis-
tance, such that geometric parameters influencing mixing and boundary-layer disruption
can outweigh incremental gains in material conductivity [44,45].

Material benefits are therefore inseparable from geometry. Increasing porosity or
reducing ligament cross-section narrows conduction pathways despite high intrinsic con-
ductivity [94,95]. Material and geometry must thus be treated as coupled design variables.

At the assembly level, interface resistance (e.g., TIM/contact resistance) between
the lattice base and the heat source adds a series resistance to the total thermal pathway
and can reduce or even offset gains from high-conductivity cores if not controlled or
characterized [128]. Realistic assessment of material effects therefore requires integrated
evaluation of solid conduction, convection, and interfacial resistance within the complete
thermal pathway [92].

6.4. Scalability, Repeatability, and Cost Considerations

Despite laboratory-scale advantages, scalability remains constrained by manufacturing
throughput, cost, and quality control. AM build time increases with part volume and
feature resolution, and metal powder-bed systems typically incur higher unit costs than
mass-produced extruded or stamped heat sinks [117,129,130]. These factors may limit
economic feasibility in cost-sensitive energy applications.

Repeatability presents an additional challenge. Documented AM variations in strut
thickness, surface roughness, internal porosity, and geometric distortion [118,124] directly
affect relative density and pore geometry. Even small dimensional deviations alter perme-
ability and effective thermal conductivity relationships [94,95], influencing both pressure
drop and heat-transfer behavior. Such variability complicates reliability assessment and
correlation development for applications with narrow thermal margins.

From a sustainability perspective, lifecycle assessments indicate that metal AM
processes often exhibit higher production-phase energy intensity than conventional
routes [131,132]. The net environmental benefit of lattice heat sinks therefore depends
on balancing operational efficiency gains against manufacturing energy demand, material
utilization, durability, and service lifetime.

Furthermore, heat-transfer enhancement must be evaluated alongside pumping power
implications (Section 5). Geometries that increase local Nusselt number but require higher
flow rates or tighter manufacturing tolerances may not yield favorable techno-economic
outcomes over the full system lifecycle.

Rigorous comparison should therefore integrate scalability, repeatability, lifecycle energy
demand, and cost-per-performance metrics in addition to component-level enhancement.

6.5. Integration and System-Level Constraints

Integration into practical cooling systems introduces constraints absent in isolated
channel studies. Packaging limits, allowable system pressure drop, and fan or pump oper-
ating characteristics bound achievable mass flow rate and therefore thermal enhancement.
In air-cooled modules, available fan pressure head directly constrains mass flow rate [133],
defining the admissible operating window.

Application-oriented investigations emphasize that performance must be evaluated
under realistic flow budgets and enclosure constraints rather than laboratory-optimal
conditions [28]. Controlled inlet conditioning and idealized geometries [24] may not repre-
sent installed systems, where confinement and pumping limits modify flow distribution.

Flow maldistribution in compact modules is well documented. Non-uniform inlet
conditions and plenum geometry distort local mass flux and alter pressure-drop and
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thermal behavior relative to uniform assumptions [134–136]. Because lattice performance is
highly sensitive to Reynolds-number scaling and confinement, as discussed in the previous
sections, such deviations can shift the system away from the optimized regime.

Mechanical reliability under sustained thermal loading is similarly critical. AM-
induced anisotropy, residual stress, and microstructural heterogeneity influence mechan-
ical response [137,138]. Residual-stress simulations report stress concentration at nodes
and junctions [139], and fatigue studies demonstrate architecture-dependent durability
governed by junction-level stress intensification [140,141]. Thermal cycling may therefore
affect long-term structural stability.

Surface roughness and reduced pore dimensions may also increase fouling susceptibil-
ity in air-cooled systems, modifying permeability and hydraulic resistance over time [51],
although systematic quantification remains limited. Lattice heat sinks must therefore be
evaluated as integrated system components whose performance depends on enclosure
geometry, interface quality, operating duty cycle, and environmental exposure. Reliable
assessment requires representative system-level testing rather than extrapolation from
isolated unit-cell studies.

6.6. Implications for Practical Deployment

Practical viability depends on coherent alignment between geometry, material be-
havior, manufacturability, and system-level constraints. Substantial Nusselt-number en-
hancement observed under controlled conditions may not translate into net system-level
benefit once manufacturing tolerances, surface condition, pumping power limits, and
integration constraints are incorporated. Progress therefore requires process-aware geomet-
ric design, transparent and normalization-consistent performance characterization, and
system-level validation under realistic confinement and duty-cycle conditions. Embedding
thermal-hydraulic optimization within a manufacturable, scalable, and application-aware
framework is essential for transitioning lattice heat sinks from exploratory demonstrations
to deployable thermal-management solutions for high-power energy systems.

7. Limitations, Contradictions, and Research Gaps
Despite substantial experimental and numerical progress, several limitations con-

tinue to hinder reliable cross-study comparison and practical deployment of lattice-based
heat sinks in power-electronics cooling. Many apparent contradictions arise not from
disagreement in the underlying physical mechanisms alone, but from the combined effects
of geometric definition, Reynolds-number normalization, boundary-condition specifica-
tion, manufacturing variability, experimental uncertainty, operating regime, and system-
integration context. This section consolidates the principal sources of discrepancy and
identifies priority research gaps.

7.1. Discrepancies Between Experimental and Numerical Studies

A persistent challenge in lattice and additively manufactured (AM) heat-sink research
is mismatch between numerical simulation predictions and experimental measurements
under nominally similar conditions. Manufacturing-induced deviations, such as surface
roughness, strut-thickness variation, and geometric imperfection, modify near-wall flow
and effective hydraulic diameter, influencing both pressure loss and heat transfer [34].

Simulations commonly employ ideal smooth CAD geometry, whereas experiments re-
flect as-manufactured surface morphology and dimensional variation. Kaur and Singh [122]
reported that neglecting roughness and manufacturing effects can produce heat-transfer
prediction deviations exceeding 20%. Incorporation of roughness-informed representations
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improved agreement, although residual discrepancies (≈10–30%) remained depending on
modeling assumptions.

Experimental uncertainties further contribute to variation. Reported uncertainty bud-
gets associated with flow-rate measurement, pressure instrumentation, and temperature
calibration propagate into Nusselt number and friction-factor evaluation [28,44]. Manu-
facturing tolerances are not always fully captured in derived heat-transfer coefficients [44].
These findings indicate that numerical-experiment mismatch often reflects geometric fi-
delity and boundary-condition realism rather than deficiencies in governing equations.
Rigorous paired validation using documented as-manufactured geometry and transparent
uncertainty reporting is therefore essential.

Accordingly, normalization inconsistency should be interpreted as only one source of
cross-study discrepancy. Manufacturing repeatability, surface morphology, dimensional
tolerance, sensor calibration, heat-loss correction, inlet-flow conditioning, and boundary-
condition implementation can also shift the measured or predicted Nu, f , and ∆p. There-
fore, discrepancies between studies should be evaluated using both normalization consis-
tency and experimental fidelity, rather than being attributed to a single cause.

7.2. Inconsistent Geometric Definitions and Scaling Frameworks

A major source of contradiction stems from inconsistent geometric and normalization
conventions. Studies employ different characteristic lengths for Reynolds and Nusselt
numbers, including channel hydraulic diameter, pore diameter, ligament diameter, and
porosity-derived effective scales [20,23,51]. Some treat lattices as porous media with super-
ficial velocity scaling; others use interstitial or channel-based definitions.

Al-Safadi et al. [34] showed that Reynolds-number formulation and boundary-
condition specification materially affect reported heat-transfer and pressure-drop trends.
Bernardini et al. [107] similarly demonstrated that hydraulic-diameter definition and as-
sumed flow direction influence pressure-loss correlations and comparative ranking.

Such differences do not imply disagreement in physics, but without transparent
reporting of characteristic length, velocity basis, confinement ratio, and reference geometry,
normalization artifacts can obscure intrinsic geometric effects. The absence of consistent
scaling conventions remains a barrier to meta-analysis and transferable design guidance.

7.3. Limited Coverage of Application-Relevant Operating Regimes

Many lattice heat-sink studies examine Reynolds-number ranges selected for laboratory
feasibility rather than alignment with realistic fan- or pump-constrained conditions [24,44].
Although mechanistically informative, such ranges may not correspond to installed
electronic modules.

In practical air-cooled systems, achievable mass flow rate is limited by fan pressure-
flow characteristics and allowable system pressure drop [133]. Application-oriented studies
emphasize evaluation within constrained flow budgets [28,142]. Moreover, as discussed in
Section 5, thermal-hydraulic efficiency often declines at elevated Reynolds numbers when
inertial losses grow more rapidly than heat-transfer enhancement [44,45].

Without systematic exploration of fan- or pump-constrained operating envelopes,
the Reynolds-number regimes in which lattice heat sinks provide net system-level benefit
remain insufficiently defined.

7.4. Insufficient System-Level and Long-Term Evaluation

Most investigations assess lattice heat sinks under steady-state, component-level con-
ditions with uniform inlet flow and controlled heat flux [24,44]. Practical assemblies involve
non-uniform heat flux, plenum effects, and interaction with upstream and downstream
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components [134,135], which can significantly alter local Reynolds-number distribution
and pressure-drop behavior.

Thermal contact resistance at the lattice–base interface is frequently underreported.
Experimental studies show that interfacial resistance can constitute a significant fraction of
total thermal resistance in compact modules [114], potentially offsetting core-level gains.

Long-term reliability is also insufficiently characterized. Additively manufactured
lattices exhibit anisotropy, residual stress, and defect sensitivity [137,138], and fatigue
studies report junction-level stress concentration effects [140,141]. However, systematic
coupling of thermo-fluid performance with mechanical degradation under service condi-
tions remains limited.

Lifecycle considerations, including manufacturing-phase energy intensity, are similarly
rarely integrated into performance evaluation [131]. The lack of system-level validation,
durability assessment, and lifecycle integration represents a critical gap between laboratory
studies and deployment in long-lifetime energy systems.

7.5. Limited Design-Oriented Guidance and Benchmarks

Although numerous lattice geometries have been investigated, relatively few stud-
ies translate thermo-fluid findings into transferable design frameworks. Performance is
commonly reported relative to a single baseline under narrowly defined conditions [22,44],
limiting generalization.

Comparative ranking is often normalization-dependent. Variations in Reynolds-
number definition, hydraulic-diameter scaling, and pumping power treatment can materi-
ally alter apparent superiority [34,112]. Additionally, many parametric studies emphasize
peak Nusselt enhancement without integrating pumping power limits, manufacturability
constraints, or enclosure-level considerations [27,45].

The absence of standardized benchmarks, shared reference geometries, and regime-
aware performance maps restricts synthesis and actionable engineering guidance.

7.6. Summary of Research Gaps

The preceding analysis indicates that the principal limitations in lattice heat-sink
research arise less from insufficient geometric innovation than from fragmentation in
scaling methodology, validation practice, and system-level evaluation.

Apparent contradictions frequently originate from inconsistent normalization conven-
tions, limited regime coverage, and inadequate integration of manufacturing, confinement,
and durability considerations. As a result, the conditions under which lattice architectures
provide reproducible, system-level benefit remain insufficiently defined.

Addressing these gaps requires coordinated advances in normalization consistency,
integrated experimental–numerical validation, regime-aware operating-envelope mapping,
system-level integration studies, and long-term durability assessment. These priorities
define the transition from exploratory geometric enhancement toward deployment-oriented
thermal-management research.

8. Future Research Directions and Design Guidelines
The preceding sections demonstrate that lattice-based heat sinks possess significant

thermo-fluid potential; however, practical deployment requires a shift from geometry-
centered enhancement studies toward normalization-consistent, manufacturable, and
system-integrated design frameworks. Future progress depends on establishing repro-
ducible scaling conventions, embedding optimization within realistic operating constraints,
and integrating geometric innovation with material behavior, manufacturability, and lifecy-
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cle considerations. This section outlines structured research directions aimed at enabling
application-relevant, deployment-ready lattice heat-sink design.

8.1. Unified Geometric Descriptors and Scaling Frameworks

Reliable comparison across lattice architectures requires standardized geometric de-
scriptors and normalization conventions. Porosity or relative density alone cannot capture
the coupled effects of surface-area density, pore scale, connectivity, and conduction path-
ways. More informative descriptors should integrate characteristic pore size, specific
surface area, hydraulic diameter, and connectivity metrics to link structure with both fluid
transport and solid conduction.

Equally critical is consistent scaling of Reynolds number, Nusselt number, and pressure
drop. Transparent specification of characteristic length, velocity basis, and temperature
reference would reduce ambiguity and enable cross-study synthesis. Adoption of shared
geometric and scaling conventions is a prerequisite for transferable performance maps and
generalizable design rules.

8.2. Optimization Under Realistic Operating Constraints

Future optimization studies should incorporate pumping power limits, fan/pump
performance curves, acoustic constraints, and allowable auxiliary energy consumption.
Designs optimized solely for peak heat-transfer enhancement may yield limited system-
level benefit once hydraulic penalties are considered. Moderate Reynolds-number regimes
often provide the most favorable balance between convective enhancement and pressure-
drop cost. Regime-aware optimization targeting realistic operating envelopes, rather than
extreme flow conditions, is therefore essential for application-relevant design.

8.3. Coupled Geometry–Material–Manufacturing Design

Practical deployment requires coordinated optimization of geometry, material prop-
erties, and manufacturing constraints. Additive manufacturing should be treated not as
an enabler of arbitrary geometry, but as a process imposing limits on feature size, sur-
face condition, tolerance, and repeatability. Material selection must be evaluated jointly
with ligament thickness, relative density, and operating regime. In convection-dominated
systems, incremental increases in intrinsic conductivity may offer diminishing returns
unless supported by appropriate geometric design. Integrated optimization incorporating
manufacturability and performance variability is more likely to yield deployable solutions
than geometry-only enhancement studies.

8.4. System-Level Validation and Durability Assessment

Translation to practice requires a prescriptive validation protocol rather than isolated
heat-transfer testing. For lattice heat sinks intended for power-electronics cooling, valida-
tion should be performed in a representative module or cold-plate assembly that includes
the heat source, baseplate, thermal interface material (TIM), manifold or plenum, enclosure
confinement, and the available fan or pump operating range. This is important because the
thermal path in power modules includes several resistances, including junction-to-case,
case-to-heat-sink, and heat-sink-to-ambient resistances, while cooling performance also
depends on coolant flow rate, input power density, ambient temperature, and allowable
pressure drop [92].

A minimum system-level validation protocol should therefore include: (i) a baseline
comparison against a conventional fin, pin-fin, microchannel, or commercial cold-plate
design under the same heat load and flow budget; (ii) steady-state tests under uniform and
non-uniform heat-flux maps; (iii) transient power-cycling tests representative of pulsed or
duty-cycle operation; (iv) operation along a realistic fan or pump curve rather than only at
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prescribed ideal flow rates; and (v) post-test inspection of the lattice for blockage, leakage,
deformation, fouling, or structural damage. The reporting metrics should include maxi-
mum device or junction temperature Tmax, surface temperature non-uniformity ∆Tsurface,
thermal resistance Rth, heat-transfer coefficient h, Nusselt number Nu, pressure drop ∆p,
pumping power Ppump = ∆pV̇, heat transfer per unit pumping power Q/Ppump, and the
selected performance factor or PEC.

For practical readiness, the relevant evidence is not only a higher Nu, but a sustained
reduction in Tmax and temperature non-uniformity within the allowable pressure-drop
and pumping power limits of the target device. Flow maldistribution should also be
quantified because manifold geometry and non-uniform inlet conditions can alter local
mass flux, pressure drop, and thermal performance relative to idealized uniform-flow
assumptions [135]. Therefore, system-level testing should report inlet/outlet temperature
rise, local wall or surface temperature distribution, pressure distribution, and, where
possible, channel-to-channel or region-to-region flow distribution.

Durability assessment should be coupled to this thermal-hydraulic validation. Lattice
heat sinks should be exposed to thermal cycling, power cycling, sustained operation, pres-
sure cycling for liquid-cooled systems, and vibration or shock conditions relevant to the
application environment. TPMS and lattice structures are attractive because their continu-
ous or periodic architectures can distribute mechanical loads, but practical deployment still
requires evidence under thermal gradients, vibration, and shock [32,33]. For AM metallic
lattices, this is especially important because residual stress, anisotropy, surface roughness,
and node-level stress concentration can influence long-term structural reliability.

Adequate evidence of system-level readiness should therefore include: (i) stable Rth,
Tmax, ∆Tsurface, ∆p, and Ppump before and after durability testing; (ii) no leakage, unaccept-
able blockage, or progressive increase in hydraulic resistance; (iii) no visible or CT-detected
cracking, deformation, delamination, or severe fouling of the lattice core; and (iv) preser-
vation of the thermal advantage over the baseline heat sink after cyclic or long-duration
operation. Because acceptable limits depend on the device class, coolant, packaging technol-
ogy, and reliability requirement, future studies should declare application-specific pass/fail
criteria rather than reporting only component-level heat-transfer enhancement.

8.5. Design-Oriented Performance Maps

Future studies should provide integrated performance maps relating geometry,
Reynolds number, and pumping power constraints within clearly defined normalization
frameworks. Such maps should delineate: (i) operating regimes offering net system-level
benefit, (ii) regions where hydraulic penalties dominate, and (iii) sensitivity to manufactur-
ing tolerances and material limits. Embedding geometric descriptors, scaling conventions,
and operating constraints into unified performance envelopes would enable application-
specific selection rather than reliance on peak enhancement metrics. A transition toward
normalization-consistent, manufacturable, and regime-aware design strategies is essen-
tial for advancing lattice heat sinks from exploratory geometric concepts to deployable
thermal-management technologies in high-power and sustainable energy systems.

9. Conclusions
This review critically evaluated lattice-based heat sinks as volumetric thermal-

management architectures for forced-convection cooling of high-power electronic sys-
tems. As power density increases across renewable-energy converters, electric mobility
platforms, and energy-storage technologies, thermal management increasingly constrains
efficiency, reliability, and lifetime. Lattice heat sinks offer a structurally distinct alterna-
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tive to conventional fins by promoting three-dimensional flow–solid interaction within
compact volumes.

Heat-transfer enhancement in lattice structures arises from boundary-layer disruption,
wake-induced mixing, and distributed solid–fluid conduction pathways. These mecha-
nisms can increase average Nusselt number and improve thermal uniformity. However,
the same geometric features that intensify mixing also elevate flow tortuosity, frontal
obstruction, and form drag, resulting in higher pressure-drop penalties. Performance is
therefore governed by an inherent thermal-hydraulic trade-off rather than heat-transfer
enhancement alone.

A central conclusion of this review is that lattice heat sinks do not universally outper-
form conventional cooling technologies. Their advantage is confined to specific combina-
tions of porosity, ligament geometry, topology, Reynolds number, and confinement ratio in
which heat-transfer gains offset hydraulic and pumping power costs. Many apparent con-
tradictions in the literature stem from a combination of inconsistent geometric descriptors,
Reynolds-number normalization, boundary-condition specification, manufacturing vari-
ability, and experimental uncertainty rather than from disagreement in underlying physics
alone. Without unified scaling frameworks, transparent performance metrics, and docu-
mented experimental uncertainty, isolated reports of high Nusselt-number enhancement
may misrepresent true system-level benefit.

Practical deployment further depends on manufacturability, material–geometry cou-
pling, surface condition, durability under thermal cycling, and integration within con-
strained cooling loops. Additive manufacturing enables complex architectures, but scal-
ability, repeatability, cost, and lifecycle energy considerations must be reconciled with
thermo-fluid performance. Lattice heat sinks should therefore be evaluated as system-
integrated thermal components rather than isolated geometric innovations.

Future progress requires unified geometric and normalization conventions, validation
under realistic operating constraints, and design-oriented performance maps that balance
heat-transfer enhancement against hydraulic and manufacturing costs. By shifting the
objective from maximizing heat-transfer coefficients to achieving energy-efficient, manufac-
turable, and system-compatible solutions, research can transition lattice heat sinks from
exploratory enhancement concepts toward deployable thermal-management technologies
for high-power applications.
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Appendix A. Mathematical Representation of Some Commonly Used
TPMS Structures [33,41]

The commonly used TPMSs can be mathematically expressed with implicit level-set
functions ( f (x, y, z) = C), which define how the topology, periodicity, symmetry, connectiv-
ity, and curvature of the TPMS structure change based on the value of the representative
level-set parameter (C) [33]. As C controls the surface location within the scalar field,
changing the C value adjusts the effective thickness and relative density of the TPMS
geometry without altering its topology [33]. C = 0 representing the baseline structure.
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These functions are listed in Table A1 [32,33,41,143–146]. In these functions, the spatial
frequencies ωx, ωy, and ωz define the periodicity of the surface (unit-cell size) along the x,
y, and z directions in the Cartesian coordinate system, respectively. The unit-cell size in
each direction is determined by

Li = 2π/ωi (A1)

where i represents the x, y, and z directions, respectively. Variations in ω and C allow the
generation of TPMS structures with uniform or graded relative density [41].

Table A1. Mathematical representations of some commonly used TPMS structures [32,33,41,143–146].

TPMS Structure Implicit Level-Set Functions Representative C Value

Gyroid f (x, y, z) = sin(ωxx)cos(ωyy) + sin(ωzz)cos(ωxx) + sin(ωyy)cos(ωzz) = C 0.6

Fischer-Koch S (FKS) f (x, y, z) = cos(2ωxx)sin(ωyy)cos(ωzz) + cos(ωxx)cos(2ωyy)sin(ωzz) +
sin(ωxx)cos(ωyy)cos(2ωzz) = C 0.375

Diamond f (x, y, z) = cos(ωxx)cos(ωyy)cos(ωzz)− sin(ωxx)sin(ωyy)sin(ωzz) = C 0.45

Primitive f (x, y, z) = cos(ωxx) + cos(ωyy) + cos(ωzz) = C 0

Lidinold
f (x, y, z) = 1

2 [sin(2x)cos(y)sin(z) + sin(2y)cos(z)sin(x) + sin(2z)cos(x)sin(y)]−
1
2 [cos(2x)cos(y) + cos(2y)cos(2z) + cos(2z)cos(2x)] = C

−0.15

IWP f (x, y, z) = 2[cos(ωxx)cos(ωyy) + cos(ωyy)cos(ωzz) + cos(ωzz)cos(ωxx)]− [cos(2ωxx) +
cos(2ωyy) + cos(2ωzz)] = C 0

Neovius f (x, y, z) = 3[cos(ωxx) + cos(ωyy) + cos(ωzz)] + 4cos(ωxx)cos(ωyy)cos(ωzz) = C 0

Schwarz P f (x, y, z) = cos(x) + cos(y) + cos(z) = C 0.67
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