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Introduction

Conventional heat sinks often increase surface area to transfer
heat, but geometry can limit airflow and material efficiency [1].
Biomimetic branching structures offer an alternative, yet relatively
few studies directly compare complex designs through both
physical testing and simulation [2]. This study compares
conventional and biomimetic heat sinks under identical
experimental and computational conditions, emphasizing both
thermal performance and material efficiency.

Methods

Four geometries were designed within a 50 < 50 x 35 mm
envelope, prototyped in PLA, and fabricated from AISi10Mg by
metal laser powder bed fusion. Each heat sink was tested under
natural convection at 20.6°C with a constant 7.5 W heat mput.
Base and top temperatures were measured for 25 minutes,
followed by 20 minutes of natural cooling; each design was tested
twice. Performance was evaluated using endpoint temperature,
thermal resistance, and mass-normalized thermal conductance.

The same conditions were modeled in SimScale using conjugate
heat-transfer CFD.
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Results

The Al-generated design reached the lowest endpoint
temperature (44.4°C) and thermal resistance (3.17°C/W),
compared with 46.5°C for the control, 51.2°C for tree, and
52.8°C for lung. However, the tree-inspired design used 51.1%
less mass than the control and achieved 71.5% greater mass-
normalized thermal conductance. The Al-generated design had
the lowest mass-normalized performance. CFD predicted
higher temperatures than experiments for all designs.

Heat Sink Mass (kg) Gyqo5 (W/K) Gyo5/m (W/K/kg)
Conventional Control 0.0975 0.290 3.00
Tree-Inspired 0.0477 0.246 5.15
Lung-Inspired 0.0569 0.233 4.09
Al-Generated 0.1675 0.316 1.89

Discussion

The results show that greater surface area alone does not
determine heat-sink efficiency. Although the Al-generated design
had the largest surface area, its greater mass and thicker base
reduced material efficiency. The tree-inspired design achieved the
strongest balance between thermal performance and material use,
partially supporting the hypothesis that biomimetic fractal
structures can improve efficiency. Differences between CFD and
experimental temperatures also demonstrate the importance of
validating simulations with physical testing.
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Conclusion

The tree-inspired fractal provided the best overall balance between
thermal performance and material efficiency, using substantially
less material while achieving the highest thermal conductance per
unit mass. Although the Al-generated design produced the lowest
endpoint temperature and thermal resistance, its greater mass and
thicker base reduced its material efficiency and made it difficult to
1solate the effect of its geometry alone. Overall, the findings
support biomimetic branching as a promising approach for
lightweight passive cooling and demonstrate that maximizing
surface area does not necessarily produce the most efficient
design. Future work should explore additional fractal geometries,
improve manufacturing consistency, and optimize geometry,
material distribution, and manufacturability together to develop
more efficient passive cooling systems.
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