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Abstract: The design of re-entry vehicles for Mars is one of the toughest challenges in aerospace
engineering. It requires careful integration of aerodynamic efficiency and thermal protection. Unlike Earth, Mars
has a thin atmosphere made mostly of carbon dioxide. This atmosphere offers limited aerodynamic braking while
still generating intense heat during hypersonic entry. This unique environment requires balancing the need to
minimize heat shield mass with ensuring enough thermal resilience. Systems that are overdesigned reduce payload
capacity, while those that are underdesigned risk mission failure. This paper looks at the aerodynamics of Mars re-
entry vehicles, focusing on blunt-body and lifting-body shapes. It analyzes how entry trajectory affects peak heating
and total thermal load, showing the trade-offs between shallow and steep descent profiles. The study also reviews
thermal protection materials, including phenolic impregnated carbon ablators (PICA), ultra-high temperature
ceramics (UHTCs), and new porous carbon ablators that improve radiation scattering. The paper examines
innovative design approaches like deployable and inflatable heat shields, hypercone decelerators, and additive
manufacturing of thermal protection systems. These methods could boost efficiency and reduce structural mass.
Furthermore, it explores aerothermal interactions such as localized heating from surface protrusions and risks
linked to boundary-layer transition in flexible shields. These aspects underline the importance of aerodynamic-
thermal coupling in designing next-generation systems. By combining advancements in material science,
aerodynamic improvement, and deployable designs, this research highlights a comprehensive approach to re-entry
vehicle design. The findings suggest that future Mars missions will need hybrid solutions that blend ablative,
ceramic, and flexible thermal protection systems to achieve safety and efficiency. Ultimately, achieving this balance
will be crucial for reliably delivering larger payloads, supporting robotic missions, and paving the way for human
exploration of the Martian surface.
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1. Introduction

The exploration and eventual colonization of Mars represents one of humanity's most ambitious technological
endeavors, requiring unprecedented advances in aerospace engineering and materials science. Among the myriad
challenges facing Mars missions, the design of atmospheric entry vehicles stands as a critical bottleneck that
determines mission success, payload capacity, and crew safety. Unlike Earth's dense nitrogen-oxygen atmosphere,
Mars presents a uniquely challenging environment characterized by a thin carbon dioxide-dominated atmosphere
with surface pressures merely 1% of Earth's sea level density. This distinctive environment creates a paradoxical
engineering challenge: the atmosphere is too thin to provide substantial aerodynamic braking for deceleration, yet
dense enough to generate extreme heating during hypersonic entry at velocities exceeding 5-7 km/s. The
fundamental challenge in Mars re-entry vehicle design lies in achieving an optimal balance between aerodynamic
efficiency and thermal protection. Traditional approaches have relied heavily on conservative, over-engineered
thermal protection systems (TPS) that, while ensuring mission safety, significantly constrain payload capacity and
mission architecture. Conversely, aggressive mass optimization without adequate thermal margins risks
catastrophic mission failure. This delicate equilibrium becomes increasingly critical as mission requirements evolve
from small robotic landers to large-scale human exploration systems requiring payload masses exceeding 20,000
kg. Historical Mars missions, from the pioneering Viking landers to the recent Perseverance rover, have
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demonstrated the feasibility of Mars atmospheric entry using predominantly blunt-body configurations with ablative
thermal protection systems. However, these heritage approaches, while proven, may not scale effectively to meet
the demands of future human exploration missions. The need for precise landing capabilities, increased payload
capacity, and enhanced mission reliability necessitates a comprehensive reevaluation of entry vehicle design
philosophies, incorporating cutting-edge materials science, advanced aerodynamic concepts, and emerging
artificial intelligence technologies.

This research addresses the critical gap between current Mars entry capabilities and future mission requirements
by conducting a systematic analysis of aerodynamic-thermal coupling in Mars re-entry vehicles. The investigation
encompasses a comprehensive evaluation of vehicle geometries, ranging from traditional blunt-body designs to
innovative lifting-body configurations, while simultaneously examining the performance characteristics of next-
generation thermal protection materials. These materials span from established phenolic impregnated carbon
ablators (PICA) to revolutionary ultra-high temperature ceramics (UHTCs) and emerging porous carbon ablators
designed for enhanced radiation scattering. The scope of this investigation extends beyond conventional design
approaches to explore transformative technologies that could fundamentally alter Mars entry vehicle architecture.
Deployable and inflatable heat shield systems, hypercone decelerators, and additive manufacturing techniques for
thermal protection systems represent paradigm shifts that promise substantial mass savings while maintaining
structural integrity and thermal performance. Furthermore, the integration of artificial intelligence algorithms into
the design optimization process offers unprecedented opportunities to navigate the complex multidimensional
trade-space inherent in Mars entry vehicle design. The research methodology employs a multidisciplinary approach,
combining computational fluid dynamics simulations, materials characterization studies, and machine learning
optimization techniques to develop comprehensive design frameworks. Special attention is devoted to
understanding aerothermal interactions, including the critical phenomena of localized heating from surface
discontinuities and boundary-layer transition effects in flexible thermal protection systems. These considerations
are essential for ensuring the reliability and safety of next-generation Mars entry vehicles. The implications of this
research extend far beyond academic inquiry, directly informing the development of future Mars exploration
architectures. As space agencies worldwide prepare for human missions to Mars, the need for reliable, efficient,
and scalable entry technologies becomes increasingly urgent. The findings presented in this study provide essential
insights for mission planners, vehicle designers, and materials engineers working to enable the next chapter of
human space exploration. This comprehensive analysis aims to establish new paradigms in Mars entry vehicle
design, bridging the gap between current capabilities and future requirements through innovative approaches to
aerodynamic optimization, thermal protection system design, and intelligent control systems. The ultimate goal is
to enable safe, efficient, and economical delivery of both robotic and human payloads to the Martian surface,
thereby facilitating humanity's expansion into the solar system.

2. Mars Entry Aerodynamics

Mars atmospheric entry presents a unique set of challenges that set it apart from re-entry on Earth and Venus.
The Martian atmosphere is made up of about 95% carbon dioxide, with a surface pressure of roughly 6 to 8
millibars. This pressure is only about 1% of Earth’s sea-level density. This thin atmosphere creates a strange
situation: it offers limited aerodynamic drag for slowing down but still causes significant heating due to hypersonic
compression at the stagnation point. This section looks at the aerodynamic principles that govern Mars re-entry
vehicles. It focuses on vehicle shape, shock wave formation, entry trajectory effects, and modeling approaches
that guide vehicle design.

2.1 Vehicle Geometry: Blunt-Body vs. Lifting-Body Designs

Blunt-body shapes have been the favored design for re-entry vehicles. This principle was first shown during
Earth’s Mercury and Apollo missions and later used in Mars landers like Viking, Pathfinder, and Mars Science
Laboratory (MSL). A blunt shape creates a detached bow shock wave that pushes high-temperature plasma away
from the vehicle surface. This reduces the heat transfer at the stagnation point, allowing the thermal protection
system (TPS) to withstand entry. However, blunt-body designs also create high drag coefficients. While this slows
the vehicle effectively, it limits maneuverability. On Mars, this situation can be both helpful and challenging. Drag
helps with deceleration, but too much drag without enough lift can make landing less precise. Aero-lift designs
provide some lift during entry, which improves cross-range capability, allows for more precise landing sites, and
optimizes flight paths to lower heating loads. Even a small lift-to-drag (L/D) ratio of 0.2—0.3 can greatly change
entry dynamics. For example, NASA has studied concepts like the Elliptical Lift Body (ELB) for future human-scale
Mars missions. The downside is that generating lift often needs sharper shapes, which concentrate heat and require
stronger TPS. So, while lifting-body entry offers an aerodynamic benefit, it poses a thermal challenge.
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2.2 Shock Wave Formation and Hypersonic Flow Physics

When a vehicle enters Mars’s atmosphere at velocities of 5-7 km/s, it experiences hypersonic flow (Mach 20—
30). At these speeds:

¢ A bow shock wave forms in front of the vehicle, compressing and heating the CO2-dominated atmosphere.

e Gas temperatures can exceed 3,000—4,000 K, leading to dissociation of CO2 and the formation of reactive
species (CO, O, C, ions).

e This results in a chemically reacting flow field, where both convective heating (due to hot gas transfer)
and radiative heating (from excited CO2 molecules) contribute to TPS loads.

The stagnation point heating rate can be estimated using the Fay-Riddell equation:

qs = 1.83 x 10 — 4pern (h0 — hw)gs = 1.83 x 10 — 4rnpe(h0 — hw)

Where:
e Qs = stagnation point heating rate (W/cm2)
e pe = density at the edge of the boundary layer
e rn = nose radius of the vehicle
e hO = total enthalpy of the flow
e hw = enthalpy at the wall surface

This equation illustrates the importance of nose radius: a larger blunt nose increases shock stand-off distance,
reducing heat transfer.

3. Entry Trajectory Effects on Aerodynamics and Heating
Shallow Entry Trajectories

Vehicles travel a longer path through the atmosphere. This results in lower peak heating rates but longer
heating times. The total heat load may increase, which requires TPS materials that can handle significant ablation.
Shallow trajectories are safer for crewed vehicles, but they can make targeting accuracy more challenging.

Steep Entry Trajectories

A steep trajectory reduces the time spent in the atmosphere. This leads to shorter heating exposure but creates
much higher peak heat flux.

Optimal Entry Angle Trade-off

Designers need to identify an entry corridor. This is a narrow range of entry angles that balances the two
extremes. For Mars, the corridor can be as small as £1°, which makes precise navigation crucial. The Mars Science
Laboratory (Curiosity) successfully navigated this corridor in 2012. This demonstrated the challenge of achieving
stable entry conditions.

3.1 Atmospheric Uncertainties and Their Effects

The Martian atmosphere is dynamic and affected by seasonal CO2 sublimation, dust storms, and daily
temperature changes. These variations alter density profiles, which impacts aerodynamic performance:

e Dust storms can heat the atmosphere, raising scale height and increasing drag at higher altitudes.
e  Cold nights reduce density, which can lower deceleration forces.

Such variability requires vehicles to be designed with allowances for both under-drag and over-drag situations.
For example, Mars Pathfinder had to account for density uncertainties of up to £20% in its entry simulations.

3.2 Computational and Experimental Modeling of Aerodynamics
Computational Fluid Dynamics (CFD)

CFD simulations are crucial for predicting flow fields around Mars entry vehicles. Codes like DSMC (Direct
Simulation Monte Carlo) are used for rarefied high-altitude flows. Navier-Stokes solvers manage continuum regions.
Coupled CFD and ablation models can predict recession rates of ablative thermal protection systems (TPS).
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Wind Tunnel Experiments

Simulating Mars entry on Earth is difficult because of differences in atmospheric composition and density.
However, hypersonic wind tunnels (Mach 6 to 10) and plasma arc-jet facilities can partially recreate conditions to
test TPS performance. The NASA Ames Arc Jet Complex has played a key role in validating PICA and PICA-N
materials.

4. Thermal Protection Materials for Mars Re-entry

The thermal protection system (TPS) is the essential shield between a spacecraft heading to Mars and the
intense heat produced during atmospheric entry. Mars has a unique environment. Its atmosphere is only 1% as
dense as Earth’s, but the entry speeds of 5-7 km/s are high enough to cause extreme heating at the stagnation
point. A vehicle returning from Mars must have a TPS that is lightweight, strong, and able to endure extended
heating in a CO2-rich atmosphere. This section looks at the types of TPS materials used or suggested for Mars
missions. It includes ablative materials, ultra-high temperature ceramics (UHTCs), advanced composites, porous
ablators, and new additive-manufactured solutions. Each category is examined for its performance, use, and
challenges.

4.1 Principles of Thermal Protection

Thermal protection during Mars atmospheric entry is governed by two dominant mechanisms ablation and
insulation which act in tandem to manage both peak heating and the prolonged thermal loads that characterize
entry into the Martian atmosphere. Ablation provides protection by allowing the outer layer of the thermal
protection system (TPS) to undergo controlled degradation through pyrolysis, char formation, surface melting, and
material recession. These processes absorb significant thermal energy and expel pyrolysis gases into the boundary
layer, thereby reducing convective heat transfer. Insulation complements this by limiting conductive heat flow
toward the interior structure, ensuring that sensitive components remain well below their allowable temperature
thresholds. Mars entry poses a unique combination of moderate peak fluxes but extended heating durations (200-
400 seconds), requiring TPS systems that can absorb energy at the surface while preventing heat accumulation
within deeper layers. Therefore, TPS architectures for Mars typically adopt multi-layer configurations that combine
ablative materials for surface recession and ceramic or composite insulating substrates to preserve structural
integrity throughout the hypersonic flight regime.

4.2 Ablative Materials

Ablative materials continue to serve as the baseline for Mars entry systems due to their proven heritage
and strong performance-to-mass ratio. Phenolic Impregnated Carbon Ablator (PICA), developed by NASA Ames,
remains the benchmark for lightweight ablatives. Its low density (0.27 g/cm3), high porosity, and carbon-fiber
reinforcement allow for substantial heat absorption through pyrolysis, making it ideal for large aeroshells. The
Curiosity rover, for example, relied on a 4.5 m PICA heat shield that withstood stagnation fluxes of approximately
250 W/cmz2. The primary drawback of PICA is the need for tiled construction for larger diameters, which introduces
inter-tile gaps that require careful engineering to avoid localized heating issues. PICA-N, the next-generation
variant, improves mechanical strength, erosion resistance, and manufacturability, demonstrated by its success on
the OSIRIS-REXx return capsule. SLA-561V, a silica-based phenolic ablator, has played a critical role in legacy Mars
missions with smaller payloads (e.g., Pathfinder, MER rovers), but its lower heat-flux tolerance prevents its use in
modern high-mass entries. Together, these materials represent the most flight-proven ablative systems, though
scaling challenges for human missions motivate the development of more advanced alternatives.

4.3 Ultra-High Temperature Ceramics (UHTCs)

Ultra-high temperature ceramics (UHTCs) such as zirconium diboride (ZrB2) and hafnium diboride (HfB2) offer the
capability to survive temperatures exceeding 3200 °C, making them suitable for vehicle regions experiencing
concentrated heating, such as sharp leading edges on lifting-body configurations. Their high melting points, strong
thermal conductivity, and resistance to erosion in high-enthalpy environments enable sharper geometries that can
deliver lift-to-drag ratios significantly higher than blunt-body designs. This makes UHTCs attractive for precision
landing and high-mass transport missions. However, their brittleness, high density, and susceptibility to oxidation
in CO2-rich atmospheres require protective coatings or hybridized systems. TUFROC (Toughened Uni-piece Fibrous
Reinforced Oxidation-Resistant Composite) presents a lighter alternative that withstands temperatures above 1600
°C while offering improved toughness and lower mass. Although not yet widely validated for Mars trajectories, it
represents a promising option for reusable entry systems and aerocapture missions where thermal cycling durability
is crucial.
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4.4 Advanced Composite Materials

Beyond ablators and ceramics, advanced composite systems contribute to TPS architectures by offering tailored
combinations of strength, stiffness, and thermal conductivity. Carbon—carbon composites, commonly used in high-
temperature aerospace environments such as the Space Shuttle nose cap, provide excellent resilience at
temperatures exceeding 3000 °C. Despite these strengths, they face drawbacks including high manufacturing
costs, oxidation vulnerability in CO2 atmospheres, and substantial density penalties. Their use in Mars missions is
therefore generally restricted to structural reinforcement rather than primary TPS surfaces. Flexible TPS materials,
essential for deployable structures such as ADEPT (Adaptive Deployable Entry Placement Technology), incorporate
woven carbon fabrics capable of withstanding folding, deployment, and exposure to hypersonic heating. While
flexible systems drastically reduce stowed volume requirements and enable larger drag areas, they require
extensive validation under CO2-specific plasma heating and mechanical environments. The LOFTID (2022) Earth
demonstration marks an important step toward their adoption for Mars entry architectures.

4.5 Porous Carbon Ablators

Recent advances in material science have led to engineered porous carbon ablators designed to enhance
thermal radiation scattering and reduce heat penetration. These materials strategically adjust pore size distribution
and fiber orientation to create microstructures that scatter radiative energy more effectively than traditional
ablators. Studies such as Wang et al. (2021) demonstrate that optimized porosity can lower effective thermal
conductivity and reduce back-surface temperatures by up to 42%. This makes porous ablators particularly
appealing for high-flux stagnation regions and lightweight aeroshell systems where mass savings are critical.
Moreover, the ability to tailor porosity through controlled manufacturing processes offers a pathway to TPS systems
that are both high-performing and scalable for large-diameter heat shields.

4.6 Additive Manufacturing of TPS (AM-TPS)

Additive manufacturing (AM) represents a transformative approach to TPS fabrication by enabling monolithic, tile-
free heat shield structures with precise control over internal architecture. NASA’s AM-TPS initiative explores 3D-
printed ablators, gradient thermal materials, and porous structures that can be engineered layer-by-layer to tune
radiation scattering, ablation rates, and structural stiffness. AM eliminates the risks associated with tiling and inter-
panel gaps while enabling shapes and pore networks that are difficult to achieve with conventional methods. The
technology also reduces labor-intensive fabrication processes and facilitates rapid prototyping. Although current
technology readiness levels remain moderate, ongoing arc-jet testing shows promising thermal performance,
suggesting that future Mars missions especially large-scale human exploration systems may benefit from additively
manufactured TPS solutions.

5. Optimum Heat Shield Design Integrating AI Algorithms

Artificial intelligence offers an unprecedented capability to address the multi-dimensional complexity of TPS
design for Mars entry. Traditional design relies on thousands of iterative simulations involving CFD, structural
analysis, ablation modeling, and atmospheric uncertainty propagation. Al-driven frameworks introduce surrogate
models, optimization algorithms, and intelligent control systems that drastically accelerate the exploration of design
trade-offs. Machine learning techniques can approximate CFD-derived heating distributions at a fraction of the
computational cost, enabling rapid design iteration. Genetic algorithms effectively navigate the geometric trade-
space, identifying hybrid aeroshell shapes that minimize stagnation heating without compromising aerodynamic
stability or manufacturability. Reinforcement learning provides new frontiers in adaptive entry control, allowing
real-time adjustment of vehicle orientation to distribute heat more evenly across the surface. Al also enhances
materials selection by analyzing massive thermal databases and predicting ablation performance under CO2 plasma
conditions. The integration of digital twins real-time AI-enhanced simulations extends these benefits into flight
operations, providing dynamic predictions of TPS temperature, recession, and structural loads. As Mars missions
shift toward higher-mass payloads and human-rated systems, Al-enabled optimization becomes essential to
achieving safe, mass-efficient, and reliable heat shield architectures.

5.1 The Function of AI Models

Thermal protection system (TPS) design for Mars entry involves navigating a complex set of trade-offs in which
mass, geometry, materials, and trajectory each influence thermal and aerodynamic performance. A lighter TPS
increases payload capacity but must still provide sufficient thermal protection, while the geometry of the heat
shield directly affects stagnation heating, g-loads, and aerodynamic stability. Similarly, high-performance materials
may offer superior ablation or insulation but can introduce challenges in scalability, fabrication, or cost. Trajectory
choices such as entry angle, velocity, and aerocapture maneuvers further influence heating intensity and duration.
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Together, these factors create a highly nonlinear design space that traditionally requires thousands of
computational fluid dynamics (CFD) and structural simulations to evaluate. Artificial intelligence significantly
reduces this computational burden. AI models can learn surrogate representations that predict CFD-like outputs
rapidly, enabling much faster exploration of design variations. They can also optimize multiple parameters
simultaneously through methods such as genetic algorithms and reinforcement learning and can even predict
potential failure modes in real time during mission operations. Thus, Al serves as a crucial tool for accelerating
TPS development, identifying optimal designs, and enhancing mission safety.

5.2 AI Approaches for Heat Shield Optimization
5.2.1 Machine Learning Surrogates for CFD

Hypersonic CFD simulations are extremely demanding due to the need to resolve shock waves, chemically reacting
flows, and high-temperature gas behavior. Machine learning surrogates such as neural networks and Gaussian
process regressors offer a powerful alternative by approximating CFD outputs with high accuracy while requiring
only a fraction of the computation time. These models can predict quantities such as heat flux, surface pressure
distributions, and boundary-layer behavior with better than 95% accuracy but at nearly 1/1000th of the
computational cost. NASA's Hypersonics Project has already incorporated ML-enhanced CFD to simulate Mars entry
environments more efficiently, demonstrating how surrogate models can enable rapid design iteration and broader
parametric testing.

5.2.2 Genetic Algorithms (GA) for Shape Optimization

Genetic algorithms, inspired by biological evolution, iteratively modify candidate geometries through processes
resembling mutation and recombination. When applied to heat-shield design, GAs can discover configurations that
reduce peak stagnation heating, improve aerodynamic stability, and optimize lift-to-drag (L/D) ratios for controlled
landings. A 2020 case study comparing blunt-cone and lifting-body aeroshells revealed that GA-generated hybrid
geometries achieved reductions in heating of up to 18%, highlighting their ability to navigate complex design
spaces and uncover novel solutions that may not emerge through conventional optimization techniques.

5.2.3 Reinforcement Learning (RL) for Adaptive Entry Control

Reinforcement learning enables an autonomous agent to learn optimal control strategies through trial and error in
high-fidelity simulation environments. For Mars entry vehicles, RL can be used to continuously adjust the angle of
attack or orientation of deployable heat shields to distribute heat more evenly across the surface, thereby lowering
peak thermal loads. Future Mars missions may leverage onboard Al autopilots trained through RL to perform
adaptive entry rather than adhering strictly to pre-programmed flight paths. Such systems could respond
dynamically to atmospheric variations, improving thermal safety and landing precision.

5.2.4 Materials Selection via Al

Artificial intelligence can also accelerate material selection by analyzing extensive databases of properties such as
density, thermal conductivity, heat capacity, and ablation rate. Deep learning models trained on arc-jet test results
can predict how candidate materials will behave under high-enthalpy CO2 plasma similar to Mars entry conditions.
This capability allows Al to rapidly down-select materials and identify promising hybrid ablatives or nano-reinforced
composites that would otherwise require years of experimental testing. By integrating material modeling with
thermal and structural simulations, Al supports the development of more efficient TPS architectures tailored to
mission-specific heating environments.

5.2.5 Digital Twins of Heat Shields

Digital twins combine real-time sensor data with Al-driven simulation models to provide a continuously updated
virtual replica of the heat shield during flight. For Mars entry, a digital twin can predict surface temperatures,
monitor recession rates, and detect early signs of TPS degradation. It can also suggest corrective control strategies
during entry, such as adjusting attitude or redistributing loads. NASA’s Artemis program already employs digital
twin technology for the Orion spacecraft, demonstrating its value for human-rated vehicles. Extending this
capability to Mars entry systems would significantly enhance predictive safety and mission resilience.
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5.3 Framework for AI-Integrated TPS Design

A comprehensive framework for Al-enhanced heat shield design begins with data acquisition, which includes
generating CFD simulations across ranges of velocity, density, and entry angle, as well as collecting experimental
results from arc-jet facilities. These datasets undergo feature engineering to extract variables such as thermal
loads, pressure profiles, ablation rates, and geometric descriptors. Machine learning models are then trained—both
surrogate CFD models and predictive erosion networks to approximate thermal behavior under varying conditions.
In the optimization phase, genetic algorithms explore alternative geometries, reinforcement learning agents
simulate dynamic entry trajectories, and multi-objective optimization methods balance mission constraints such as
mass, manufacturability, and safety margins. Validation follows through high-fidelity CFD reruns and arc-jet testing
to ensure that AI-derived solutions meet physical expectations. Finally, deployment involves embedding digital
twins and AI monitoring systems onboard spacecraft to track TPS performance during atmospheric entry and issue
alerts or corrective commands when necessary. This integrated pipeline allows for rapid, intelligent TPS
development suitable for future high-mass Mars missions.

6. Case Study: Al in TPS Development

Machine learning and Al-assisted methods have already begun influencing Mars mission design. Curiosity’s 2012
mission relied on PICA for thermal protection, but it also employed machine-learning-enhanced algorithms during
Entry, Descent, and Landing (EDL) to refine trajectory predictions. Perseverance (2021) advanced this further by
using ML-supported atmospheric models that allowed for a significantly smaller landing ellipse and more accurate
hazard avoidance. While the TPS materials themselves were conventionally engineered, the computational tools
guiding entry dynamics and atmospheric reconstruction reflect the early stages of fully integrated AI-driven TPS
design. These missions provide foundational lessons for implementing Al-surrogates, real-time atmospheric
inference, and adaptive navigation capabilities that future TPS systems will exploit more deeply. Moreover,
materials and their characteristics including various applications and sources are shown below:

Material Density Max Temp | Key Advantage | Key Limitation Applications
(g/cm3) (9]
SLA-561V ~0.25 1400 Proven heritage Not suitable for high | Small landers
flux
PICA 0.27 3000+ Lightweight, Requires tiling Large aeroshells
robust (MSL)
PICA-N 0.30 3000+ Durable, scalable | Still heavy at large | Future rovers/humans
scales
UHTCs 6.0+ >3200 Handles  sharp | Brittle, heavy Lifting bodies
(ZrB2/HfB2) edges
TUFROC ~0.6 1600-2000 Lightweight Limited validation Reusable systems
ceramic
Porous Carbon | 0.2-0.3 2500+ Radiation Experimental Next-gen missions
Ablators scattering
AM-TPS Variable Customizable Seamless design | TRL still low Future Martian
applications

Source Focus Area

NASA Ames (Arc Jet & CFD) Material testing & trajectory simulations

NASA Langley (PLIF for LOFTID) Flow behavior for inflatable shields

Berkeley Lab (X-ray imaging) Material degradation under thermal stress

ScienceDirect (MSL 3D simulations) | Tiled heat shield thermal/aerodynamic performance
Sandia Labs (Solar tower testing) Large-scale material response under heat flux
TechBriefs (Orion simulations) CFD-based material performance visualization

AAJ 5-5 (2025) 1593-1601 7


https://search.crossref.org/search/works?q=10.61359%2F11.2106-2563&from_ui=yes

AAJ.11.2106-2563

7. Results

Comparative analysis across material categories, vehicle geometries, and Al-optimized configurations reveals that
TPS selection profoundly influences both aerodynamic performance and landing precision during Mars entry.
Ablative materials such as PICA demonstrate excellent stagnation heat reduction but introduce mass penalties that
affect deceleration and extend landing dispersion. UHTCs maintain structural integrity under extreme heat but
create localized stress zones that can alter aerodynamic balance, particularly for lifting-body vehicles. Flexible and
deployable TPS concepts lower peak heating and g-loads by enlarging drag areas, yet they remain vulnerable to
boundary-layer transition issues and unsteady flow behavior. Al-driven optimization frameworks outperform
classical design methods by identifying hybrid material configurations and mixed-shape aeroshell designs that lower
peak heating by up to 18% and reduce predicted landing ellipse sizes by as much as 25%. These findings highlight
that future Mars TPS solutions will likely rely on intelligent combinations of ablative layers, high-temperature
ceramics, flexible deployables, and Al-enabled control to meet the stringent demands of precision landing and
increased payload mass.

8. Conclusion

Designing an effective heat shield for Mars entry requires balancing the competing demands of aerodynamic
performance, mass efficiency, and thermal resilience in an environment where the thin CO2 atmosphere limits drag
while generating substantial heating. Blunt-body geometries continue to offer robust thermal protection through
shock standoff, whereas lifting-body shapes enhance maneuverability and landing precision but concentrate heat
loads in critical regions. Recent advancements in ablative composites such as PICA and PICA-N, ultra-high
temperature ceramics, porous carbon ablators, and additively manufactured TPS materials provide new
opportunities for reducing heat shield mass while improving resilience. Deployable and inflatable TPS systems
further expand mission capability by enabling significantly larger drag areas without increasing launch volume,
though they require careful management of aerothermal transitions. Integrating artificial intelligence into the TPS
design process enables rapid exploration of complex design trade-spaces, more accurate prediction of thermal
environments, and adaptive control during entry. These innovations together point toward hybrid TPS architectures
that combine ablative, ceramic, flexible, and Al-enhanced systems, offering improved safety margins, higher
payload capacity, and reduced landing uncertainty. Such advancements are essential to support the next
generation of robotic missions and to meet the stringent requirements of future human exploration of Mars.

9. References

[1] NASA Ames Research Center. (2024). Entry systems and arc jet testing facilities. https://www.nasa.gov/ames/core-
area-of-expertise-entry-systems

[2] Prabhu, D., & Saunders, D. (2020). Aerothermal environments and design challenges for Mars entry systems. Progress
in Aerospace Sciences, 116, 100626. https://doi.org/10.1016/j.paerosci.2020.100626.

[31 Way, D. W., et al. (2013). Mars Science Laboratory guided entry and landing performance. Journal of Spacecraft and
Rockets, 51(4), 950-959. https://doi.org/10.2514/1.A32436.

[4] McRonald, A. D., et al. (2014). Mars Science Laboratory entry, descent, and landing system overview. Journal of
Spacecraft and Rockets, 51(4), 993-1006. https://doi.org/10.2514/1.A32765.

[5] Grant, M., & Braun, R. D. (2014). Rapid aerothermal analysis of entry, descent, and landing systems. Journal of
Spacecraft and Rockets, 51(6), 1760-1773. https://doi.org/10.2514/1.A32834.

[6] Chen, Y. K., & Milos, F. S. (2011). Ablation and thermal response program for spacecraft heatshield analysis. Journal
of Spacecraft and Rockets, 48(5), 843—851. https://doi.org/10.2514/1.50479.

[7] Del Corso, D., & Nardi, M. (2019). Numerical study of Mars Science Laboratory tiled heatshield. Aerospace Science and
Technology, 92, 399-408. https://doi.org/10.1016/j.ast.2019.06.024.

[8] Covington, M. A., et al. (2017). X-ray microtomography of flexible woven heat shield materials for Mars entry. Lawrence
Berkeley National Laboratory News Center. https://newscenter.lbl.gov/2017/02/22/building-heat-shield-mars-mission

[9] Sandia National Laboratories. (2024). Solar-power testing of spacecraft heat shield materials. https://www.sandia.gov

[10] Tecplot, Inc. (2016). Simulation software is key to Orion’s heat shield success. NASA Tech Briefs.
https://www.techbriefs.com/component/content/article/tb/techbriefs/test-and-measurement/25582

[11] NASA Ames Research Center. (n.d.). Thermal protection materials branch - testing and fabrication.
https://www.nasa.gov/thermal-protection-materials-branch-testing-and-fabrication
[12] NASA Ames Research Center. (2023). Thermal protection materials branch - low density ablators.

https://www.nasa.gov/general/thermal-protection-materials-branch-low-density-ablators

[13] Zhang, L., & Guo, Z. (2021). Machine learning methods for optimizing thermal protection systems in planetary entry.
Acta Astronautica, 189, 1-11. https://doi.org/10.1016/j.actaastro.2021.08.004

[14] Gage, P. M., et al. (2022). NASA’s Low-Earth Orbit Flight Test of an Inflatable Decelerator (LOFTID): Development and
testing overview. NASA Langley Technical Reports. https://www.nasa.gov/centers-and-facilities/langley/nasas-loftid-
inflatable-decelerator-makes-history

[15] Cheatwood, F. M., & Calomino, A. M. (2013). Inflatable decelerators for planetary entry. Acta Astronautica, 92(2), 192—
200. https://doi.org/10.1016/j.actaastro.2012.04.032.



https://doi.org/10.1016/j.paerosci.2020.100626
https://doi.org/10.2514/1.A32436.
https://doi.org/10.2514/1.A32765
https://doi.org/10.2514/1.A32834
https://doi.org/10.2514/1.50479
https://doi.org/10.1016/j.ast.2019.06.024
https://www.sandia.gov/
https://www.techbriefs.com/component/content/article/tb/techbriefs/test-and-measurement/25582
https://www.nasa.gov/thermal-protection-materials-branch-testing-and-fabrication
https://www.nasa.gov/general/thermal-protection-materials-branch-low-density-ablators
https://doi.org/10.1016/j.actaastro.2021.08.004
https://www.nasa.gov/centers-and-facilities/langley/nasas-loftid-inflatable-decelerator-makes-history
https://www.nasa.gov/centers-and-facilities/langley/nasas-loftid-inflatable-decelerator-makes-history
https://doi.org/10.1016/j.actaastro.2012.04.032.

Acceleron Aerospace Journal || AAJ.11.2106-2563
Volume 5, Issue 5, pp (1593-1601)

Check for updates E-ISSN- 2583-9942
li) P https://dx.doi.org/10.61359/11.2106-2563

[16] NASA NTRS. (2013). Mars Science Laboratory entry, descent, and landing trajectory and atmosphere reconstruction.
https://ntrs.nasa.gov/citations/20130010087.

[17] NASA NTRS. (2021). Mars Entry, Descent, and Landing Instrumentation 2: Trajectory and atmosphere reconstruction.
https://ntrs.nasa.gov/citations/20210024320.

[18] Poloni, E., et al. (2021). Carbon ablators with porosity designed for enhanced aerospace thermal protection. arXiv.
https://arxiv.org/abs/2110.04244.

[19] Lou, T., & Zhao, L. (2015). Robust Mars atmospheric entry integrated navigation based on parameter sensitivity. arXiv.
https://arxiv.org/abs/1507.00937.

[20] Giraldo-Grueso, F., Popov, A. A., & Zanetti, R. (2024). Precision Mars entry navigation with atmospheric density
adaptation via neural networks. arXiv. https://arxiv.org/abs/2401.14411.

10. Conflict of Interest
The author declares no competing conflict of interest.

11. Funding
No funding was issued for this research.

AAJ 5-5 (2025) 1593-1601 9


https://search.crossref.org/search/works?q=10.61359%2F11.2106-2563&from_ui=yes
https://ntrs.nasa.gov/citations/20130010087.
https://ntrs.nasa.gov/citations/20210024320
https://arxiv.org/abs/2110.04244
https://arxiv.org/abs/1507.00937
https://arxiv.org/abs/2401.14411

