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Thermal protection systems (TPS), commonly referred to as heat shields, are critical 

components of spacecraft design, protecting vehicles from extreme aerodynamic heating 

during atmospheric re-entry while also enduring the cold vacuum environment of space. Early 

TPS relied on ablative materials and blunt-body geometries, as seen in Mercury, Gemini, and 

Apollo spacecraft, while the Space Shuttle introduced reusable silica-based ceramic tiles. 

Modern systems, such as SpaceX’s Starship, employ lightweight, hexagonal ceramic tiles 

designed for rapid reusability and high temperature endurance. Future thermal protection 

systems are being developed to focus more on intelligent, adaptive systems, including fiber 

optic sensors for more accurate heat monitoring and 3D- printed tile structures optimized for 

thermal resistance, reduced mass, and lower production costs. There is also a current 

exploration in research of combining ceramics and stainless steel to develop advanced 

composites as an alternative to ceramics tiles due to lower costs and better heat tolerance. 

These advancements will enable spacecraft to withstand more extreme environments, support 

repeated hypersonic reentries, and facilitate missions near high radiation and high 

temperature zones such as sun exposed regions. This paper addresses how recent innovations 

in heat-resistant materials and technologies enable the development of spacecraft capable of 

withstanding increasingly extreme environments as human space exploration expands.  

 
I. Introduction 

The thermal protection system emerged as a critical technology during the early era of space 

exploration such as during the developments of the Mercury, Gemini and Apollo spacecraft [4], 

[18]. A major obstacle of creating the system is to withstand the ability of both the coldness of the 

vacuum of space and the intense heat from atmospheric re-entry [3], [18]. To address these 

conditions, the TPS architecture must incorporate an active system to manage heat through fluid 

cooling which is necessary for hypersonic vehicles and passive system that is usually made up of 

insulating materials such as ceramic tiles or flexible blankets that act as barriers to inhibit heat 

induction or ablative materials such as resin or fiberglass that would burn up to carry heat away 

from the vehicle [3], [5], [8], [14]. 

 

In designing a heat shield, engineers must take into consideration that it must protect the vehicle 

from temperatures that can reach over 1760𝑜𝐶, the vehicle has a sustainable structural integrity, 

and that there must be a safe internal environment for the astronauts and the instruments inside [3], 

[14], [18]. To have a better and safer thermal protection system, there is a common rise in the idea 

of using heat monitoring technology to ensure safety of both the spacecraft and the passengers 

inside. Common developments have been fiber optic sensors [10], [25], the use of AI integration 

temperature field monitoring systems [15] and a mix of materials and alloys [14], [16]. Modern 

spacecraft design has advanced significantly in thermal protection capabilities [5], [6], and this work 

proposes incorporating digital twin technology as an additional enhancement to further improve 

system reliability and mission safety [23], [24]. By developing a high-fidelity virtual replica of the 

spacecraft’s thermal protection system, mission conditions such as extreme re-entry heating can be 

pre-simulated to optimize heat shield performance and assess potential risks before flight hardware 

is built or tested [23], [24]. 
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II. Early heat shield developments 
As said, spacecraft heat shield developments began in the 50s and 60s during the space race [18]. 

When crewed missions began in early U.S. human spaceflight programs, there was a use of blunt 

body geometries with conical structures to reduce convective heating during re-entry [18]. These 

vehicles primarily relied on ablative thermal protection materials [18]. The Mercury and Gemini 

Spacecraft used fiberglass-based heat shields with phenolic resin and silicone elastomer honeycomb 

structures [4], [18]. While the Apollo Command Module incorporated a phenolic honeycomb 

bonded to a stainless-steel substructure to withstand lunar return velocities [18]. 

 

 

 

 

 
 

 

Figure 1. Apollo command module internal structure. The image represents the surface temperatures during 

atmospheric re-entry and thickness of the highlighting both the external heat shield geometry and the internal 

structural layout. [18]  

 

According to Figure 1, during re-entry, the temperatures are different depending on the different 

areas on the surface of the spacecraft [18]. This was important when taking account of the thickness 

and composition of the materials as well [18]. The blunt body aeroshell is designed to generate a 

strong bow shock during atmospheric entry, significantly reducing convective heat transfer to the 

vehicle surface [18]. Surface temperature contours indicate peak heating on the forebody heat shield, 

reaching temperatures on the order of 4000–5000 °F, while the aft and shoulder regions experience 

substantially lower thermal loads [18]. The heat shield consists of a thick ablative layer, varying in 

thickness from approximately 1.0 to 2.7 inches, providing thermal insulation and sacrificial material 

to dissipate reentry energy through controlled ablation [18]. Compared to earlier Mercury and 

Gemini spacecraft, the Apollo Command Module employed a more advanced and thicker ablative 

TPS to accommodate higher reentry velocities associated with lunar return missions [18]. 
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III. Reusable Systems and Ceramics 

A. Space Shuttle Significance 

With the introduction of the space shuttle, TPS development shifted toward reusable insulation 

systems [5], [8]. NASA and industry partners such as Lockheed Martin implemented silica-based 

ceramic systems, including Fibrous Refractory Composite Insulation (FRCI) and Toughened Uni-

piece Fibrous Insulation (TUFI), enabling partial reusability while maintaining thermal performance 

[5], [8]. Some major challenges that came with choosing the best ceramics were tile material 

deformations at high temperatures, assuring the integrity of small tiles and finding the adequate 

bond line strength [8], [9]. This is why engineers must take into consideration the purity of the 

material [9]. Furthermore, the silica-based tiles ceramic tiles used both high-temperature reusable 

surface insulation (HRSI) and low-temperature reusable surface insulation (LRSI) with reinforced 

carbon–carbon (RCC) on the hottest leading edges, allowing the orbiter to maintain its structural 

integrity and protect the underlying aluminum airframe across temperature gradients from deep 

space cold soak to peak entry heating [5], [8], [9]. 

 

Although the heat shield on the shuttle was also ablative like the older spacecraft [3], unlike Apollo 

spacecraft which was made for a single use [18], the space shuttle’s goal was to be reused for up to 

100 missions [5]. To achieve this, the system of tens of thousands of individually shaped ceramic 

tiles and flexible reusable surface insulation blankets needed to endure thermal cycling, mechanical 

stresses, and aerodynamic loads without significant degradation over up to 100 missions, which 

drove the selection of very low-density, lightweight ceramics and careful mounting strategies to 

accommodate thermal expansion [5], [8], [9]. As seen in Figure 2, the leading edges of the wings 

and nose are protected with reinforced carbon–carbon (RCC), capable of surviving the highest 

temperatures encountered at hypersonic velocities [5], [8]. The lower surface, which experiences 

peak convective heating, is predominantly covered with high-temperature reusable surface 

insulation (HRSI) tiles, while areas subjected to moderate heating use fibrous refractory composite 

insulation (FRCI) and advanced flexible reusable surface insulation (AFRSI) [5], [8]. The upper 

surface and payload bay doors, exposed to comparatively lower thermal loads, primarily employ 

low-temperature reusable surface insulation (LRSI) blankets [5], [8]. 

 

The Shuttle’s reusable TPS introduced significant operational and safety drawbacks compared to 

the single-use ablative systems of the Apollo program. The orbiter relied on more than 24,000 fragile 

silica tiles and reinforced carbon–carbon (RCC) panels, which were highly susceptible to impact 

damage from debris, foam shedding, and maintenance handling. Tile loosening or detachment 

during ascent or reentry posed serious risks, as exposed aluminum structure could not survive 

reentry heating, and the ceramic tiles themselves had a documented history of cracking, bond-line 

concerns, and maintenance-intensive repairs [20]. This vulnerability was tragically demonstrated 

during the loss of Space Shuttle Columbia, when foam impact damaged the RCC leading edge and 

allowed superheated plasma to penetrate the wing during reentry, leading to vehicle breakup [21]. 

In addition to safety risks, the extensive inspection and replacement required between missions 

significantly increased turnaround time and operational costs, limiting the Shuttle’s goal of routine, 

airline-like reusability under NASA [20]. 
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Fig 2: Thermal protection materials across the Space Shuttle Orbiter. This image represents 

how different regions were tailored to withstand varying aerodynamic heating environments 

during reentry. [19] 

 

 

B. Starship Comparison 

Like the space shuttles, Starship’s thermal protection was also made up of thousands of ceramic tiles 

[2], [11]. However, Starship was made up of standardized black hexagonal ceramic tiles, each 

designed to withstand reentry temperatures exceedingly roughly 1,400 °C (2,550 °F) and to radiate 

heat efficiently due to their high-emissivity coating [2]. The hexagonal shape was chosen to create 

a pattern that minimizes unique parts and simplifies manufacturing and installation which is a crucial 

consideration for SpaceX’s goals of cost reduction and rapid turnaround between missions [2], [7]. 

Unlike older bonded tile systems, Starship’s tiles are mechanically fastened to welded studs on the 

airframe with flexible fabrics beneath, allowing for controlled differential expansion between the 
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ceramic and steel structure and reducing stress that could lead to cracking or detachment [2], [11].

 
Fig 3: Close-up view of SpaceX’s Starship windward surface. This shows how during ground 

processing, the hexagonal ceramic thermal protection system (TPS) tiles installed across the 

vehicle. [11] 

 

A challenge that Starship encounters is to maintain the shield after each use since there is a risk of 

tile loss and damage when being used. As shown in Figure 3, it is important to consider during 

vehicle development, individual tile placement, color variations from manufacturing and inspection 

markings, and access around control surfaces, illustrating the modular, replaceable nature of the heat 

shield designed for repeated atmospheric reentry. 

 

IV. Current Technology and Future Developments 

A. Fiber optic heat sensors and AI Integration 

 

A major tool used in modern heat shields is the implementation of fiber optic sensors that allow 

engineers to monitor the temperature of the thermal protection system (TPS) with high spatial 

resolution and accuracy [10], [25]. Vehicles such as SpaceX’s Starship and NASA’s Orion 

spacecraft utilize advanced sensing systems to improve thermal performance monitoring [2], [6]. 

Fiber-optic temperature sensing for TPS heat shields relies primarily on Fiber Bragg Grating (FBG)-

based optical fiber sensors embedded within or attached to heat shield materials to provide high-

resolution thermal profiles during high-heat aero-entry conditions [10], [25]. These fiber sensors are 

lightweight, immune to electromagnetic interference, and capable of operating near TPS charring 

temperatures [10], [25]. Multiple FBGs can be multiplexed along a single fiber, increasing spatial 

resolution while reducing wiring complexity [10]. 

 

Figure 4 illustrates a comparison between thermocouple (TC) and fiber Bragg grating (FBG) sensor 

responses during arc-jet testing under identical heat flux conditions [25]. The results demonstrate 

that in-depth sensors located 0.3 in. below the surface respond similarly across both sensing 

technologies, validating the reliability of fiber-optic measurements [25]. However, the 0.15 in. FBG 

sensor recorded higher-than-expected temperatures, exceeding the ~1000 °C calibration range, 

suggesting potential surface-near thermal gradient effects or calibration limitations under extreme 

heating conditions [25]. These results confirm the viability of fiber optic sensing for TPS monitoring 

while also highlighting areas for sensor material and calibration improvement [10], [25]. 
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Fig. 4 Comparison of thermocouple (TC) and fiber Bragg grating (FBG) sensor temperature 

responses during arc-jet testing at 240 W/cm² heat flux and 9 kPa pressure. Sensors positioned 

at varying depths (0.15–1.20 in.) demonstrate comparable in-depth thermal response, with 

near-surface FBG sensors exceeding calibration limits under peak heating conditions. [25] 

 

Integrating artificial intelligence (AI) into heat shield systems could significantly enhance their real-

time performance and reliability by monitoring thermal behavior and structural health with far 

greater accuracy and responsiveness than traditional approaches [15], [23]. AI can be married with 

fiber optic sensor networks and distributed optical fiber systems that provide high-resolution, 

continuous temperature and strain measurements across a heat shield’s surface which are 

increasingly explored for aerospace structural monitoring applications [10], [25]. AI algorithms can 

process the vast streams of real-time data from these optical sensors to identify subtle thermal 

anomalies, detect trends that precede material degradation, and distinguish between normal 

fluctuations and critical events [15], [23]. This capability parallels industrial AI monitoring systems 

that automate anomaly detection and reduce human intervention [15]. Coupled with onboard data 

processing and machine-learning-based health monitoring, future systems could provide real-time 

adaptive thermal management, informing guidance, trajectory, or abort decisions during entry [23], 

[24]. 

 

B. 3D printed tiles 

Ever since the development of 3D printed technology, it has been significantly easier to artificially 

print any material without any hassle [17]. Tile-based systems such as the ones used on the Space 

Shuttle and other reentry vehicles are manufactured manually, requiring extensive skilled labor to 

fit, shape, and bond each tile while also sealing seams and gap fillers to prevent hotspots [5], [8], 

[9]. In contrast, 3D printing enables single-piece or seamlessly integrated heat shields, significantly 

reducing assembly complexity, production time, and cost by eliminating many of the steps 

associated with traditional tile fabrication and installation [17]. In practice, AMTPS materials 

incorporate two co-printed layers such as a lower-density insulative layer and a robust ablative outer 

layer that can be tuned for thermal performance and rheology, allowing for optimized heat-soak 

resistance and controlled ablation during atmospheric entry [17]. This layered, printed structure not 

only improves manufacturing efficiency but also reduces potential failure points associated with 

seams and interface gaps between discrete tiles, which have historically been areas of structural and 

thermal vulnerability [5], [8], [17]. 3D-printed TPS technology can transform how heat shields are 

designed, produced, and integrated for future space missions [17]. As missions increase in frequency 

and complexity with the growth of commercial spaceflight and deep-space exploration, additive 
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manufacturing of TPS offers a scalable, cost-effective, and higher-performance approach that could 

ultimately enable more reusable and resilient spacecraft designs [17]. 

 

 

C. Ceramics and Steel Combinations 

There has also been much research about the mixing of both ceramics and steel to create a stronger 

and cheaper composite for a better heat guard [14], [16]. Combining ceramics with stainless steel to 

develop advanced composite materials offers a promising alternative to traditional ceramic tiles for 

heat shields by integrating the complementary strengths of both material classes [14], [16]. Joining 

ceramics and metals like stainless steel alloys allows designers to harness the high wear resistance, 

corrosion resistance, and high-temperature capacity of ceramics together with the ductility and 

toughness of metals [14], [16]. These composites can be engineered so that a metal interlayer or 

graded interface reduces residual thermal stresses caused by differences in thermal expansion which 

would otherwise compromise joint integrity and mechanical performance which is critical for 

applications like thermal protection systems where extreme heating and cooling cycles occur [14], 

[16]. By transitioning to ceramic-steel composite architectures, future heat shields could achieve 

enhanced mechanical reliability under high thermal loads, improved resistance to cracking and 

impact, and potentially simplified manufacturing and assembly [14], [16]. 

 

 

V. Author’s Input  

This paper has shown how the development of thermal protection systems (TPS) evolved alongside 

advancements in materials science, manufacturing methods, and sensing technologies to meet the 

demands of increasingly ambitious space missions. In addition to innovations such as fiber-optic 

heat sensors, AI-based health monitoring, additive manufacturing, and ceramic–metal composite 

materials, this work proposes integrating digital twin technology into TPS development. A digital 

twin is a high-fidelity virtual model of a physical system that synchronizes real and simulated data 

to predict system behavior under operational conditions [23]. Recent research has demonstrated the 

application of digital twin frameworks to spacecraft thermal control systems, enabling improved 

heat transfer prediction, system monitoring, and pre-mission simulation capabilities [24]. By 

incorporating digital twins into the TPS lifecycle, engineers could pre-simulate hypersonic re-entry 

heating, evaluate material performance, conduct what-if analyses, and reduce development risk prior 

to hardware fabrication. This approach would enhance mission readiness and support the reliability 

requirements of future deep-space exploration missions. 

 

 

VI. Conclusion 

The development of thermal protection systems has progressed from early ablative shields used in 

crewed missions to advanced architectures integrating intelligent sensing systems, advanced 

composites, and additive manufacturing techniques. These advancements reflect a broader shift 

toward smarter, more adaptive, and resilient spacecraft systems. The proposed integration of digital 

twin technology offers an additional layer of innovation by enabling predictive modeling, digital 

validation, and performance optimization before physical testing begins [24]. As space exploration 

expands toward sustained operations missions and repeated hypersonic entries, combining advanced 

materials with digital simulation frameworks will be essential for ensuring spacecraft safety, 

operational efficiency, and long-term human exploration of extreme environments. 
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