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Study Background - Space Environment and HVIs

Hypervelocity Impact (HVI)
A collision between objects at extremely high relative 

speeds, typically above 2–3 km/s, where the impact 

generates shock waves, fragmentation, and material 

vaporization.

• The orbital environment is becoming increasingly congested as the 

number of space objects continues to grow rapidly and is expected to 

rise further.

• The risk of collision with space debris or micrometeoroids is escalating - 

particularly in Low Earth Orbit (LEO).

→ The ability of spacecraft to withstand hypervelocity impacts (HVI) is now a 

key factor for mission success. LEO, Space Environment Report 2025
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Study Objectives

This MiCRA-CDF acts as the necessary first integrative step to:

• Investigate platform-level strategies and technologies to enhance spacecraft 

resilience to HVI and minimize debris generation.

• Define technology priorities and design directions to support the upcoming R&D 

activities.

• Outline the testing, verification and simulation needs for resilience measures.

Technical Objectives: 

1) Reducing the risk of collision*: assess design options to reduce impact probability.

2) Mitigating the effect of HVI on: 

     a) The spacecraft: reduce mission-level consequences.

     b) The environment: minimize debris generation.

(*) Excluding Collision Avoidance Manoeuvres, Space Surveillance and Tracking, and Space Traffic Coordination improvements, 

which were not in the scope of the CDF.  
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Study Execution

Brainstorming for each T-OBJ
1. In sub-groups
2. With the whole team
→ List of solutions to be studied in following sessions

System solutions (16) 
• Platform impacts
• Mapping & TRL
• Gaps

Technologies solutions (21) 
• Platform impacts
• Mapping & TRL
• Gaps

Gain (for each T-OBJ) & Effort 

Testing, Verification and Simulations Needs 
• HVI Testing, Simulations and models
• Modelling guidelines
• Space environment model

• HVI Risk analysis, vulnerability assessment 

→ Design recommendations 

1. Reduce risk of Collision

2. Mitigate the impact after HVI

a. On the Spacecraft

b. On the Environment
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39 Solutions

System-Level Solution Name Goal

Attitude Adjustments Reducing the risk of collision

High aspect ratio spacecraft Reducing the risk of collision

Late commissioning of appendages Reducing the risk of collision

Body-mounted solar panels Reducing the risk of collision

High internal packing ratio Reducing the risk of collision

Less populated orbit selection Reducing the risk of collision

Shorten mission duration Reducing the risk of collision

Launch date optimization Reducing the risk of collision

Use of another spacecraft as a shield Reducing the risk of collision

Post impact retraction/safe state of 
appendages

Mitigating the effect on both the spacecraft 
and the environment

Health monitoring sensors Mitigating the effect on the spacecraft

HVI sensitive elements identification and 
characterization

Mitigating the effect on the spacecraft

Foams inside the spacecraft body
Mitigating the effect on both the spacecraft 

and the environment

Optimize placement of components Mitigating the effect on the spacecraft

Increase internal compartmentalization Mitigating the effect on the spacecraft

Redundant units and harnessing Mitigating the effect on the spacecraft

Solutions that will be presented in more detail Technology-Level Solution Name Goal

Appendages orientation change Reducing the risk of collision

Foldable/retractable appendages Reducing the risk of collision

Magnetic Field to Divert SD Reducing the risk of collision

Standard Whipple Shielding and Variants Mitigating the effect on the spacecraft

Curved/angled or corrugated shielding Mitigating the effect on the spacecraft

Deployable Shielding Mitigating the effect on the spacecraft

Flexible Solar Arrays Mitigating the effect on both the spacecraft and the environment

Bullet-proof cover glass for solar panels Mitigating the effect on the spacecraft

Covers Mitigating the effect on the spacecraft

Perforable and ejecta-less structure Mitigating the effect on both the spacecraft and the environment

Shock Absorbers Between Panels on the Spacecraft 
Structure

Mitigating the effect on both the spacecraft and the environment

Novel materials and material architecture for shielding Mitigating the effect on both the spacecraft and the environment

Materials that fragment into smaller objects Mitigating the effect on the environment

Bonded materials with disparate fragmentation properties Mitigating the effect on both the spacecraft and the environment

Foam shielding and panels Mitigating the effect on both the spacecraft and the environment

Self-healing materials Mitigating the effect on the spacecraft

Innovative Honeycomb panels geometry Mitigating the effect on the spacecraft

Lattice structures Mitigating the effect on the spacecraft

Integrated breakpoints Mitigating the effect on both the spacecraft and the environment

Containment of explosions/ejecta Mitigating the effect on the environment

Safety tether system for appendages Mitigating the effect on the environment
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System-Level 

Solutions
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Attitude Adjustments and High Aspect Ratio S/C
System-Level Solution

Reducing the total spacecraft area subjected to debris fluxes
Reducing the risk of collision

Adjusting the spacecraft’s orientation to minimize the 

surface area exposed to the debris flux or to prevent 

exposure of sensitive surfaces

Velocity 
vector

Debris flux

Velocity 
vector

Debris 
flux

Main gaps:

• Lack of optimized attitude modes during unconstrained 

phases

• No established procedures

Moderate Gain (1)  / Very Low Effort (0)

Mitigating the effect on the spacecraft

SWARM satellite, Credit: ESA

Design spacecraft with elongated shapes, allowing for 

the cross-sectional area with the highest flux to be 

minimized through attitude control. 

Moderate Gain (1)  / Low Effort (1)

Main gaps:

• Feasibility of applying a high aspect ratio VS 

mission objectives and criteria, and 

envisaged Instruments and Equipment. 
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Less populated orbit selection
System-Level Solution

Mission Choices
Reducing the risk of collision

> ~10 cm trackable (collision avoidance)
> ~1 cm  potentially mission-ending
> ~1 mm   not shielded by standard spacecraft design

The solution consists in the selection of less congested orbits (with lower space debris density)

Main gaps:

• Shifting congestion: 
• Targeting less congested orbits may shift rather than 

eliminate the problem;

• Dynamic environment is subject to change – less 
congested regions during design may not be less 

congested after launch
• Validation data
• Launch opportunities

High Gain (2)  / Very Low Effort (0)
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Technology-Level 

Solutions
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Standard Whipple shielding and Variants

Shielding
Technology-Level Solution

Credit: ESA

Whipple shields consist of a thin outer layer called a 

bumper (used to spread the initial impact energy) and 

a thicker layer called rear wall (used to absorb the impact 

energy).

Widely used for crew-rated missions (e.g., ISS 

modules) and large spacecrafts and has the biggest 

heritage.

Mitigating the effect on both the spacecraft and the environment

Continuous
basalt fibres

Bumper

Stuffing layer Rear wall (Al 

witness plate)

Bioinspired

architecture

3D-printed ISRU-based composites for MMOD impact 

protection (ESA co-funded Ph.D. thesis)   

https://doi.org/10.1016/j.addma.2025.104875 

Main gaps:

• Design Optimization for smaller platforms

• Limited Test Data, including on Different 

Materials

High Gain (2)  / Low Effort (0)

https://eur05.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.1016%2Fj.addma.2025.104875&data=05%7C02%7CDanieleValentino.Bella%40ext.esa.int%7C0bba0d5dcc114b58a8fa08de3e2a37c2%7C9a5cacd02bef4dd7ac5c7ebe1f54f495%7C0%7C0%7C639016548201048174%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=S7CMwiItqIiSatTHdCW6akuMlwLIs9dde9kK%2BKRz4bo%3D&reserved=0
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Advanced and Innovative Shielding

Shielding
Technology-Level Solution Mitigating the effect on both the spacecraft and the environment

https://doi.org/10.1016/j.dt.2024.09.002

Foam Shielding and Panels

ReDSHIF: Experimental characterization of multi-layer 3D-

printed shields for microsatellite

Innovative honeycomb panels 

geometry

https://doi.org/10.1016/j.dt.2024.09.002

Main gaps:

• Lack of established Manufacturing processes: No design 
and industrial process to produce these at scale

• Limited HVI Test Data, demonstrating effectiveness

Corrugated Shielding

High Potential Gain (2 TBC)  / 

Medium Effort (2)

https://doi.org/10.1016/j.dt.2024.09.002
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Testing, Verification and 

Simulation Requirements
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Mission

The HVI Vulnerability Assessment Flow Chart

Verification Methods

HVI Testing + 

Simulations

S/C 

Design

CONOPS 

(orbits)

Modelling 

Guidelines

S/C 

Vulnerability 

Model

HVI Risk 

Analysis

Mission HVI 

risk profile

Models of HVI 

on materials & 
equipment
e.g. BLEs

Mission HVI 

Vulnerability 

Result

Assessment 

Tool

Space 

Environment 

Model

Implementation of 

Mitigation Measures



HVI Robust Spacecraft | Slide 14 ESA UNCLASSIFIED – Releasable to the Public

HVI Models and Spacecraft Modelling

Models of HVI 

on materials & 
equipment
e.g. BLEs

S/C 

Design
S/C 

Vulnerability 
Model

HVI Testing + 

Simulations

HVI Model Gaps
• Limited covering of shielding designs and materials

• Limited testing on shape and material effects of impactors, and 

therefore lack of models

• Ejecta clouds and fragmentation modelling is limited

• Failure criteria of different types of equipment are not always well-

defined

• Uncertainties are often not quantified as part of the models Modelling 

Guidelines

• HVI Modelling guidelines exist, but none are used universally, and as a result a risk assessment’s 

result can vary significantly based on the entities and experts performing the analysis

• Disagreement on several key definitions and thresholds (such as “catastrophic break-up”) further lead to 

inconsistencies in analysis

• Which tool to use in which mission phase is not always well defined

Modelling Gaps
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Space Environment Models

MASTER is the space debris model 

that ESA develops and maintains, and 

uses for SDM requirement verification

Main Gaps

CONOPS 

(orbits)

HVI Risk 

Analysis

Mission HVI 

risk profile

Space 

Environment 

Model

• Source data availability for certain size ranges leads to high 

uncertainty

• 1mm-1cm debris objects: very limited observations

• 1cm to trackable objects: some European detection capability 

>~3cm, but no cataloguing capability 

• Debris has other important properties (shape, materials), which 

aren’t always modelled (currently being addressed, planned for 

MASTER in 2026)

• Micrometeoroid models generally have high uncertainty

• Accurately forecasting the environment remains very challenging
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Conclusions & Next steps
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Main takeaway & Recommendations

• Main Takeaways

• Several proposed solutions require additional HVI testing and simulation to validate their effectiveness and feasibility.

• E.g. material characterization to HVI is essential for accurate assessment.

• Applicability of solutions varies by mission type. Their impact on the platform can differ significantly depending on the 

specific case and the design phase in which they are introduced.

• The lack of standardised practices and modelling guidelines for HVI vulnerability assessment makes the results 

difficult to compare. This is a key point to address in future.

• Design Recommendations

• Consider HVI mitigation early in the design process. Late integration often leads to major impacts on platform design 

and performance.

• Some measures should become standard practice, such as:

• Identification and characterization of HVI-sensitive elements

• Optimized placement of critical components

• Selection of less-populated orbital regimes, when possible

• Implementation

• Prioritize low-effort, high-impact solutions for short-term missions. 

• Medium-effort solutions with high potential gains are strong candidates for future development, and medium-term 

implementation.
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ESA Zero Debris Roadmap
Extract relevant to HVI mitigation

20282025 2026 2027CM25 CM28
T711-902SM

Innovative resilient satellite space 

system design solutions for Zero 

Debris. TDE, 1000k

Innovative materials and 

structural concepts for a resilient 

satellite to debris collisions. 

GSTP (Compendium), 2500k

HVI Robust 
S/C CDF

GT1C-815MS

CSD

ZD roadmap 

On-going

Other GSTP opportunities as Direct Negotiation (DN) with Letter of support from your Delegation

• GSTP Element 1: DEVELOP → 100% ESA funded, co-funding possible

- Frameworks: proposed spontaneously by industry: De-risking activities (<250 k€, OSIP link), Building Blocks (<1 M€, OSIP link)

- Workplan: continuation of previous activities (e.g. 35% of the de-risk are cont inued, no budget limit)

• GSTP Element 2: MAKE → products for market competitiveness, industry driven, always co-funded (OSIP link)

Advanced simulation for resilient collision modelling to 

enhance health monitoring and prognostics 

GSTP (Compendium), 2000k

GT1C-806MS

Zero Debris Large PF – Phase 1 Zero Debris Large PF – Phase 2

https://ideas.esa.int/servlet/hype/IMT?documentTableId=45087196630453772&userAction=Browse&templateName=&documentId=a19fe43cb577173800397fa26cdc1431
https://ideas.esa.int/servlet/hype/IMT?documentTableId=45087661360856789&userAction=Browse&templateName=&documentId=359c6b6c83a35aa99c59cd19e002e833
https://ideas.esa.int/servlet/hype/IMT?documentTableId=45087196630454474&userAction=Browse&templateName=&documentId=d1b0bbb26bfd9c41bd3d3e4471325c40


THANK YOU! danielevalentino.bella@ext.esa.int

roxane.josses@ext.esa.int
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