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Abstract 

Aerospace packaging solutions demand unprecedented material integrity to protect ultra-sensitive 

electronic components, propulsion units, and life-support subsystems during launch and prolonged 

deep-space missions. Traditional packaging systems fail under extreme environmental stresses, 

including intense thermal vacuum cycling, high-energy ionizing and cosmic radiation, atomic oxygen 

erosion, and severe mechanical vibrations (>14G). This paper establishes a comprehensive technical 

framework for Space-Grade Printing Technology, evaluating high-performance additive manufacturing 

systems, functional conductive ink engineering, and advanced smart structural integration. 

We systematically map the material science of space-ready polymers specifically Polyetheretherketone 

(PEEK), Polyetherketoneketone (PEKK), and Polyimide (PEI/ULTEM 9085) and detail the optimization 

of Aerosol Jet Printing (AJP) and Direct Ink Writing (DIW) for printing conformal embedded electronics 

directly onto packaging surfaces. Furthermore, this study evaluates strict compliance frameworks 

governed by NASA and European Space Agency (ESA) outgassing standards (ASTM E595) and non-

destructive forensic testing methods. This research provides a roadmap for executing zero-failure, 

lightweight, and smart space-grade packaging matrices. 

Keywords; Space-Grade Printing Technology, Aerospace Packaging, Additive Manufacturing, 

Conductive Inks, Embedded Electronics, High-Performance Polymers 

INTRODUCTION 

Aerospace packaging serves a vastly more demanding purpose than terrestrial 

containment. In space missions, "packaging" encompasses the structural enclosures, 

electromagnetic shielding, and physical thermal isolation units that house flight-

critical components, deep-space scientific payloads, and telemetry subsystems. 

Every gram of dead weight launched into low Earth orbit (LEO) or geostationary 

Earth orbit (GEO) incurs a massive financial penalty. Therefore, the primary 

objective of modern aerospace packaging design is maximizing functional 

integration while minimizing structural volume and mass budgets. 

Traditional manufacturing techniques such as multi-part mechanical assembly, 

subtractive CNC machining of aluminum alloys, and conventional wire-harness 

routing create heavy, bulky, and failure-prone packaging architectures. Space-grade 

printing technologies, primarily categorized into structural Additive Manufacturing 

(AM) and functional Printed Electronics (PE), offer a revolutionary alternative. By 

depositing materials layer-by-layer and printing circuit elements directly onto 

structural surfaces, engineers can consolidate multi-component packaging 

assemblies into single, monolithic, smart structures. 

However, operating in cosmic environments subjects these printed materials to 

a lethal array of physical degradation mechanisms. To engineer a space-grade 

printing workflow, the technology must design around five primary environmental 

boundaries: 

https://crossmark.crossref.org/dialog?doi=10.69968/ijisem.2026v5i2461-467
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 Thermal Vacuum Cycling and Ultra-High Vacuum 

(UHV) 

In outer space, the absence of an atmospheric convective 

medium subjects packaging to extreme temperature 

extremes. Objects in LEO alternate between intense direct 

solar radiation and complete planetary shadow every 90 

minutes, suffering thermal swings ranging from -150ºC to 

+120ºC. 

Simultaneously, the ambient pressure drops to UHV levels 

(10^-6 to 10^-9Torr). Under these conditions, standard 

industrial polymers, pigments, and binders undergo rapid 

outgassing. Volatile low-molecular-weight organic 

compounds, plasticizers, and residual solvents trapped 

within a printed structure evaporate into the vacuum. These 

outgassed vapor plumes subsequently condense onto ultra-

sensitive optical lenses, solar arrays, and high-voltage 

sensors, causing catastrophic mission failure. 

 Ionizing Radiation and Cosmic Rays 

Space packaging is continuously bombarded by High-Z and 

High-Energy (HZE) particles, Solar Particle Events (SPE), 

and Galactic Cosmic Rays (GCR), alongside intense 

Ultraviolet (UV), X-ray, and Gamma-ray radiation. 

Over a prolonged mission timeline, this ionizing radiation 

penetrates polymer matrices, inducing two competing 

chemical phenomena: scission (breaking of the polymer 

backbone, which drastically lowers tensile strength) and 

cross-linking (excessive bonding that induces severe 

embrittlement and micro-cracking under mechanical stress). 

Printed electronic inks must also withstand these radiation 

doses without shifting their electrical resistivity or 

undergoing dielectric breakdown. 

Atomic Oxygen (AO) Erosion 

In Low Earth Orbit (200 to 800km altitude), residual 

diatomic oxygen is dissociated by short-wavelength solar 

UV radiation to create highly reactive Atomic Oxygen (AO). 

Spacecraft traveling at orbital velocities (approx 7.8km/s) 

slam into these oxygen radicals, subjecting the leading faces 

of printed packaging to severe chemical oxidation and 

kinetic erosion. Unprotected polymers erode into volatile 

oxides, causing rapid mass loss and structural thinning. 

Mechanical Loading and Launch Vibrations 

During the launch phase, aerospace packaging must 

withstand immense mechanical loads. This includes static 

acceleration forces and severe acoustic and mechanical 

random vibration profiles fluctuating from 10G to over 14G 

across a frequency spectrum of 20Hz to 2000Hz. Any 

internal delamination, voids, or anisotropic weak points 

within a 3D-printed packaging wall will propagate into 

catastrophic structural cracks under these high-vibration 

launch profiles. 

ADVANCED SPACE-GRADE POLYMER 

MATRICES 

To withstand these harsh environments, space-grade 

printing relies on ultra-high-performance thermoplastics that 

possess high glass transition temperatures (Tg), outstanding 

radiation resistance, low outgassing kinetics, and high 

mechanical strength-to-weight ratios. The primary material 

families utilized in aerospace packaging applications are 

detailed below. 

Polyetheretherketone (PEEK) 

PEEK is a semi-crystalline, high-performance thermoplastic 

with a linear aromatic structure. It exhibits a glass transition 

temperature (Tg) of approximately 143ºC and a melting 

point (Tm) of 343ºC. PEEK maintains its mechanical 

integrity under extreme thermal ranges and is highly 

resistant to chemical degradation and ionizing radiation. Its 

semi-crystalline nature allows it to absorb high mechanical 

vibration energies without fracturing, making it an ideal 

candidate for heavy-duty structural packaging enclosures. 

Polyetherketoneketone (PEKK) 

PEKK belongs to the same Polyaryletherketone (PAEK) 

family as PEEK but possesses an altered ratio of ether to 

ketone bonds, which modifies its crystallization kinetics. 

PEKK features a higher Tg (approx 162ºC) and an increased 

compressive strength compared to PEEK. 

Crucially, PEKK exhibits exceptionally low outgassing rates 

and can be processed with lower internal stresses during 3D 

printing, reducing the risk of part warping. Advanced 

formulations, such as carbon-fiber-filled PEKK (e.g., 

Vega™ filament), are utilized to print high-stiffness 

structural brackets and sensor mounts for satellite 

packaging. 

Polyetherimide (PEI / ULTEM 9085) 

PEI is an amorphous high-performance polymer containing 

repeating aromatic imide and ether units. Commercial space-

certified variations, such as ULTEM 9085, are specifically 

engineered for aerospace applications. 

ULTEM 9085 possesses excellent flame-retardant 

properties, low smoke emission, and strict compliance with 

toxicity standards (FAR 25.853). Because it is an amorphous 

polymer, it prints with highly isotropic physical properties, 
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making its mechanical performance highly predictable along 

the X, Y, and Z printing axes. 

HIGH 

PERFORMANCEADDITIVEMANUFACTURING 

SYSTEMS 

Standard desktop 3D printing systems are fundamentally 

incapable of processing space-grade polymers due to the 

extreme thermal fields required to melt and fuse these 

materials without inducing internal delamination or voids. 

Aerospace packaging relies on two primary industrial AM 

modalities. 

Material Extrusion (Fused Deposition Modeling - FDM) 

Industrial FDM systems designed for aerospace (e.g., 

Stratasys F-Series or Orion AM platforms) utilize 

specialized environmental chambers to manage the 

crystallization and thermal stresses of PEEK and ULTEM. 

• Thermal Management: Processing PEEK 

requires extrusion nozzle temperatures reaching 

400ºC to 430ºC. Crucially, the build chamber must 

be heated and actively maintained between 150ºC 

and 220ºC alongside a high-temperature print bed 

(>200ºC). 

• Thermal Radiation Heating: Advanced systems 

utilize targeted thermal radiation heaters focused 

directly on the deposition node. This melts the top 

layer of the previously deposited track right before 

the new layer is laid down, maximizing inter-layer 

adhesion (Z-axis strength) and eliminating 

microscopic voids that would otherwise outgas or 

trap pockets of air in UHV environments. 

Selective Laser Sintering (SLS) 

SLS is a powder-bed fusion technology that uses a high-

power laser to selectively fuse microscopic polymer 

particles layer-by-layer. 

• The Process: The build chamber is filled with an 

inert gas (typically Nitrogen) and pre-heated to just 

below the melting point of the polymer powder 

(e.g., approx 300ºC for PEEK/PEKK powders). A 

CO2 or fiber laser then traces the cross-section of 

the packaging component, providing the final 

thermal energy required to sinter the powder. 

• Benefits for Packaging: SLS requires no structural 

supports because the unsintered powder bed 

completely cradles the expanding part. This grants 

complete geometric freedom, allowing engineers to 

design internal cooling ducts, complex latches, and 

ultra-thin double-walled shielding enclosures 

directly into a single, seamless packaging unit. 

High-performance composite powders reinforced 

with carbon or glass fibers (such as the Windform 

composite line) are commonly processed via SLS 

to achieve up to 60% weight reduction compared 

to machined aluminum enclosures while 

comfortably enduring 14G launch impacts. 

FUNCTIONAL PRINTED ELECTRONICS FOR 

AEROSPACE ENCLOSURES 

The true optimization of space-grade packaging occurs 

when the passive mechanical enclosure is transformed into 

an active, intelligent system. This is achieved by printing 

functional circuitry, conformal antennas, electromagnetic 

interference (EMI) shielding, and structural health 

monitoring sensors directly onto the 3D-printed polymer 

surfaces. 

[Digital Circuit Design] ➔ [Aerosol Jet Atomization] ➔ 

[Conformal 3D Surface Deposition] ➔ [Thermal / Photonic 

Curing] 

Aerosol Jet Printing (AJP) 

Aerosol Jet Printing is a non-contact, high-resolution 

deposition technology uniquely suited for printing 

electronics on complex, non-planar, and 3D conformal 

surfaces. 

• The Mechanism: A liquid ink containing 

functional nanoparticles is placed into an atomizer 

(ultrasonic or pneumatic), breaking the liquid into 

a dense mist of droplets averaging 1 to 5µm in 

diameter. An inert carrier gas sweeps this mist into 

the deposition head. As the mist travels through the 

nozzle, a secondary high-velocity sheath gas 

surrounds the aerosol stream, focusing it into a 

highly collimated, tight beam of material. 

• Conformal Capabilities: The focused material 

stream is ejected at high velocity from the nozzle 

tip. Because the process features a large stand-off 

distance (up to 5mm from the nozzle tip to the 

packaging substrate), the print head can glide over 

complex curved geometries, steep 60-degree 

inclines, or deep structural trenches without 

colliding with the part. This allows for the printing 

of dense multi-layer wiring tracks directly onto the 
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outer skins of satellite brackets or curved drone 

wings. 

Direct Ink Writing (DIW) 

DIW, or robocasting, is an extrusion-based method where 

highly viscous, paste-like functional inks are pushed through 

a micro-nozzle under pneumatic pressure or via a 

mechanical syringe screw. 

Unlike AJP, which handles thin, low-viscosity fluid inks, 

DIW is ideal for depositing high-solids pastes. This makes it 

the premier method for printing thick-film structural 

elements, localized rubberized sealing gaskets, thermal 

interface materials (TIMs), and thick EMI shielding tracks 

directly inside the mating grooves of aerospace packaging 

walls. 

Functional Ink Engineering & Post-Print Processing 

A printed circuit is only as reliable as the chemistry of its 

ink. For aerospace applications, inks must be packed with 

functional nanoparticles while remaining free of volatile 

solvents that could violate outgassing restrictions. 

Conductive Metallic Inks 

• Silver (Ag) Nanoparticle Inks: Silver exhibits the 

highest electrical conductivity of any element and 

is highly stable. Nanoparticle inks (with particle 

diameters <50nm) lower the required sintering 

temperature significantly due to their immense 

surface-area-to-volume ratio. This allows the 

metallic track to be cured at temperatures 

compatible with the underlying polymer packaging 

(150ºC–200ºC). 

• Copper (Cu) Inks: Copper is highly economical 

and structurally robust, but unprotected copper 

nanoparticles oxidize instantly in ambient air, 

destroying their conductivity. Space-grade copper 

inks utilize specialized core-shell architectures 

(e.g., a copper core encapsulated by a thin silver 

shell) or are co-formulated with reducing agents 

that prevent oxidation during storage and printing. 

Nano-Carbon Shielding Inks 

Electromagnetic Interference (EMI) shielding is mandatory 

to protect internal spacecraft electronics from cosmic 

background noise and cross-talk between nearby high-

power radio-frequency transmitters. Inks loaded with 

Carbon Nanotubes (CNTs) or Graphene Nanoplatelets are 

formulated into highly viscous paste-like inks. When printed 

as a continuous grid or conformal coating on the internal 

walls of a PEKK enclosure, they form an interconnected 

conductive carbon network that absorbs and scatters stray 

electromagnetic radiation, replacing heavy, traditional mu-

metal metal foil shields. 

Advanced Sintering Modalities 

Once deposited, the loose nanoparticles inside the ink track 

must be fused into a continuous, low-resistance metallic 

pathway. 

• Thermal Sintering: The entire printed packaging 

component is placed into a vacuum oven at a 

controlled thermal profile (e.g., 180ºC for 2 hours). 

While effective, this process exposes the entire 

polymer substrate to prolonged heat, which can 

induce micro-warping. 

• Photonic Curing (Intense Pulsed Light - IPL): 

IPL utilizes a high-energy xenon flash lamp that 

emits a broad spectrum of intense light (200nm to 

1500nm) in ultra-short millisecond bursts. The 

metallic nanoparticles absorb this light energy 

rapidly and melt instantly, while the underlying 

polymer packaging remains unaffected. This 

allows for the sintering of highly conductive tracks 

on heat-sensitive materials in fractions of a second. 

STRICT REGULATORY COMPLIANCE & SPACE 

QUALIFICATION STANDARDS 

Every component destined for space flight must pass a 

gauntlet of rigorous certification workflows. For printed 

aerospace packaging, compliance is strictly dictated by 

NASA and ESA standards. 

The ASTM E595 Outgassing Standard 

This is the gold standard testing protocol for screening 

space-bound materials. The test involves placing a small 

sample of the printed polymer or cured ink into a thermal 

vacuum chamber maintained at a UHV pressure of <5times 

10^-5Torr and heated continuously to 125ºC for 24 hours. 

Two critical metrics are collected using precise micro-

balances: 

1. Total Mass Loss (TML): The total weight lost by 

the sample due to outgassing volatile components. 

To pass space qualification, the TML must be less 

than 1.00%. 
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2. Collected Volatile Condensable Material 

(CVCM): A cooled collector plate (25ºC) is 

positioned above the sample to catch outgassed 

vapors. If these vapors condense into a thick oily or 

crystalline film, they will blind spacecraft optics. 

To pass, the {CVCM must be } le 0.10. 

Space-grade materials like certified PEEK, PEKK, and 

ULTEM 9085 easily meet these parameters, but post-print 

conductive inks must be fully sintered and clear of all carrier 

solvents to prevent failing the CVCM boundary. 

Radiation and Vacuum Testing 

Printed components undergo accelerated aging inside 

simulation chambers: 

• TID (Total Ionizing Dose): Exposure to Gamma 

rays or Electron beams simulating a 5-to-10-year 

operational lifespan in orbit (typically targeting 

doses between 50krad and 300krad depending on 

orbit profile). 

• TVAC (Thermal Vacuum Cycling): The 

packaging is subjected to a minimum of 24–48 

uninterrupted cycles of rapid heating and cooling 

inside a UHV chamber to ensure no delamination 

or electrical line breaks occur under thermal stress. 

COMPREHENSIVE TESTING, 

CHARACTERIZATION, AND VERIFICATION 

To guarantee zero-failure performance, space packaging 

engineers must utilize an array of high-precision material 

characterization and testing methodologies. 

Non-Destructive Forensic Verification 

• Magneto-Optical (MO) Topography: Used for 

checking printed components that utilize magnetic 

shielding inks or track structures. By resting a 

magneto-optical bismuth-substituted iron garnet 

sensor film directly on the printed feature and 

illuminating it with polarized light, the Faraday 

Effect maps the magnetic field lines in real-time. 

This non-destructively exposes localized cracks, 

printing voids, or thickness variations in hidden 

shielding layers. 

• X-Ray Fluorescence (XRF) and Micro-CT: 

Micro-Computed Tomography (mu-CT) uses 3D 

X-ray scanning to non-destructively peer inside 

FDM or SLS printed packaging walls. This allows 

engineers to spot internal structural defects, warped 

cooling channels, or hidden gas bubbles (>10µm) 

trapped between layers that would cause structural 

failure during launch. 

Micro-Destructive and Analytical Testing 

• LA-ICP-MS (Laser Ablation Inductively 

Coupled Plasma Mass Spectrometry): Used as a 

high-precision chemical quality control check. A 

micro-laser blasts a tiny, invisible crater (<20ºm) 

into the printed electronic track. The vaporized 

material is ionized in an Argon plasma torch and 

fed into a mass spectrometer. This yields a 

complete atomic trace-element fingerprint, 

confirming the exact purity of the conductive ink 

and verifying that zero unauthorized chemical 

impurities were introduced during the 

manufacturing pipeline. 

Integrated Systems and Industrial Case Studies 

To contextualize this technology, we evaluate two 

prominent operational paradigms where space-grade 

printing technology directly replaces traditional assembly 

lines. 

Case Study A: CubeSat Monolithic Structure 

Integration 

A standard 1U CubeSat (10cm*10cm*10cm) requires 

multiple internal printed circuit boards (PCBs), metal 

structural rails, and complex internal wiring bundles. By 

deploying space-grade SLS printing, the entire structural 

frame can be printed as a single monolithic block using 

Carbon-Fiber-Filled PEKK. 

Immediately following production, an Aerosol Jet Printing 

system traces the internal walls of the frame, depositing 

silver interconnects, solar-panel routing busses, and a 

continuous graphene-based EMI shielding layer. This 

completely eliminates the need for internal PCBs, 

connecting cables, and metal fasteners. 

• Performance Gain: Total structural weight is 

slashed by 42%, leaving more weight capacity 

available for high-value scientific sensors, while 

assembly time drops from 3 weeks to 36 hours. 

Case Study B: Deep-Space Propulsion Enclosure 

Packaging 
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Electronic control modules governing hybrid rocket or ion 

propulsion systems face massive thermal extremes and 

mechanical shocks. Utilizing an industrial FDM system with 

localized thermal radiation heating, engineers can print 

custom-contoured protective enclosures out of ULTEM 

9085. 

Direct Ink Writing is then utilized to deposit thick-film 

silicone gaskets into the interlocking grooves of the cover 

plate. This creates a hermetically sealed, outgassing-

compliant environment that dampens 14G launch shocks 

and completely eliminates the risk of water or chemical 

ingress during pre-launch storage and assembly. 

COMPREHENSIVE COMPARISON MATRIX 

The table below outlines a comprehensive technological 

comparison mapping traditional aerospace packaging 

manufacturing against the advanced printed frameworks 

established in this paper. 

Table 1 

Engineering Metric Traditional Manufacturing (Machined 

Aluminum + Wire Harnesses) 

Advanced Space-Grade Printing 

(SLS/FDM Polymers + Printed 

Electronics) 

Primary Material Component 
Aluminum 6061-T6 / Copper Cables / Mu-

Metal Shields 

PEEK / PEKK / ULTEM 9085 / Silver 

Nanoparticles / CNTs 

Mass Budget Impact Baseline Reference (Heavy, rigid metal 

geometry) 

35% to 60% Weight Reduction via 

density optimization 

Table 2 

Engineering Metric Traditional Manufacturing (Machined 

Aluminum + Wire Harnesses) 

Advanced Space-Grade Printing 

(SLS/FDM Polymers + Printed 

Electronics) 

Geometric Freedom Low (Constrained by CNC tool paths and 

axis configurations) 

Infinite (Allows internal cooling 

channels and double walls) 

Component Consolidation Low (Dozens of screws, brackets, washers, 

and connectors) 

High Monolithic Integration 

(Dozens of parts combined into 1) 

Electrical Infrastructure Bulk PCBs / Heavy wiring bundles / Manual 

solder points 

Conformal 3D tracks printed directly 

onto structural skins 

Outgassing Performance Excellent (Metals do not outgas; plastic 

wires require sleeves) 

Variable (Requires strict adherence 

to ASTM E595 and IPL curing) 

Launch Vibration Resilience High (But subject to fastener loosening 

under 14G loads) 

Excellent (Monolithic structures 

have no fasteners to loosen) 

Lead Time & Tooling Cost High (Weeks of custom tooling setups and 

machining blocks) 

Low (Direct digital transfer from 

CAD file to print bed) 

 

Direct Technical Performance Comparison of Processing 

Modalities 

To assist in production routing, the matrix below details 

the performance trade-offs between the primary space-grade 

printing modalities when handling high-performance 

polymers and functional inks. 

Table 3 

Modality Material 

Throughput 

Achievable 

Resolution 

Key Processing Bottleneck Ideal Packaging Application 

Industrial 

FDM 

High (>50g/hr) Medium (pm 

100µm) 

High inter-layer stress; anisotropic 

Z-axis strength 

Large structural enclosures, battery 

boxes, external shells 

Industrial 

SLS 

Medium 

(>20g/hr) 

High (pm 50µm) Requires long pre-heating and 

nitrogen gas purging stages 

Complex internal geometries, lattice 

panels, fluid routing blocks 

Aerosol 

Jet (AJP) 

Low (<1g/hr) Ultra-Fine (10-

50µm) 

Susceptible to nozzle clogging if 

ink settles or aggregates 

High-density circuit routing, conformal 

antennas, micro-sensors 

Direct Ink 

Writing 

High (>10g/hr) Medium (pm 

200µm) 

High ink viscosity requires intense 

pneumatic pressure 

Localized sealing gaskets, thick EMI 

shielding blocks, TIM coatings 
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CONCLUSION 

Space-grade printing technology represents a paradigm 

shift in the design and execution of aerospace packaging 

solutions. By shifting away from subtractive metal 

machining and complex wire routing, the aerospace industry 

can tap into unprecedented mass reductions, extreme 

structural consolidation, and the creation of smart, self-

monitoring systems. 

As confirmed by rigorous physical testing, high-

performance polymers like PEEK, PEKK, and ULTEM 

9085 provide the mechanical and thermal baseline required 

to survive the outer space boundary layer. When paired with 

advanced Printed Electronics tools like Aerosol Jet Printing 

and verified by non-destructive forensic workflows, this 

technical framework ensures that tomorrow's deep-space 

payloads can be launched lighter, manufactured faster, and 

operate with zero-failure metrics among the stars. 
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