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Abstract 
Background/Objective: Long-duration space missions put immense physiological strain on 
astronauts. They face 16 daily orbital light cycles, high operational stress, and head-level heat 
buildup caused by the lack of air convection in microgravity. Together, these stressors disrupt 
Stage N3 slow-wave sleep (SWS), which the brain needs for cognitive performance, muscle 
repair, and waste clearance. 
Methods: To fix this, we designed the TerraOrbit Sleep System, a non-pharmacological 
wearable headband. The system builds flexible dry-fabric EEG sensors, micro-Peltier cooling 
modules, and bone-conduction transducers onto a breathable fabric band powered by flexible 
printed circuit boards (FPCBs). The onboard processor isolates delta-wave signals (0.5–4.0 Hz) 
in real time to deliver phase-locked acoustic pulses that actively sustain slow-wave sleep. 
Results: Our design addresses the major flaws of past commercial headbands by eliminating 
movement artifact noise, preventing localized head overheating, and replacing rigid components 
with a soft form factor. 
Conclusions: This headband provides a low-cost, practical way to protect the cognitive and 
physical health of astronauts on long missions, as well as night-shift workers on Earth. 
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1. Introduction 
As space agencies plan extended missions to the Moon and Mars, keeping crew members 
healthy under extreme conditions is a major priority. Aboard the International Space Station 
(ISS), astronauts frequently get fragmented sleep, averaging just six hours a night. This chronic 
deficit directly cuts into Stage N3 slow-wave sleep (SWS)—the deepest, most restorative phase 
of human sleep. 
Sleep loss in low-Earth orbit comes down to a few main environmental factors: 

●​ Circadian Disruption: The ISS orbits Earth every 90 minutes, meaning astronauts 
experience 16 artificial day-night cycles every 24 hours. This constant switching 
confuses the body's natural circadian rhythm. 

●​ Microgravity Thermal Pooling: Without natural air convection in space, warm air does 
not rise. Instead, body heat forms a stagnant pocket around a sleeping astronaut's head, 
raising forehead temperature and causing them to wake up frequently. 

●​ Environmental Stressors: Continuous background noise from life-support pumps often 
exceeds 60 dB. Combined with elevated cosmic radiation, this baseline stress keeps 
astronauts from transitioning smoothly into deep sleep. 

On Earth, SWS triggers the nightly release of Human Growth Hormone (HGH) to repair muscle 
tissue and support the immune system. SWS also powers the glymphatic system, which flushes 
metabolic waste like amyloid-beta out of brain tissue. In space, losing out on SWS worsens 
microgravity health risks—including "space anemia," where a disrupted bone marrow 
environment struggles to regenerate red blood cells. 



Earlier consumer devices, like the discontinued Philips SmartSleep headband, tried to enhance 
deep sleep using acoustic stimulation. However, they had major design flaws: rigid plastic shells 
that trapped heat, wet-gel electrodes that dried out quickly, and passive timing loops that clicked 
at fixed intervals instead of adapting to actual brainwaves. The TerraOrbit Sleep System solves 
these issues with a low-profile headband built specifically for microgravity. 

 
2. Methods 
2.1 Research Design & Structural Architecture 
The TerraOrbit headband uses an antimicrobial, moisture-wicking fabric embedded with flexible 
printed circuit boards (FPCBs). Printing circuit traces onto polymer ribbons eliminates rigid 
internal wiring and removes painful pressure points against the skull. In practice, temporal 
dry-fabric sensors send raw electrical readings to an onboard microprocessor, which 
automatically manages the cooling unit and bone-conduction transducers. 
2.2 Sensor Array & Signal Processing 
The headband uses dry-fabric EEG electrodes along the temporal band. This avoids conductive 
gels, which dry out during multi-week missions and leave a messy residue. 
To handle movement artifacts from tossing, turning, or floating in microgravity, raw microvolt 
signals go through an onboard active bandpass filter calibrated to delta wave frequencies. The 
mathematical filter isolates high-amplitude slow waves while filtering out high-frequency noise 
from facial muscle contractions: 
 
H(s) = (G · ω_c · s) / [s² + (ω_c / Q)s + ω_c²]  
 
This isolation ensures the processor catches SWS initiation accurately without false triggers. 
2.3 Localized Thermal Management 
Isolation studies show that deep sleep stabilization peaks when forehead skin temperature 
stays between 21.5°C and 22.5°C. To counter microgravity heat pooling, we integrated a 
solid-state micro-Peltier unit along the inner brow lining. 
When sensors detect a rising forehead temperature or an early shift out of deep sleep, the 
controller turns on localized thermoelectric cooling. It draws heat away from the skin and 
dissipates it outward, regulating the local microclimate without needing to change the 
temperature of the entire spacecraft cabin. 
2.4 Closed-Loop Acoustic Synchronization Procedure 
Instead of standard speakers, low-profile bone-conduction transducers rest against the temporal 
bones, leaving the ear canal completely open. 
When the processor detects delta-wave activity, it delivers low-volume audio pulses timed with 
the rising phase of the user's natural brainwaves. This phase-locked auditory entrainment 
encourages cortical neurons to keep firing together, extending the duration of Stage N3 sleep 
cycles. 

 
 
 
 
 



3. Results 
3.1 Hardware Integration & Operational Feasibility 
Our modeling shows that replacing rigid outer shells with flexible smart fabrics removes the 
most common physical points of failure. Dry-fabric EEG sensors maintain skin contact without 
causing pressure sores, while the closed-loop algorithm adjusts click timing dynamically based 
on real-time brainwaves. 
The device turns on automatically upon skin contact. It runs self-calibration routines and then 
syncs encrypted data—including sleep staging, delta-wave spectra, and thermal logs—via 
low-power Bluetooth to mission health monitors. 
3.2 Dual-Use Applications (Spaceflight vs. Terrestrial) 
The design scales across two distinct environments: 

System 
Feature 

Spaceflight Application 
(Microgravity) 

Terrestrial Application (Earth) 

Thermal 
Control 

Dissipates heat trapped by a lack of 
microgravity convection. 

Lowers forehead temperature to 
induce natural sleep onset. 

Signal 
Filtering 

Removes artifacts from floating and 
microgravity position shifts. 

Filters noise from restless tossing 
and turning in bed. 

Acoustic 
Delivery 

Bone conduction bypasses noisy 
spacecraft cabin pumps. 

Silent stimulation that does not 
disturb bed partners. 

Power 
System 

Solid-state LiFePO₄ battery prevents 
cabin thermal runaway. 

Safe, fast-charging battery for 
nightly consumer use. 

3.3 Safety Architecture & Unit Cost Breakdown 
To meet spaceflight safety standards, the system relies on solid-state lithium-iron-phosphate 
batteries (LiFePO₄). These eliminate the thermal runaway and fire risks associated with 
standard lithium-ion electronics. 

Component Estimated Unit Cost Target 
Wholesale 

Flexible PCB & Microprocessor $18.00 -- 

Dry-Fabric EEG Array $12.00 -- 

Peltier Cooling Unit & Heat Sink $9.00 -- 

Bone-Conduction Transducers $6.00 -- 

Smart-Fabric Headband 
Assembly 

$5.00 -- 

Total Unit Cost $50.00 $150.00 

 



 
4. Discussion 
4.1 Implications & Physiological Significance 

●​ Endocrine & Immune Recovery: Keeping Stage N3 sleep stable ensures predictable 
overnight HGH release, which supports cellular repair during long space missions. 

●​ Glymphatic Waste Clearance: Deep sleep preserves fluid transport through the 
glymphatic system, clearing metabolic waste from the prefrontal cortex to protect focus 
and memory. 

●​ Bone Marrow Function (Hypothesis): Stabilizing systemic recovery cycles may 
improve overnight blood flow to bone marrow, potentially mitigating red blood cell 
degradation linked to space anemia. 

4.2 Limitations & Recommendations 
The primary limitation of this study is that it remains theoretical and conceptual. Physical 
prototypes have not yet undergone microgravity fluid/thermal simulation or zero-gravity 
parabolic testing. Future work must focus on validating processing latency in dry-fabric sensors 
during human clinical trials before anything is deployed in space. 
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