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Current systems do not incorporate many sensing modalities 

Nasa uses The Fiber Optic Sensing System 
(FOSS) to take continuous measurements of a 
structure. 
Source: NASA.gov 

The Stanford Multi-Actuator Receiver Transduction 

(SMART) Layer, uses a network of piezoelectric sensors 

and actuators mounted on structures to detect structural 

damage.
Source: NASA.gov



Sensor Reduction in Hardware Health Monitoring Systems

Current Space Systems
Baseline

Reliable and effective monitoring

Few modalities included

High power consumption

Many dedicated sensors provide confidence, but add 

mass, power draw, and integration burden.

Proposed SPIDER Approach Solution

Many integrated sensors

Lower mass through distributed 
capability

Lower power demand 

Maintains reliability and effectiveness

A reduced-sensor architecture targets equal 

monitoring value with lower system overhead.

Reduce sensors

Preserve function



Three goals influenced SPIDERs design 

Low power consumption Robust structural monitoring Health hazard monitoring



A decision matrix was used to select a combination of three 

sensor modalities for each node



Challenge: Combine sensors into a single package

Low power consumption: 

- Photovoltaic Cells 

- Thermoelectric generator 

Structural Monitoring: 

- FBG cables 
- Ultrasonic sensors 

- Piezoelectric wafers

Health Hazard Monitoring: 

- Colorimetric sensors
- Colorimetric paint



Diagram showing the system overview of SPIDER nodes



Normal operation current consumption averages to 45mW



Accumulated energy consumption over a 1 minute period



Low power mode was simulated for data acquisition 



SPIDER would have a 90 day life on with onboard battery in 

low power mode



Power is passively harvested with photovoltaic cells and a 

thermoelectric generator

Power hub testing setup



Power generation using thermoelectric generator (TEG)

Source:samsung.com



Results show promise for the photovoltaic cells

Results of the experiment, where photovoltaic cells have a stronger power 

contribution than the thermoelectric generator. 

Power Generator Voltage Current Key Takeaways

Photovoltaic cell (at a 

light level of 300 lux)

8.41v 51.6mA Produced the strongest 

power contribution.

Thermoelectric 

Generator 

0.45v 0.51mA Very small power 

contribution



Subsystem 2: Colorimetric sensing 

Spacefaring humans can be exposed to many health hazards

Sensor Reduction: create a system that accounts for many health hazards at once

Emission Phosphors: CO2 sensing: Thermochromic paint:

Source: Ko et. al.  “Highly  efficient colorimetric CO2 sensors for monitoring CO2 

leakage from carbon capture and storage s ites ”
Source: PhosphorTech Corporation

Source: motor1.com



Colorimetric sensing is used to detect health hazards

1
A detectable 
hazard occurs

2
The reactive 
paint fluoresces 
in response 

3
The colorimetric 
sensor registers 
a color shift

4
An alert 
system is 
triggered 

Different paints are used to identify 

different hazards



Testing was done with thermochromic paint

Test setup validated the ability of the sensor to report on a potential hazard: 

the color shift of the paint in response to temperature change



Testing showed promising results for implementation

Key Results

- A threshold sensing 

level of 0.035 is ideal

-Alert time is 0.5s-9.5s 

between 40-30°C



Subsystem 3: FBG Optical Sensors

Calibrate 

strain 

readings

Adjust for 

heating 

effects

Localize 

damage in 

ECLSS



FBG Sensors are powered non-locally, and can be used in 

high-temperature environments and electromagnetic fields



A cantilever beam was used to calibrate strain readings from 

the FBG



Linear correlation fitting calibrated wavelength to strain 

readings

Trial Number 1 2 3 Average

Mean Squared Error 0.0003 0.0001 0.0006 0.0004

Theta0 (Strain) 0.0780 0.0491 0.1072 0.0781

Theta1 (k) 2.3418 1.5410 3.1805 2.3544



Piezoelectrics can be used to detect sounds by converting 

sound waves into voltage spikes



Piezoelectrics were set up with redundancy in mind

S



Strong impacts show less localization error than smaller 

impacts

Data error averages were found using:

Test Case
Impact Energy / 

Input

Nearest Sensor 

Distance

Farthest Sensor 

Distance
Detection Rate

Avg. Localization 

Error
Max Error Key Takeaway

Low energy 

impact
0.05 J 75 mm 425 mm 90% 24 mm 34 mm

Low-energy events were 

detectable but had the highest 

error

Medium 

energy impact
0.15 J 75 mm 425 mm 100% 17 mm 26 mm

Best balance of clear signal and 

repeatable localization

High energy 

impact
0.30 J 75 mm 425 mm 100% 13 mm 21 mm

Strong signals improved timing 

accuracy and localization



For a disturbance at an unknown location (x,y), 

the distance to sensor iii, located at (xi, yi), was 

modeled as

The arrival-time difference between sensors i and 

j was then estimated using

where c is the wave speed through the test panel. 

This approach allowed the system to estimate the 

source location without requiring the exact start 

time of the impact.

Localization was simulated using time of flight methods



Piezoelectrics simulation with sound wave propagation



Full implementation considerations

● Cost to implement $4081000

● Cost per node after TRL of 8-9 is reached is 

projected at $350,

● Total coverage of habitable areas of a proposed 

StarShip lunar base requires 11 nodes 

assuming 1 node per 50m2.

https://www.nasa.gov/reference/human-landing-systems/



SPIDER will be ready for implementation at TRL 9



SPIDER components should all be TRL 7+ by 2032



Long-term development cost was budgeted to be $4 million



A risk assessment matrix was used to consider failure modes

Likelihood

5

4

3 6 3, 4

2 1

1 2, 5

1 2 3 4 5

Consequence

No. Risk Description Mitigation

1
Sensor failure 

during deployment

Sensors may be damaged or 

improperly installed, preventing 

them from providing health 

monitoring data and potentially 

allowing damage to go 

undetected.

Prioritize ease of packaging and installation to 

reduce the chance of deployment errors.

2
Detection 

sensitivity limits

The sensor network may be 

installed successfully but still 

fail to detect critical health 

indicators within the system.

Use three complementary sensor modalities and 

perform testing in relevant environments to 

validate detection capability.

3 Design is too heavy

The sensor system may exceed 

mass limits, reducing the 

benefit of replacing existing 

methods.

Continuously optimize the design to minimize 

weight throughout development.

4
Design uses too 

much power

Excessive power consumption 

may be impractical for lunar 

habitat operations.

Select low-power components and prioritize 

energy efficiency in design decisions.

5

Sensor degradation 

in lunar 

environment

Radiation exposure and thermal 

cycling in lunar habitats may 

degrade sensor performance and 

reduce signal fidelity.

Ensure electronics and components are rated for 

lunar environmental conditions.

6
Noisy readings 

during mission

Differences between lunar 

habitat and lab conditions could 

produce unstable or noisy 

sensor signals.

Conduct thorough laboratory testing and 

calibration to stabilize signal interpretation.



Current testing was successful, future work is promising

- Successful power harvesting 

- Successful sensor validation

- Conference paper manuscript 

submitted for AIAA Scitech 2027

Completed work

- Triple- integrated testing 

- Refinement of integrated hub 

- Creation of a lunar habitat-like 
testbed 

- Testing and validation in a lunar 
habitat-like testbed 

Future work



Questions? 



Questions? 









Technical Approach

- Design a prototype sensor housing node containing multiple 

sensing modalities

- Develop signal processing hardware and algorithms to identify 

critical structural or environmental damage

- Validate health monitoring capabilities through simulation and 

experimentation

Key Design Details & Innovations of the Concept

Innovation: reduced-size wall sensing nodes, cross-validated through 3 

modalities to detect radiation, temperature, and structural damage 

Sensor Package for Internal Detection In Extraterrestrial Regions (SPIDER)
New Mexico Institute of Mining and Technology 

Fiber Optic 

Cables

XYZ Color 

Sensors

Ultrasonic 

sensorsOBJECTIVE

Develop a wall-mounted sensor package to reduce weight and improve 

sensitivity of lunar base structural health monitoring systems

Summer 2026, TRL 4: 

Conclusion of HuLC

Year 0 o f adop tion,  TRL 4-5:

Lab environmen t sys tem validation 

Year 1-2 of adoption, TRL 5-6:

High-fidelity habitat analog tes ting  

Year 2-4 of adoption TRL 6-7:

Operat ional environment demon stration

Year 4-6 of adoption TRL 7-8:

Qualification  of final design  

Bio-inspired design Ultrasonic

FBGsColorimetric paint

Sensing design inspired 

by spider in a web

Sensing vibrations on 

thin wires across lunar 

wall substrate

Radiochromic/thermochromi

c color sensing

Web of dispersed optical 

cables Year 6-8 of adoption TRL 8-9:

Success in lunar environmen t 

Fig 1: Fiber-Bragg 

Grating Sensor

Fig 2: 

Prototype 

SPIDER Hub 

Fig 3: Budget Calculations

Sensor Package 

Hub, 3 in peak 

width.
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