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1. Background: Lunar colonization



Apollo 11

The very first landing on the Moon
We walked…



Apollo 11



Increasing extents of exploration on the Moon

And we eventually expanded our 
exploration, further and further…

from walking to taking lunar rover…



Orthopyroxene Iron oxides

Clinopyroxene Water
Scattered Resources on the Moon



Existing development on lunar mobile architecture

1. Mobile lunar architecture



Existing development on lunar mobile architecture

“Doesn't seem ideal to block use of the 
toilet when a crewmember is exercising.”

A privacy curtain is all they have for toilet

Exercising, eating, sleeping and toilet 
operation all in one space



Existing development on lunar mobile architecture

Engineering-focused, not habitability focused



Earth as seen from the Moon

How far does a rocket travel…
to carry only 10 NASA technology instruments?



Existing development on lunar inflatable architecture

Inflatable architecture as a lightweight solution… …focusing on material strength and inflation capacity

2. Inflatable lunar architecture



Maslow’s Hierarchy of Needs

Existing development focusing on engineering aspects
What more can we achieve through architectural design?



Research Question

How can mobile and inflatable approaches address 
changing human needs on the Moon?



2. Needs: Changing human needs on the moon



Dynamic changes in the needs for social interaction



HI-SEAS Mission 1, NASA/University of Hawai'i at Manoa, Hawai'i, 2013

The need to retreat from and connect to others

Feedback from space analog mission HI-SEAS I

“…psychological importance of having a floor with a 
staircase to retreat to.”

“I felt 'connected' to the entire habitat at all times”



Communal or Private

It’s not about one or the other, but the transition to freely switch between the two states



Needs for autonomy and reconfiguration



Seeker | Angelo Vermeulen
https://www.angelovermeulen.net/?portfolio=seeker#

Designed by Angelo Vermeulen after participating in HI-SEAS I…
a co-created “starship” project: user self-building own habitat living in isolation

How astronauts’ needs for autonomy, 
competence and relatedness go hand in hand with 
crewhealth and mission success - Results from 
HI-SEAS IV

S. Goemaere et al.



HI-SEAS spatial reconfiguration record
Tristan Bassingthwaighte. Habitat Design for the Long-Term Health of Inhabitants in ICE Environments

Feedback from space analog mission HI-SEAS VI

“When we moved the treadmill in front of the window, 
you could look outside better and try to pretend you 
weren't stuck in the dome.”

“We rearranged a lot of the beds…”

“Using both ends of the SeaCan for access would 
negate this programming conflict (between working and 
resting crew).”

HISEAS I

HISEAS II

HISEAS III

HISEAS IV



We are indeed living in an invisible 
personal bubble, by which our privacy is 
controlled, our needs are fulfilled

Invisible personal shelters
Michael Georgiou. Architectural Privacy: A Topological Approach to Relational Design Problems 



These personal bubbles, vary from person to person,
connect and disconnect from time to time.

Design solution to changing human needs?



3. Approach (Dis)re-assembly: Integrating mobile and inflatable architecture



Rover-Rover Rover-Habitat

Docking hatches in Small Pressurized Rover
Preliminary Report of the Small Pressurized Rover (SPR)



Potential configurations of docking hatches
Robert L. Howard, Jr.. A Multi-Functional, Two-Chamber Airlock Node for a Common Habitat Architecture

Multiple docking hatches forming nodes Docking hatches on inflatable structure



More complex connection of inflatable structures
Jean-Paul Jungmann. Dyodon-Habitation

Move + Join + Expand ->  Growth



4. Schematic Design: Proposed mission and scenarios





Site



Lunar south pole



Lunar south pole

Swarm system on lunar automated driving

1. Maintaining a certain 

separation with each 

other

2. Avoiding obstacle

3. Moving as a group to 

a goal destination
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Designed astronaut roles and corresponding tasks

Commander/mission planningEngineering support In-person site investigation Teleoperation of uncrewed lunar 
terrain vehicle (LTV) on risky sites
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Programme of Requirements



Computational design workflow



Commander + SurveyorEngineering Support LTV Specialist



5. Implementation: Proof of Concepts



Inflatable Origami Structure



Origami-inspired material designed to soften impact
https://www.youtube.com/watch?v=jjt2lOjMdJ0&ab_channel=naturevideo

Existing extraterrestrial inflatable 
habitat takes a one-off inflation 
transformation without considering 
deflation and thus reconfiguration.



Origami-inspired material designed to soften impact
https://www.youtube.com/watch?v=jjt2lOjMdJ0&ab_channel=naturevideo

The strength of origami structure is the capability to be expanded and compressed, and thus reconfigured frequently.

Mountain lines

Valley lines



Soft robotics + Sensor-actuator
Mateo Fernandez (right) NSA Muscle | Oosterhuis NL

Pneumatic muscles to control shrinking and expanding of inflatable structure



Space deflation transformation process



Challenge with pressure

Due to lack of atmosphere in the outer space

 Air pressure in the lunar environment ~0

 High pressure difference between exterior and interior

 Large amount of force needed for compressing to zero



Solution 1:

Use of strong air compressor with high energy consumption

Solution 2:

Reconfiguration by transferring air from one volume to 

another, instead of frequent complete deflation



Reconfiguration Strategy



Furniture surface transformation process

Reconfiguration Strategy 1 (surface)



Furniture surface transformation process

Tabletop surface

Support surface

Reconfiguration Strategy 1 (surface)



Furniture surface transformation process

Associated muscle members

Reconfiguration Strategy 1 (surface)



Furniture surface transformation process

Flow direction

Reconfiguration Strategy 1 (surface)



Furniture surface transformation process

Reconfiguration Strategy 1 (surface)



Furniture surface transformation process

Resultant length and thickness

Reconfiguration Strategy 1 (surface)



Furniture surface transformation process

Tabletop surface

Support surface

Reconfiguration Strategy 1 (surface)



Furniture surface transformation process

Reconfiguration Strategy 1 (surface)



Furniture surface transformation process

Reconfiguration Strategy 1 (surface)



Space deflation transformation process

Reconfiguration Strategy 2 (volume)



Furniture surface transformation process

Strategy 2

Section Overview

Strategy 1

Strategy 1

Strategy 1
- Larger volume can be created
- Limited by prefabricated membrane

Strategy 2
- More flexibility
- Cannot create larger volume



Sensor



Sensor System Overview

On wearables

Pulse rate sensor

On envelope

Microphone

Body temperature sensor

Air quality sensor

LiDAR scanner



Scenario 1: Table Transformation

A bench please.

Voice Input

Microphone

1. What action to be taken?

Microphone



A bench please.

Voice Input

Microphone

Speech 
Recognition

Table BenchRoom

1. What action to be taken?

Scenario 1: Table Transformation



Microphone
Voice Input

Microphone

Speech 
Recognition

Table BenchRoom

Location 
Input

LiDAR

1. What action to be taken?

2. Where exactly does it take place?

LiDAR scanner

Scenario 1: Table Transformation



Voice Input

Microphone

Speech 
Recognition

Table BenchRoom

Location 
Input

LiDAR

Closest 
Surface

1. What action to be taken?

2. Where exactly does it take place?

Scenario 1: Table Transformation



Voice Input

Microphone

Speech 
Recognition

Table BenchRoom

Location 
Input

LiDAR

Closest 
Surface

Morphing

1. What action to be taken?

2. Where exactly does it take place?

Scenario 1: Table Transformation



Scenarios



Deflated

Cockpit

Storage

Washroom

ECLSS



Inflated

Cockpit

Storage

Washroom

ECLSS



Meal Preparation/Leisure Degree of social interaction: 3

Accessibility:

Proximity:

Visibility:



Sleeping Degree of social interaction: 1

Accessibility:

Proximity:

Visibility:



Sleeping Degree of social interaction: 1

Accessibility:

Proximity:

Visibility:



Dining Degree of social interaction: 5

Accessibility:

Proximity:

Visibility:



Work Degree of social interaction: 4

Accessibility:

Proximity:

Visibility:



Structural optimization



Default

Mountain and valley creases

Compression and tension lines

Structural Analysis

Mountain lines

Valley lines

Compression

Tension

compression tension



Leisure + work Both sleeping

Structural Analysis



Thickness of pneumatic 

muscles bladder material

Structural Analysis

Structural efficiency 

optimization



Lighting



- Lighting integrated with pneumatic muscles

- Concentrated brighter lighting

Lighting Design



Lighting Design

- Lighting integrated with pneumatic muscles

- Evenly distributed uniform lighting



Tracking lights
- Brightness according to 

proximity sensor

- Touch  activate

- Closer  brighter



Breathing lights
- Brightness according to 

- activity recognition

- music detection



Physical Prototype



change in length in selected scenario
shorter longer



shorter longer
change in length in selected scenario

upper deck



selected prototype fragment
shorter longer

-17%

-17%
actuated

actuated

passively 

transformed

upper deck



23cm30cm

~25%-30% change in length

3mm thick silicone tube

<0.5mm latex rubber tube



Ring joint for flexible orientation of muscles

Close-up view

inlet

outlet

LED wire

connected 

to power

microcontroller

infrared proximity 

sensor

free-end connected 

to flexible rubber 

material





Design proposal Simplified prototype

digital simulation

Simplified prototype

real life simulation



Alternating 

muscle activation



Climate Control



Thermal concerns

Mobile Lunar Habitat
- Lack of natural 

ventilation

- Focus on cooling

- Dealing with metabolic 

heat from human body

Heating from human body metabolism and machines
- Continuous but smaller extent of heat exchange

- Heat recovery instead of cooling

- Thermoelectric module (Peltier effect )

- Convert heat into electricity

- Sufficient for low-power sensors to operate

- Integrated to wearables

Cooling

Heating Sleeping/sickness/evaporation after sweating
- Occasional but larger extent of heat exchange

- Need for rest

- In contact with surfaces for rest

- Bench/bed

- Packed in areas that is more associated with rest

- Integrated to building system



Thermographics Atlas of the Human Body. M. Danko et al.
The effects of local cooling at different torso parts in improving body thermal comfort in hot indoor environments. Y. Hecheng et al.

Cooling

Cooling efficiency on human body
- The torso region (including the chest, 

abdomen, upper and lower backs) and 

head region (including the head, face and 

neck) have the largest amount of heat 

production and blood perfusion for a 

human body with a low metabolic rate



Thermoelectric heating and cooling and flexible module

Thermoelectric module (Peltier Effect)
- Heating when supplied with electricity 

- Produce electricity when heated (in reverse)

- Cooling effect

- Flexible thermoelectric module

- Bendable



Heating – integrated to building envelope

Flexible heating element on envelope
- Tibgrid® flexible heating fabric

- Bendable

- Stretchable

- Heating elements fabricated in stretchable pattern

Rapid and economic preparation of wearable thermotherapy pad. Sung-Hun Haa and Jong-Man Kim
Stretchable and wearable polymeric heaters and strain sensors fabricated using liquid metals. S. Kim et al.



Wearable

Wearable 
thermoelectric module

Temperature sensor

Microphone

Pulse rate sensor

Cooling - Wearable



LiDAR scanner

Wearable

Air quality sensor

Stretchable 
heating element

Pneumatic muscle 
integrated silicone 

tube lights

Sensor-actuator system overview



Envelope Material



Inflatable layers buildup (LIFE habitat by Sierra Space)

Internal barrier

- Protection from scratches

Redundant bladder

- Air containment with zero-permeability to air

Structural restraint

- Pressure load carrying capability to the inflatable structure

- Embedded with strain sensors for membrane damage detection 
and electric wires for energy supply

- Vectran fabric weave stronger than steel when inflated

MMOD shield

- Protection from Micro-Meteoroids & Orbital Debris impact

Multi-layer insulation

- Adequate thermal insulation from outer space environment

- Protection from atomic oxygen erosion and UV degradation



Envelope fragment section

TBU
Explanation of how the cantilevered capsule 

is supported by the structure



Envelope fragment section

TBU
Explanation of how the cantilevered capsule 

is supported by the structure



Envelope fragment section

TBU



Section



Plan Upper Level



Plan Lower Level



Roof Plan



ECLSS and ISRU



Power supply



Power supply + ISRU + ECLSS

TBU Pictogram?



Relevance with on-Earth architecture



Adaptive Architecture

Lightness Mobility Reconfigurability

Changing human needs

Social/solitary living

Desire for autonomy

w/ robotic system

From off-Earth technology

to on-Earth application

Structure system
Actuators controlling struts
tension and length Furniture

Reconfigurable furniture

Room
Pop-up reconfigurable Space

Smart design
Sensors and machine learning to 
improve living 



Potential Future Development



Transformed space in different scenarios

Hand gesture + Headset:
Selection of surface

Headset:

Hand gesture

Hand gesture:
Intended modification of 
selected surface

Digital environment:
Simulation of affected 
geometry

Digital environment:
Calculation of final length of 
pneumatic muscles

Built environment:
Valves open/close for air flow 
between pneumatic muscles

Built environment:
Resultant form

1

2

3

4

5

6

Instant visual 
feedback

Gesture 
signal input

Augmented Reality Reconfiguration System
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Transformed space in different scenarios

Hand gesture + Headset:
Selection of surface

Hand gesture:
Intended modification of 
selected surface

Digital environment:
Simulation of affected 
geometry

Digital environment:
Calculation of final length of 
pneumatic muscles

Built environment:
Valves open/close for air flow 
between pneumatic muscles

Built environment:
Resultant form

1

2

3

4

5

6

Augmented Reality Reconfiguration System
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