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ABSTRACT 

The motivations of mankind to expand human’s civilisation beyond the Earth 

have inspired many organisations to conduct research to address the issues 

relevant to human reproduction in space. SpaceBorn United has planned a 

unique mission to enable human gametes fertilisation and early stage embryo 

development in space. In collaboration with SpaceBorn United (herein after 

referred to as the client), this IRP aims to conduct a feasibility study on 

implementing IVF hardware to achieve gametes fertilisation and early stage 

embryo development in space.   

It was first planned by the client that the gametes can be cryopreserved and 

sent to the ISS allowing astronauts to carry out the IVF procedures. However, it 

was later realised that gaining access to the ISS is limited by the mission’s 

budget and timeframe, the client has amended its mission requirements 

significantly. Instead, the client would like the IVF procedures to be perform 

under an automated platform in space. More importantly, the client aims to 

produce viable embryos in space that would be allowed by IVF regulatory 

bodies to be implanted into their respective mothers for normal pregnancy and 

delivery. As such, every procedures in the mission should be identical to the 

routine procedures performed by standard IVF laboratory. The client is looking 

at 10 years timeframe from the start of this feasibility study to final 

implementation of the mission.  

As a result of these requirements, it is proposed in this report that a centrifuge 

will be utilise in the spacecraft to generate Earth-like 1g gravity ensuring the 

gametes and embryos do not exposed to any gravitational condition other than 

1g. Requirement from the client to use fresh gametes in the mission to simplify 

the gametes insemination procedures is relaxed and alternative way of 

insemination using robotic teleoperation is suggested. Application of lab-on-a-

chip devices is also proposed in this report to ease the fluid handling process in 

space.  

  



ii 

ACKNOWLEDGEMENTS 

I would like to express very great appreciation to my project supervisor Prof. 

David C. Cullen from Cranfield University for his valuable and constructive 

feedback throughout the development of this thesis. His guidance, enthusiastic 

encouragement and useful critiques of my work has been extremely helpful.  

I wish to thank my external supervisor Dr. Egbert Edelbroek, CEO of SpaceBorn 

United for his valuable support in providing the overall mission’s plan and 

mission’s requirements. His constructive recommendations to improve the 

output of this thesis are very much appreciated.  

I would also like to extend my sincere thanks to Dr. Hans Westphal, former 

clinical embryologist at Radboud University Medical Centre for his professional 

contribution in IVF related matters. His willingness to offer his time generously is 

very much appreciated.  

My special thanks are also extended to the administrative and academic staff of 

Cranfield University and Luleå University of Technology for their support 

towards the completion of this thesis.  

Last but not least, I wish to extend my utmost appreciation to the Education, 

Audiovisual and Culture Executive Agency (EACEA) for co-funding the 

Erasmus+ Programme of the European Union and hence allowing me to 

complete this thesis as part of the Spacemaster programme.  

  



iii 

TABLE OF CONTENTS 

ABSTRACT ......................................................................................................... i 

ACKNOWLEDGEMENTS.................................................................................... ii 

LIST OF FIGURES ........................................................................................... viii 

LIST OF TABLES ............................................................................................... x 

GLOSSARY ........................................................................................................ xi 

LIST OF ABBREVIATIONS ............................................................................... xii 

1 INTRODUCTION ............................................................................................. 1 

1.1 Background – Space Exploration .............................................................. 1 

1.2 The Idea of Colonising Planets Beyond Earth .......................................... 2 

1.2.1 Expansion of Human Civilisation ........................................................ 3 

1.2.2 Increasing Threats on Earth ............................................................... 3 

1.2.3 Promising Development of Space Technology ................................... 4 

1.2.4 Summary ............................................................................................ 4 

1.3 Organisations Promoting Human Reproduction in Space ......................... 5 

1.3.1 NASA ................................................................................................. 5 

1.3.2 Dexeus Woman’s Health (DWH) ........................................................ 6 

1.3.3 SpaceBorn United .............................................................................. 7 

1.4 Collaboration Between Cranfield University and SpaceBorn United to 

Conduct Feasibility Study on Mission Lotus .................................................... 8 

1.5 IRP Aim and Objectives ............................................................................ 9 

1.6 Fundamental Project Constraints and Project Consequences ................ 10 

1.7 IRP Programmatic and Methodology ...................................................... 11 

1.8 IRP Report Structure ............................................................................... 12 

2 LITERATURE REVIEW ................................................................................. 14 

2.1 Introduction ............................................................................................. 14 

2.2 Past, Present and Near Future Mammalian Reproduction 

Experiments in Space Environment .............................................................. 14 

2.2.1 Freeze-dried Mouse Spermatozoa Held on the ISS to Examine 

Effects of Radiation ................................................................................... 14 

2.2.2 Investigation of Microgravity Effects on Bovine Oocyte .................... 15 

2.2.3 Chinese SJ-10 Mission on Early Embryo Development of Mouse 

in Space .................................................................................................... 16 

2.2.4 Investigation on the Effects of Simulated Microgravity and Carbon 

Ion Irradiation Damage to the Sperm of Swiss Webster Mice ................... 17 

2.2.5 Summary .......................................................................................... 17 

2.3 History and Development of IVF ............................................................. 18 

2.4 Standard IVF Laboratory Procedures ..................................................... 18 

2.4.1 Gametes Collection and Preparation ............................................... 19 

2.4.2 In Vitro Insemination of the Gametes ............................................... 20 

2.4.3 Intracytoplasmic Sperm Injection (ICSI) ........................................... 20 



iv 

2.4.4 Incubation of the Embryo ................................................................. 21 

2.4.5 Cryopreservation of the Embryo for Prolonged Storage ................... 22 

2.5 Existing Regulatory Requirements Relevant to IVF ................................ 22 

2.5.1 Personnel Requirements Involved in IVF Procedures ...................... 24 

2.5.2 Requirements in the Laboratory Setting for IVF ............................... 24 

2.5.3 Equipment and Disposable Relevant to IVF ..................................... 25 

2.5.4 Insemination of the Gametes ........................................................... 25 

2.5.5 Scoring for Successful Fertilisation .................................................. 25 

2.5.6 Embryo Culture and Incubation ........................................................ 26 

2.5.7 Cryopreservation of the Gametes and Embryos .............................. 27 

2.5.8 Summary .......................................................................................... 27 

2.6 COTS Embryo Incubator ......................................................................... 27 

2.6.1 EmbryoScope™, Unisense FertiliTech A/S, Denmark ..................... 28 

2.6.2 Geri Embryo Incubator, Genea Biomedx, Australia .......................... 30 

2.6.3 Miri Time-Lapse Incubator (Miri® TL), Esco Medical Group, 

Denmark.................................................................................................... 31 

2.7 Existing Facilities Relevant to Biological Research on the ISS ............... 33 

2.7.1 Microgravity Science Glovebox (MSG)............................................. 33 

2.7.2 Life Sciences Glovebox (LSG) ......................................................... 34 

2.7.3 BioLab Experiment Laboratory (BioLab) .......................................... 35 

2.7.4 Bioculture System Facility ................................................................ 36 

2.7.5 Cell Biology Experiment Facility (CBEF) .......................................... 36 

2.7.6 General Laboratory Active Cryogenic ISS Equipment Refrigerator 

(GLACIER) ................................................................................................ 37 

2.7.7 Summary .......................................................................................... 37 

2.8 Provision of Low Temperature Storage for Biological Samples .............. 38 

2.8.1 Standard LN2 Freezers ..................................................................... 38 

2.8.2 Isothermal LN2 Freezer ..................................................................... 40 

2.8.3 Mechanical Cryogenic Freezer ......................................................... 41 

2.8.4 Summary .......................................................................................... 42 

2.9 Standard Procedures and Timescale to Launch and Retrieve Payload .. 43 

2.9.1 Transportation and Delivery of Payload to the Launch Site .............. 43 

2.9.2 Payload Processing Prior to Launch ................................................ 43 

2.9.3 Payload Integration and Fairing Encapsulation ................................ 44 

2.9.4 Launch Vehicle Roll Out and Erection .............................................. 44 

2.9.5 Lift Off ............................................................................................... 44 

2.9.6 Payload Re-entry ............................................................................. 45 

2.9.7 Summary .......................................................................................... 45 

2.10 Space Environment Effects Relevant to IVF and Early Embryo 

Development in Space .................................................................................. 46 

2.10.1 Microgravity .................................................................................... 46 

2.10.2 Ionising Radiation ........................................................................... 47 



v 

2.11 Conclusion ............................................................................................ 49 

3 INITIAL CONSIDERATION OF PERFORMING IVF & ENABLING EARLY 

STAGE EMBRYO DEVELOPMENT ON THE ISS – BASED ON THE 1ST  

ITERATION OF CLIENT’S MISSION REQUIREMENTS ................................. 51 

3.1 Introduction ............................................................................................. 51 

3.2 Overview of Mission Operation Based on Client’s Top-level 

Requirements – From IVF Laboratory back to IVF Laboratory ..................... 51 

3.2.1 Ground Segment – Pre-launch ......................................................... 51 

3.2.2 Launch Segment .............................................................................. 52 

3.2.3 Space Segment ................................................................................ 53 

3.2.4 Re-entry Segment ............................................................................ 54 

3.2.5 Ground Segment – Post-landing ...................................................... 54 

3.3 Derived Requirements for Performing IVF & Enabling Early Stage 

Embryo Development on the ISS .................................................................. 55 

3.3.1 Laboratory Standards and Facilities Needed on the ISS to 

Perform IVF Procedures ........................................................................... 55 

3.3.2 Level of Knowledge/Skills Needed by Astronauts to Perform IVF 

Procedures ................................................................................................ 57 

3.3.3 Astronauts Working Hours to Perform IVF Procedures .................... 59 

3.3.4 Summary .......................................................................................... 61 

3.4 Design Consideration to Perform IVF Procedures on the ISS ................ 61 

3.4.1 Application of Lab-on-a-chip Technology on IVF .............................. 61 

3.4.2 Time-lapse Embryo Incubator .......................................................... 65 

3.4.3 Non-LN2 Based Cryogenic Storage .................................................. 66 

3.4.4 Isothermal LN2 Freezer .................................................................... 67 

3.5 Amendments of Client’s Requirements on Mission Lotus ....................... 68 

3.6 Conclusion .............................................................................................. 68 

4 REVISED CONSIDERATION OF PERFORMING IVF & ENABLING 

EARLY STAGE EMBRYO DEVELOPMENT IN SPACE – BASED ON THE 

2ND ITERATION OF CLIENT’S MISSION REQUIREMENTS ........................... 70 

4.1 Introduction ............................................................................................. 70 

4.2 Overview of Mission Operation/Requirements Based on Client’s 

Revised Requirements – From IVF Laboratory back to IVF Laboratory ....... 70 

4.2.1 Ground Segment – Pre-launch ......................................................... 70 

4.2.2 Launch Segment .............................................................................. 71 

4.2.3 Space Segment ................................................................................ 72 

4.2.4 Re-entry Segment ............................................................................ 72 

4.2.5 Ground Segment – Post-landing ...................................................... 73 

4.3 Derived Requirements for Performing IVF & Enabling Early Stage 

Embryo Development in Space Within an Automated Platform That 

Includes 1G Environment .............................................................................. 73 

4.3.1 Late Access for Uploading Payload to the Launch Vehicle .............. 74 



vi 

4.3.2 Telemetry, Tracking and Command of the Payload ......................... 74 

4.3.3 Provision of 1G Environment in Space ............................................. 75 

4.3.4 Automation of Embryo Incubator ...................................................... 76 

4.3.5 Automated Cryogenic Storage for Embryos ..................................... 76 

4.3.6 Summary .......................................................................................... 77 

4.4 Risks and Constraints of Client’s Mission Requirements ........................ 77 

4.4.1 Delayed in Transporting Gametes from IVF Laboratory to the 

Launch Site ............................................................................................... 77 

4.4.2 Delayed in Launching to Orbit Due to Various Factors..................... 78 

4.4.3 Exposure of Living Gametes to Hypergravity During Launch ........... 79 

4.4.4 Exposure of Living Gametes to Microgravity in Space Before 

Insemination .............................................................................................. 79 

4.5 Conclusion .............................................................................................. 80 

5 DESIGN CONSIDERATION TO PERFORM IVF & ENABLING EARLY 

STAGE EMBRYO DEVELOPMENT IN SPACE WITHIN AN AUTOMATED 

PLATFORM ...................................................................................................... 81 

5.1 Introduction ............................................................................................. 81 

5.2 Cryopreserving Gametes Prior to Launch ............................................... 81 

5.3 Performing Teleoperation of IVF/ICSI in Space ...................................... 82 

5.3.1 Overview of the Concept of Telesurgery (Both Terrestrial and 

Space Based) ............................................................................................ 82 

5.3.2 Review on Current State-Of-The-Art Piezoelectric Operated ICSI ... 84 

5.3.3 Design Constraints on Teleoperation ............................................... 89 

5.4 Application of Lab-on-a-chip Technology in IVF ..................................... 91 

5.5 Application of Automated Thawing Device to Thaw Gametes in Space.. 91 

5.6 Modification of COTS IVF Hardware ....................................................... 93 

5.7 Implementation of Centrifuge to Provide 1g Gravity in Space ................. 93 

5.8 Conclusion .............................................................................................. 95 

6 INITIAL DESIGN CONCEPT ALLOWING EARTH-BASED OPERATOR 

TO OPERATE ICSI BASED-FACILITY IN SPACE ........................................... 97 

6.1 Introduction ............................................................................................. 97 

6.2 Ground Segment – Pre-launch ............................................................... 99 

6.2.1 Transportation of Gametes from IVF laboratory to Launch Site ....... 99 

6.2.2 Accommodation in the Launch Site ................................................ 100 

6.3 Launch Segment ................................................................................... 100 

6.3.1 Accommodation in the Launch Vehicle .......................................... 100 

6.3.2 Condition of Gametes and IVF Hardware/Chemicals in Orbit ........ 101 

6.4 Space Segment – Execution of the IVF Procedures ............................. 101 

6.4.1 Thawing of the Gametes ................................................................ 101 

6.4.2 Execution of Robotic ICSI Procedure ............................................. 101 

6.4.3 Incubation of Embryo ..................................................................... 102 

6.4.4 Observation of Embryonic Growth for 120 hours ........................... 102 



vii 

6.4.5 Cryopreservation of the Embryos ................................................... 102 

6.5 Re-entry Segment ................................................................................. 102 

6.5.1 Accommodation in the Re-entry Vehicle ........................................ 103 

6.6 Ground Segment – Post-landing ........................................................... 103 

6.6.1 Retrieval of Embryos and IVF Hardware/Chemicals from the Re-

entry Vehicle ........................................................................................... 103 

6.6.2 Transportation of Embryos from the Landing Side to IVF 

Laboratory ............................................................................................... 103 

6.7 Conclusion ............................................................................................ 104 

7 ETHICAL, SOCIAL AND LEGAL ISSUES RELEVANT TO IVF & EARLY 

STAGE EMBRYO DEVELOPMENT IN SPACE ............................................. 105 

7.1 Introduction ........................................................................................... 105 

7.2 Existing Ethical, Social and Legal Issues of IVF ................................... 105 

7.2.1 Reproduction Without Sex Versus Sexual Reproduction ............... 105 

7.2.2 Status/Right of the Embryos ........................................................... 106 

7.3 Project Framework to Obtain Approval from Existing IVF Regulatory 

Bodies ......................................................................................................... 107 

7.3.1 Provision of Earth-based Gravity in Space ..................................... 107 

7.3.2 Reduction of Space Radiation Exposure to Gametes and 

Embryos .................................................................................................. 108 

7.3.3 Maintaining Viable Environment to Gametes and Embryos During 

Transportation to/from IVF Laboratory .................................................... 109 

7.3.4 Reliability of the IVF Technology Used........................................... 110 

7.3.5 Selection of Viable Embryos Based on PGD Prior to Implantation . 111 

7.4 Conclusion ............................................................................................ 111 

8 FINAL DISCUSSION, CONCLUSIONS AND FUTURE WORK ................... 113 

8.1 Importance of IVF Regulatory Approval ................................................ 113 

8.2 Usage of COTS Hardware with Minor Modifications ............................. 116 

8.3 Conclusions .......................................................................................... 116 

8.4 Future Work .......................................................................................... 117 

REFERENCES ............................................................................................... 119 

 

 

  



viii 

LIST OF FIGURES  

Figure 1: The International Space Station - Serving as a microgravity and space 
environment research laboratory. [Image courtesy of NASA] ...................... 1 

Figure 2: Preliminary design concept of Space X's reusable launch vehicle, 
capable of transportation people and cargo to the moon and Mars. [Image 
courtesy of Space X] ................................................................................... 2 

Figure 3: Overview of Mission Lotus based on SBU perspective. [Image 
courtesy of SBU] .......................................................................................... 8 

Figure 4: An overview of TVOR process - Eggs are retrieved through a needle 
aspirated with suction tube. [Image courtesy of Mayo Clinic] .................... 19 

Figure 5: Overview of ICSI procedure - The sperm is injected into the egg using 
a micropipette. [Image courtesy of IVF Training] ....................................... 21 

Figure 6: Front cover of revised guidelines for good practice in IVF laboratories 
(2015) [Image courtesy of ESHRE] ........................................................... 23 

Figure 7: Developmental path of a 2PN (L) and a 3PN (R) embryo. [Image 
courtesy of Semantic Scholar] ................................................................... 26 

Figure 8: The EmbryoScope™ embryo incubator and a computer to monitor the 
embryonic growth. [Image courtesy of Unisense FertiliTech A/S] .............. 28 

Figure 9: A culture dish tailored for use in an EmbryoScope™ embryo 
incubator. [Image courtesy of Unisense FertiliTech A/S] ........................... 29 

Figure 10: A Geri embryo incubator - Having six independent chambers with 
heated lid. [Image courtesy of Genea Biomedx] ........................................ 30 

Figure 11: A culture dish tailored for Geri embryo incubator. [Image courtesy of 
Genea Biomedx] ........................................................................................ 31 

Figure 12: A Miri Time-Lapse Incubator. [Image courtesy of ESCO Medical] .. 32 

Figure 13: A culture dish tailored for Miri Time-Lapse Incubator - Capable of 
holding 14 embryos in each dish. [Image courtesy of ESCO Medical] ...... 32 

Figure 14: ESA astronaut Andre Kuipers training with MSG. [Image courtesy of 
ESA] .......................................................................................................... 34 

Figure 15: NASA's LSG - Designed and built at NASA's Marshall Space Flight 
Centre in Alabama. [Image courtesy of NASA] .......................................... 34 

Figure 16: Overview of the BioLab rack in the Columbus module on the ISS. 
[Image courtesy of NASA] ......................................................................... 35 

Figure 17: The Bioculture System shown with one of the cassettes partially 
removed from the rack. [Image courtesy of NASA] .................................... 36 

file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830640
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830640
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830641
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830641
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830641
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830642
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830642
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830644
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830644
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830645
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830645
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830646
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830646
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830648
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830648
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830649
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830649
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830650
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830650
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830651
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830652
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830652
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830653
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830653
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830654
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830654
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830655
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830655
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830656
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830656


ix 

Figure 18: JAXA astronaut Koichi Wakata working with GLACIER on the ISS. 
[Image courtesy of NASA] ......................................................................... 37 

Figure 19: A 35 litres Dewar with neck diameter of 4 inches. [Image courtesy of 
Worthington] .............................................................................................. 39 

Figure 20: A pressurised cryogenic cylinder with touch screen control and 
display. [Image courtesy of Antech Scientific] ............................................ 40 

Figure 21: A 30 litres CBS V1500-AB Isothermal Liquid Nitrogen Freezer (L) 
and its cutaway view (R) showing its patented Liquid Nitrogen Jacket. 
[Image courtesy of CBS) ............................................................................ 41 

Figure 22: A 128 litres mechanical freezer manufactured by PHCBI. [Image 
courtesy of PHCBI] .................................................................................... 42 

Figure 23: Types of DNA damage - Single Strand Break (SSB) and Double 
Strand Break (DSB). [Image courtesy of Lumen Learning] ........................ 49 

Figure 24: A lab-on-a-chip device equipped with tubes and microchannels 
allowing fluid flow. [Image courtesy of Institute of Photonic Science] ........ 63 

Figure 25: An automated microfluidics cell culturing device based on an 
injection moulded disposable microfluidics cartridge system. [Image 
courtesy of Technical University of Denmark] ............................................ 64 

Figure 26: A three axis micromanipulator integrated with an inverted 
microscope. [Image courtesy of XenoWorks] ............................................ 85 

Figure 27: A piezo drive unit holding a pipette is attached to the 
micromanipulator. [Image courtesy of XenoWorks] ................................... 86 

Figure 28: A foot pedal to operate the piezo drive unit. [Image courtesy of Prime 
Tech LTD] .................................................................................................. 86 

Figure 29: A touch screen user interface module (L) and a controller unit to 
drive the piezo unit (R). [Image courtesy of Prime Tech LTD] ................... 87 

Figure 30: An operator performing ICSI operation via the micromanipulator. 
[Image courtesy of Prime Tech LTD] ......................................................... 87 

Figure 31: Procedures to perform Piezo-ICSI using the micromanipulator. 
[Image courtesy of Prime Tech LTD] ......................................................... 88 

Figure 32: Automated thawing devices - (L) Manufactured by GE Healthcare 
Life Sciences and (R) manufactured by BioCision. [Image courtesy of GE 
Healthcare Life Sciences and BioCision] ................................................... 92 

Figure 33: Artist drawing of a Foton capsule. [Image courtesy of ESA] ............ 94 

Figure 34: The SporeSat spacecraft. [Image courtesy of NASA]...................... 95 

Figure 35: A block diagram showing the initial design concept of allowing ICSI 
teleoperation in space................................................................................ 98 

file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830657
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830657
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830658
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830658
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830659
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830659
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830660
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830660
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830660
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830661
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830661
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830662
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830662
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830663
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830663
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830667
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830667
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830669
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830669
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830670
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830670
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830671
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830671
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830671
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830672
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830673
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830674
file:///C:/Users/Oscar%20Tneh/Desktop/Final%20IRP%20Report.docx%23_Toc17830674


x 

 LIST OF TABLES 

Table 1: Falcon 9 sample flight timeline - LEO mission. ................................... 45 

Table 2: EU GMP classification based on the maximum permitted number of 
particles per cubic metre in the air. ............................................................ 56 

Table 3: Average time needed by an astronaut to perform IVF procedures on 
the ISS. ...................................................................................................... 60 

 

 

  



xi 

GLOSSARY 

Blastocyst 

 

Capacitation 

Embryo 

 

Embryology 

Embryologist 

Fertilisation 

 

 

Gametes 

 

ICSI 

 

Implantation 

 

Insemination 

IVF 

 

Morphology 

Motility 

Ontology 

 

Oocyte 

PGD 

 

 

Pronuclei 

 

Spermatozoa 

 

Zona Pellucida 

The hollow cellular mass that forms in early development of  

embryo 

The process by which sperm become capable of fertilising an egg 

An egg that has been fertilised by a sperm and undergone one or  

more cell divisions 

The science of studying embryo development 

A specialist in embryology 

The process of penetration of the oocyte by spermatozoa and the  

combining of their genetic material that initiates development of the  

embryo 

A specialised reproductive cell through which sexually reproducing  

parent pass chromosomes to their offspring; a sperm or an egg 

An in vitro fertilisation procedure in which a single spermatozoon is 

injected directly into an oocyte 

The process of conceptus invasion of the uterus endometrium by 

the blastocyst 

Introduction of spermatozoon into the oocyte 

A procedure that involves medical intervention in the normal  

fertilisation process 

The form and structure of cells 

The ability of a cell to move or swim 

Philosophical study of the nature of being, becoming, existence, or 

reality 

The haploid egg or ovum formed within the ovary 

A screening procedure for embryos produced through IVF for  

genetic diseases that would generate developmental abnormalities 

or serious postnatal diseases 

The two haploid nuclei or nuclear structures containing the genetic 

material from the spermatozoa and the oocyte 

The male haploid gamete cell produced by meiosis in the testis  

Seminiferous tubule. 

A specialised extracellular matrix surrounds the developing oocyte  

within the ovary and following ovulation 

  

  

  

  

  

  



xii 

LIST OF ABBREVIATIONS 

BER 

BIOLAB 

CBEF 

CEO 

CNEOS 

CNSA 

CO2 

COTS 

DLR 

DNA 

DOF 

DSB 

DWH 

ESA 

ESHRE 

EU 

EUTCD 

FDA 

GCR 

GLACIER 

GMP 

HARV 

HEPA 

ICRP 

ICSI 

ISRO 

ISS 

IVF 

JAXA 

LEO 

LET 

LN2 

LS 

LSG 

LV 

MSG 

N2 

NASA 

NEEMO 

NEO 

Base Excision Repair 

Biology Experiment Laboratory 

Cell Biology Experiment Facility 

Chief Executive Officer 

Centre for Near-Earth Object Studies 

China National Space Administration 

Carbon Dioxide 

Commercial Off-The-Shelf 

German Aerospace Centre 

Deoxyribonucleic Acid 

Degree of Freedom 

Double Strand Break 

Dexeus Women’s Health 

European Space Agency 

European Society of Human Reproduction and Embryology 

European Union 

European Union Tissue and Cells Directives 

Food and Drug Administration of US 

Galactic Cosmic Ray 

General Laboratory Active Cryogenic ISS Equipment Refrigerator 

Good Manufacturing Practice 

High Aspect Ratio Vessel 

High Efficiency Particulate Air 

International Commission on Radiological Protection 

Intracytoplasmic Sperm Injection 

Indian Space Research Organisation 

International Space Station 

In Vitro Fertilisation 

Japan Aerospace Exploration Agency 

Low Earth Orbit 

Linear Energy Transfer 

Liquid Nitrogen 

Launch Site 

Life Science Glovebox 

Launch Vehicle 

Microgravity Science Glovebox 

Nitrogen 

National Aeronautics and Space Administration 

NASA Extreme Environment Mission Operations 

Near-Earth Object 



xiii 

NHEJ 

O2 

PGD 

PN 

PPF 

RAMS 

RCCS 

SAA 

SBU 

SPE 

SSB 

TVOR 

UCC 

USSR 

VOC 

 

 

 

 

Non-Homologous End Joining 

Oxygen 

Pre-implantation Genetic Diagnosis 

Pronuclei 

Payload Processing Facility 

Robot-Assisted Micro-Surgery 

Rotating Cell Culture System 

South Atlantic Anomaly 

SpaceBorn United 

Solar Particle Event 

Single Strand Break 

Transvaginal Oocyte Retrieval 

Upload Compatible Container 

Union of Soviet Socialist Republics 

Volatile Organic Compound 

 

 

 

 

 

 

 

 

 

 

 

  

  

  

  

 

 



 

1 

1 INTRODUCTION 

1.1 Background – Space Exploration 

Space exploration has been growing exponentially with evolving technology and 

financial investment in the last 60 years since the USSR successfully launched 

the first artificial satellite into orbit. The first successful manned mission to the 

moon recorded by Neil Armstrong aboard Apollo 11 has triggered the world’s 

interest in interplanetary spaceflight. Since November 2000, human has 

maintained a continuous presence in space on the ISS – a joint effort between 

the Americans, Russians, Japanese, Europeans and the Canadians. The ISS 

serves as an important platform for scientists and engineers to conduct 

research and experiments in space.  

 

 

 

 

 

 

 

 

 

 

 

 

Beyond the ISS, NASA has long established its exploration program on Mars 

since 1960s, sending orbiters and rovers to the Red Planet. Similar effort has 

been demonstrated by ESA, ISRO, CNSA and JAXA, with the objectives of 

Figure 1: The International Space Station - Serving as a microgravity and space 

environment research laboratory. [Image courtesy of NASA] 
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searching evidence of life and understanding the climate and geology of various 

planets. In January 2019, the Chinese has landed a rover on the moon carrying 

various scientific payloads to study the geophysics of the landing site.  

In recent years, space exploration is no longer pursuit only by government 

agencies. Private enterprises are investing into both manned and unmanned 

space missions. Space Exploration Technologies Corporation (Space X), Blue 

Origin, Virgin Galactic and Arianespace are among the biggest private 

companies in engineering launch vehicles capable of transporting human to 

space. In 2017, Space X has announced its plan to build a reusable launch 

vehicle capable of making a round trip to the moon and Mars. 

 

 

 

 

 

 

 

 

 

 

1.2 The Idea of Colonising Planets Beyond Earth 

In the last 60 years of space exploration, mankind has managed to send human 

to the moon and some probes into the solar system. Continuous efforts of 

space exploration have driven human to spread Earth-like ecosystem and 

civilisation beyond the Earth. This section will discuss the motivation and driving 

force of mankind to colonise planets beyond the Earth.  

Figure 2: Preliminary design concept of Space X's reusable launch vehicle, 

capable of transportation people and cargo to the moon and Mars. [Image 

courtesy of Space X] 
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1.2.1 Expansion of Human Civilisation  

The history of human evolution has indicated that man evolved as an 

exploratory and migratory animal. Dated back into three to four million years 

ago, human lineage begun in East Africa, slowly expanded over the African 

continent, then into Asia, Europe, Americas, Australia, islands of the sea and 

eventually occupied the Earth. The ability in developing technology and 

adapting multitude of environment by our ancestors has allowed human species 

to travel and survive for many years. 

Migration occurs because necessity arise for individuals to search for food, 

shelter and security outside their usual habitat [1]. Human beings develop tools 

and equipment enabling them to interact with the local environment to produce 

the desired food and security. The cooperative relationship among human being 

and improved technology causing migration and higher concentration of 

individuals into towns and cities. History suggested that rural areas, towns and 

cities do not just exist, but they do so to meet the human basic needs of food, 

security and the reproduction of the human species.    

Therefore, it is believed that migration into space and become an interplanetary 

species represents an important continuation of human evolution.  

1.2.2 Increasing Threats on Earth 

One of the most challenging question that intrigued scientist over the last couple 

of centuries is what happen to dinosaurs that went extinct from Earth 65 million 

years ago. Although there is still much to learn about the exact reason why 

dinosaurs vanished within 5 million years of existence on Earth, scientist 

ultimately converge on the conclusion that the extinction of the dinosaurs in 

North America was geologically instantaneous [2].  

The exact killing mechanism that caused the extinction of dinosaurs may not yet 

been completely identified by scientist, but all the data from research, including 

the extinction rate, the nature of the recovery and the pattern of survivorship are 

concordant with the hypothesis that asteroid impact was the cause of dinosaur 

extinction. 
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Learning from the past history of dinosaur extinction, the question raised by 

many is when will the next massive asteroid hit the Earth? NASA’s Centre for 

Near-Earth Objects Studies (CNEOS) reported as of June 2019, there are 895 

Near-Earth Objects (NEOs) that are at least 1km in size. CNEOS also 

discovered 8620 NEOs that are at least 140m in size. While efforts have been 

put in to predict NEOs close approach to Earth and produce impact 

probabilities, there is still no means of defending the Earth from such a threat. 

Recognising such danger, mankind is inspired to explore planets beyond Earth 

for continuous survival. 

1.2.3 Promising Development of Space Technology 

With the continuous development of space technologies, space enthusiasts are 

pushing the boundaries of human exploration forward to the moon and Mars, 

aiming towards establishing a permanent base to colonise them within the next 

decades. NASA has outlined its plan for deep space human exploration to Mars 

in the 2030s to create a sustainable research facility [3]. ESA envisages a 

European long-term plan for human exploration of the moon, Mars and 

asteroids through the Aurora program [4]. Space X is committed to launch its 

first cargo mission to Mars in 2022 putting life support infrastructure on Mars to 

create a long term Martian base [5]. These explorations have given a whole 

new level of expansion in human civilisation beyond the Earth. In the realms of 

science and engineering, the moon and Mars are not just a planetary 

mausoleum of dead microbes, but possibly as destination of human’s next 

planetary migration.  

1.2.4 Summary 

Be it the advancement of technology across time or merely just the way how 

human evolve and migrate from one place to the other, space enthusiasts are 

determined in putting human in space in the near future. In the past and 

present, human’s presence in space are only limited for scientific research 

purposes and the duration of astronauts in space are relatively short. If humans 
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are to colonise planets beyond Earth, they must be allowed to live in those 

planets for long-term and reproduce offspring from generations to generations.  

However, space environments are very different from the Earth. As such, 

survivability and adaptability of humans to space environments are 

questionable. As a result, many organisations have initiated some studies 

relevant to human reproduction in space. This IRP is produced as a result of 

collaborative research performed by one of the organisations actively 

demonstrating efforts in making human reproductive in space possible. Further 

details are described in the following section.  

1.3 Organisations Promoting Human Reproduction in Space 

Mankind’s exploration and colonisation of the frontier of space will ultimately 

depend on human’s ability to reproduce in the space environment. As early as 

1935, experiments have been conducted to study the survival of cells in space 

by sending several microbial species to altitude up to 1900 km in balloon and 

sounding rockets [6]. However, due to the sensitivity associated with research 

of human reproductive system in space, many experiments carried out were 

focused on using mouse and bovine reproductive cells, which have similar 

implications for human reproductive system. 

In order to address the issue of human reproduction in space and ultimately 

survivability of human ambition in colonising planets beyond Earth, some 

organisations have taken the pioneering step in experimenting and researching 

the viability of human reproduction in space.   

Example of organisations involved in experimenting the possibility of human 

reproduction in space are described in the following section.  

1.3.1 NASA  

Realising the need to address the effects of long-duration space missions on 

human reproductive health and near future colonisation of moon and Mars that 

requires self-perpetuating human and animals, NASA has sent human and bull 

sperm to the ISS as frozen samples on Micro-11 mission [7]. The objective of 
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Micro-11 mission is to study the effects of microgravity on sperm function. 

Astronauts on the ISS will thaw the samples and combine them with a chemical 

mixture that triggers motility activation. Half of the samples will be combined 

with a chemical mixture that also triggers capacitation (the ability of sperm to 

fertilise eggs), while as a control, the other half of the samples will be combined 

with a chemical mixture that doesn’t trigger capacitation. Videos of the samples 

under a microscope will be made so that researchers on the ground can assess 

the sperm motility. Before the samples are returned to Earth, they are mixed 

with preservatives. Analysis will be conducted to determine if capacitation 

occurred and if the sperm samples from space  are differ from sperm samples 

activated on the ground.  

This investigation would be the first step in understanding the potential viability 

of reproduction in reduced-gravity conditions. It provides fundamental data 

indicating whether successful human reproduction beyond Earth is possible, 

and whether countermeasures are needed to protect sperm function in space. 

The unique environment of microgravity on the ISS can reveal the answers that 

are not visible in the normal 1g environment on Earth. 

1.3.2 Dexeus Woman’s Health (DWH) 

Another study on the effects of microgravity on human sperm cells was 

conducted by the Department of Obstetrics, Gynaecology and Reproduction of 

Dexeus Woman’s Health, based in Barcelona, Spain. In this experiment, 10 

sperm samples obtained from 10 healthy donors were frozen and stored in 

liquid nitrogen (LN2). The samples were spilt into two categories, one was 

exposed to microgravity and the other was exposed to normal 1g condition as 

controlled samples.  

The frozen samples were not exposed to space, instead they were exposed to 

microgravity condition by a series of 20 parabolic manoeuvres which provided 

eight seconds of microgravity for each parabola, using a Mudry CAP10B 

aircraft. Preliminary results revealed that frozen sperm samples do not suffer 

significant alterations after exposure to microgravity [8].  
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With this experiment served as a preliminary study, DWH will further their 

research with larger sperm samples, longer periods of exposure to microgravity 

and using fresh sperm instead of frozen samples. The main motivation for DWH 

to carry out these experiments is to look into the possibility of human 

reproduction beyond the Earth [9]. Realising the fact that the number of long-

duration space missions are increasing in the coming years, DWH recognises 

the importance of studying the effects of long-term human exposure to space.  

1.3.3 SpaceBorn United  

SpaceBorn United (SBU) is a start-up company based in the Netherland 

envisioned to enable human reproduction in space by 2028. The CEO and 

founder of the company, Dr. Egbert Edelbroek was inspired by various space 

agencies and companies in planning missions to colonise the moon and Mars. 

He believes that colonising planets beyond Earth has no future without learning 

how to reproduce in space. Therefore, SBU exist to research and execute 

missions for human reproduction in space and making colonisation of planets 

beyond Earth sustainable. 

The company was renamed to SpaceBorn United after a change in the 

company’s management. It was previously known as SpaceLife Origin. As such, 

some of the publications found in the media are named after SpaceLife Origin. 

The updated website can be found in the following URL: www.spacelifeorigin.nl. 

The company’s vision is translated into three separate missions [10]. Mission 

ARK, the very first mission of SBU is designed to launch arks containing 

cryopreserved human reproductive cells into LEO for long term storage. The 

arks serve as a platform to secure human reproductive cells in the event of 

catastrophe on Earth. The arks can be retrieved and send back to Earth when 

necessary. Mission ARK is expected to be launched by 2021. 

Subsequently, by 2023, the company plan to execute Mission Lotus – a mission 

that enables human gametes fertilisation and early embryo development in 

space. Figure 3 summarises the steps for Mission Lotus based on SBU’s 

perspective. Firstly, human gametes are prepared in IVF laboratory. The 
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gametes are cryopreserved and stored in embryo incubator compatible for 

space application. Next, the embryo incubator in launched into space and 

initiates the fertilisation process. The process is monitored via an integrated 

camera making time-lapse video enabling real time monitoring on Earth. The 

embryos are allowed to develop in the incubator for four days. On the fifth day 

after fertilisation took place, the embryos are cryopreserved in the incubator. 

The cryopreserved embryos are sent back to Earth and will be examined in the 

IVF laboratory before implantation on their respective mothers. The actual 

pregnancy and delivery will occur on Earth. 

 

 

 

 

 

 

 

 

 

 

The final mission - Mission Cradle is expected to be feasible by 2028, where 

both fertilisation and actual delivery of a baby will take place in space.  

1.4 Collaboration Between Cranfield University and SpaceBorn 

United to Conduct Feasibility Study on Mission Lotus 

SBU’s founder and CEO, Dr. Egbert Edelbroek has more than 10 years of 

experience in human resource development. He founded Edel Consult Group 

(EC Group) in 2004 and focused on advising and developing companies and 

students in the field of business administration and human resource 

Figure 3: Overview of Mission Lotus based on SBU perspective. [Image courtesy 

of SBU] 
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management. His innovation in the development and marketing of new 

products, services and concepts has led him to establish SpaceBorn United. 

Being a business executive, he realises the need to gather experts from various 

fields to solve the puzzle. 

Realising the fact that extensive research needs to be done before any of their 

mission can be executed, SBU entered a collaboration with Cranfield University 

to conduct research and feasibility studies on their missions.  

As part of the research needed by SBU and also as an IRP of Cranfield 

University, this report is produced as a result of feasibility study on Mission 

Lotus.  

1.5 IRP Aim and Objectives 

The aim of this IRP is to conduct a feasibility study on implementing IVF 

hardware to achieve the first human fertilisation and early stage embryo 

development in space. Such implementation is targeted to be achieved with 

associated regulatory approval in relatively short timescale, i.e. 10 years from 

research to final implementation.  

The objectives of this IRP are described below. The following objectives 

emerged after a preliminary consideration of the overall project and hence the 

following objectives have considerable details.  

i. To review the existing public domain literature on (i) past, present and 

near future mammalian reproduction experiments in space, (ii) history, 

development and standard IVF procedures, (iii) existing regulatory 

requirements relevant to IVF, (iv) standard IVF laboratory procedures, (v) 

existing COTS embryo incubator, (vi) standard procedures and timescale 

to launch and retrieve payload, (vii) provision of low temperature storage 

for biological samples in space, (viii) existing facilities relevant to 

biological research on the ISS, and (ix) space environment effects 

relevant to IVF and early embryo development.  
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ii. To outline top-level requirements from launch to retrieval and derive 

these requirements into space system engineering context in order to 

obtain viable embryos produced in space, including (i) handling of 

preserved gametes and IVF hardware/chemicals from ground to space, 

(ii) performing IVF in space, (iii) monitoring of gametes fertilisation and 

early embryo development to blastocyst stage in space, and (iv) 

preservation of embryos in space before retrieval to Earth.   

 
iii. To develop methodology, define parameters and initial selection of IVF 

hardware suitable for use in space including (i) hardware for low 

temperature storage of gametes and embryos suitable for space 

application, (ii) hardware allowing insemination of gametes in space, (iii) 

hardware for embryos incubation and (iv) hardware suitable for embryos 

preservation in space.  

 
iv. To outline preliminary design consideration based on the selected IVF 

hardware to implement IVF procedures in space.  

 
v. To propose preliminary concept of performing IVF in space using the 

selected hardware.  

 
vi. To Identify the possible legal, social and ethical issues associated with 

IVF that will possibly affect human reproduction in space.  

 
vii. Outline a road map for continuation of the proposed procedures and  IVF 

hardware suitable for performing IVF in space to achieve the first human 

fertilisation in space.  

1.6 Fundamental Project Constraints and Project 

Consequences 

It is highlighted by SBU that Mission Lotus will not merely be a scientific 

research to prove the possibility of human fertilisation in space. In fact, SBU 

aims to achieve human fertilisation and delivery of a baby in space in the near 

future. As such, as a learning step of a bigger picture, all procedures, hardware, 
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personnel involved, conditions of IVF and embryonic growth must be approved 

by existing IVF regulatory bodies. Under these circumstances, only those 

hardware/procedures that already have been approved or at least proven to be 

viable for human usage and potentially will be approved by existing IVF 

regulatory bodies will be considered in this project. 

On top of that, SBU targets to achieve Mission Lotus within 10 years from the 

start of this project. Given this timeframe, it is unlikely for SBU to conduct 

research and develop new technology approved for IVF application in space. 

Therefore, in terms of selecting suitable IVF hardware for this project, COTS 

products will be highly preferred. In the case where no COTS product is 

suitable, those products available in the research context that are likely to be 

approved for IVF use will also be considered.  

1.7 IRP Programmatic and Methodology 

This project is done primarily based on the company’s interest and 

requirements and hence, constant updates and exchange of ideas between 

Cranfield University and SBU were done throughout the duration of this project. 

Email was the primary tool used for communications while online meetings were 

arranged when necessary. Two face to face meetings were also conducted to 

further enhance the understanding between Cranfield University and SBU.  

It is important to note that any updates and amendments of requirements from 

SBU will serve as important inputs to this project and will ultimately affect how 

this project is conducted. To elaborate further, upon entering the third month 

since this project has started, SBU has changed its mission’s requirements 

significantly. A face-to-face meeting was held in Cranfield University to further 

understand and acknowledge SBU’s interest. As such, this report will consist of 

both write-up – progress prior to any amendments made by SBU (detailed in 

chapter 3)  and progress after SBU’s amendments (detailed in chapter 4).  

Upon understanding of SBU mission’s requirements, the next approach in 

conducting this project was to perform a review on existing literature available in 

the public domain relevant to both IVF and space system. Key words search on 
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google scholar, scopus, NCBI, SAGE Journals, IEEE and PubMed were among 

the primary platforms used to find relevant articles. In particular to space system 

engineering, the book entitled “Space Mission Engineering: The new SMAD” 

was referred to.  

While the primary focus of this project is to apply space system engineering 

principles to conduct IVF in space, a large portion of biomedical knowledge 

relevant to IVF is needed. While most information relevant to IVF were obtained 

through existing literature available in the public domain, further information was 

obtained through consultation of an experienced clinical embryologist – Dr. 

Hans Westphal.  

1.8 IRP Report Structure 

This report consists of eight chapters in total. Each chapter has its respective 

sub-chapters to further communicate its idea to the reader. Each chapter 

always begin with an introduction to review the general idea of the particular 

chapter and ends with a summary to conclude the story before the next chapter 

begins.  

Chapter one deals with the overall idea, aim and objectives of this project. The 

motivation of mankind to extend their civilisation beyond the Earth is described 

in detail. Examples of organisation that are actively promoting and human 

reproduction in space are given in the same chapter. More importantly, the 

organisation that collaborates with Cranfield University to conduct this project is 

introduced in this chapter.  

Most of the literature review relevant to both IVF and space system engineering 

are described in chapter two. The focus of this chapter is primarily on 

scrutinising two aspects: biomedical and space system. In terms of biomedical 

aspect, procedures, regulatory requirements and facilities relevant to IVF are 

discussed. In terms of space system, the facilities on the ISS and the 

environmental effects in space are discussed.  

Chapter three gives details of the requirements and consideration of performing 

IVF on the ISS based on the first iteration of client’s mission requirements. It is 
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labelled as the first iteration due to the fact that such requirements were 

amended significantly by the clients. Amended requirements and consideration 

of the mission are detailed in chapter four. Both chapters are similar in terms of 

their structure. Requirements from the client and the impression of overall 

mission operation are integrated in segments, i.e. from launch to re-entry and 

the operations in each segment are further described in stepwise basis.  

Having a complete understanding of the client’s mission requirements and the 

constraints they have in space system engineering perspective, preliminary 

consideration of the design solution to perform IVF and enabling early stage 

embryo development in space is proposed in chapter five. As more literature 

review are needed to gather information for the client’s amended mission 

requirements,  more reviews are done and will be discussed in this chapter.  

Chapter six will gives a description of the overall view of the preliminary design 

concept enabling IVF and early stage embryo development in space. The 

structure in this chapter is similar to chapter three and four where the overall 

mission operation is integrated in segments, i.e. from launch to re-entry.  

Chapter seven will rather be a stand-alone chapter discussing ethical, social 

and legal issues relevant to IVF and early stage embryo development in space. 

The existing issues of IVF will be discussed briefly while more focus of this 

chapter will be given to discuss the project framework in obtaining regulatory 

approval from the IVF regulatory bodies.  

The final chapter will conclude all the reviews, analysis and proposed ideas to 

enable IVF and early stage embryo development in space. A road map towards 

final implementation of the mission will also be suggested in this chapter.  

 

End of Chapter 1 
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2 LITERATURE REVIEW 

2.1 Introduction 

This chapter will summarise the review done on existing public domain literature 

relevant to human reproduction in space. The first few sections of this chapter 

will focus primarily on biomedical devices and procedures relevant to IVF while 

the later section will focus on space system engineering requirements and 

practices to perform IVF in space.  

2.2 Past, Present and Near Future Mammalian Reproduction 

Experiments in Space Environment 

Long-duration space flight and eventual colonisation of planets beyond Earth 

will require successful control of the reproductive function. The interaction of 

space environment and mammalian reproductive system has been studied by 

many. Apart from the experiments and planned mission using human samples 

described in section 1.3, many experiments related to space reproduction have 

been done using non-human mammalian samples. This section summarises 

those experiments.  

2.2.1 Freeze-dried Mouse Spermatozoa Held on the ISS to Examine 

Effects of Radiation  

To examine the effects of ionizing radiation in space, freeze-dried mouse 

spermatozoa is held on the ISS in its preserved state [11]. The samples were 

stored in the ISS for 288 days at -95˚C. The samples were evaluated for (i) 

sperm morphology and damage on the DNA, (ii) capacity for fertilisation, (iii) 

potential for in vitro development, and (iv) normality of offspring derived from the 

spermatozoa. 

Radiation absorbed onboard the ISS can reach up to 286 μGy/day, depending 

on the solar cycles and the ISS altitude. The samples were preserved on the 

ISS for a total of 288 days and received a total irradiation dose of 117 mGy.   

Results showed some spermatozoa has breakage between the head and tail. 

When samples were rehydrated, the spermatozoa were inseminated using ICSI 
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technique on fresh oocytes (refer to chapter 2.4.3 for detailed explanation on 

ICSI technique). Most of the oocytes were fertilised and formed normal-

appearing pronuclei, similar to the results for the ground control sperm samples. 

The zygotes were cultured in vitro to blastocyst stage before implantation. The 

analysis showed that the offspring derived from space sperm samples were 

similar to the offspring derived from the ground control sperm samples.  

In this experiment,  it is hypothesised that oocytes and zygotes have a strong 

DNA repair capacity, therefore it is likely that any DNA damage in the space-

preserved sperm nuclei was repaired after fertilisation and this had no ultimate 

effect on the birth rate of the offspring. However, if the sperm samples are to be 

preserved for longer than nine months, then it is likely that DNA damage will 

increase to the extent that it exceeds the limit of the oocyte’s capability to repair 

the damage.  

It is important to note that in this experiment, only the spermatozoa were 

exposed to space radiation. Oocytes that were used for insemination and 

subsequently fertilised forming embryos were not exposed to space radiation at 

all. As Mission Lotus aims to have gametes fertilisation and early stage embryo 

development in space, the effects of radiation to both the oocytes and early 

stage embryos have to be examined further.  

2.2.2 Investigation of Microgravity Effects on Bovine Oocyte 

Due to the fact that mammalian fertilisation and early embryo development 

under microgravity conditions remain unclear, a study was done to determine if 

a simulated microgravity condition has any adverse effects on IVF and early 

embryo development of bovine model [12].  

In this study, the bovine samples were not sent to space, instead the Rotating 

Cell Culture System (RCCS) bioreactor with High Aspect Ratio Vessel (HARV) 

originally developed by NASA was used to simulate microgravity condition on 

Earth. The vessel was rotated at a maximum of 34 rpm on horizontal axis.  

Results presented in this study have shown that bovine IVF did not occur in the 

simulated microgravity condition. It appeared that none of the bovine 
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spermatozoa were able to penetrate the zona pellucida under this condition. 

Based on a previous study on human sperm motility in microgravity using 

clinostat and parabolic flight [13], it was reported that sperm motility was 

decreased compared with 1g environment. Therefore, decreased of sperm 

motility might be the factor causing failure of the bovine sperm to penetrate the 

oocytes under simulated microgravity condition.  

In terms of early stage embryo development, none of the presumptive zygotes 

cultured in the RCCS bioreactor reached any other stages of embryo 

development. Therefore, the result indicated that simulated microgravity 

condition was lethal to bovine fertilisation and embryo development.  

This experiment has implied that microgravity is a potential obstacle to perform 

IVF in space. However, it is also noted that the above experiment was 

performed under a simulated microgravity condition and not performed under 

the actual microgravity condition found in space. Therefore, further investigation 

is needed to conclude the effects of actual microgravity condition in space on 

human gametes and early stage embryo development.  

2.2.3 Chinese SJ-10 Mission on Early Embryo Development of 

Mouse in Space 

The Chinese National Space Administration (CNSA) launched a satellite 

programme known as SJ-10 to conduct experiments on microgravity. One of the 

most significant experiments performed on SJ-10 satellite was to detect the 

developmental status of mouse early embryos in space [14]. The aims of the 

experiment are (i) determine if the mouse embryos can develop to early stages 

in space, (ii) to observe the development process of the embryos if it happens 

and (iii) to investigate the morphologies of the early embryo development in 

space.   

In this experiment, 2-cell and 4-cell stage mouse embryos were cultured in 

specialised instruments for 96 hours. A microscope is installed on the culture 

instrument to observe the morphologies of the early development stages of the 

mouse embryos.  
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No further public domain literature discussing the result was found.  

2.2.4 Investigation on the Effects of Simulated Microgravity and 

Carbon Ion Irradiation Damage to the Sperm of Swiss Webster 

Mice 

The University of Chinese Academy of Sciences conducted an experiment to 

investigate the effects of simulated microgravity and carbon ion irradiation on 

the sperm of the Swiss Webster mice [15]. The microgravity condition was 

simulated by using tail suspension technique, subjected to 30 degree head-

down tilt for a total of seven days. In terms of radiation exposure, the mice were 

placed in a chamber and irradiated with carbon ion beam at a dose of 

approximately 0.5 Gy/min for 24 hours.  

Results from the experiment concluded that microgravity and irradiation had 

negative effect on spermatogenesis. The spermatogenic cells apoptosis and 

proliferation were found to be imbalance. Under normal circumstances, the 

apoptosis and proliferation of spermatogenic cells maintain a dynamic 

equilibrium. This experiment revealed that the apoptosis and the proliferation 

have both increased. Thus, reducing sperm count and affecting sperm DNA 

integrity and viability.  

Similar to the experiments discussed in the previous sections, the experiments 

were conducted under simulated conditions and not the actual conditions in 

space. Therefore, further investigations to conclude the actual effects of both 

microgravity and radiation on human gametes are needed.   

2.2.5 Summary  

In summary, most of the experiments addressing mammalian reproduction in 

space were either using mice or bovine gametes as the samples. Although 

some of the experiments involved using human gametes, but the gametes were 

only used to examine microgravity and radiation damage on the cell’s 

morphology. To date, there is no experiment conducted to examine human 

gametes fertilisation in space. Therefore, Mission Lotus presented the first idea 
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in addressing human fertilisation in space to serve as a basis for mankind’s 

long-term settlement in space.  

As IVF techniques will be used in the mission, detailed IVF techniques, 

hardware and laboratory procedures will be discussed in the next section.  

2.3 History and Development of IVF 

IVF technology has emerged to the public since Louise Brown, the first 

successful birth from IVF in 1978. The birth of Louise Brown was the result of 

accumulative efforts in scientific research and reproductive medicine. It started 

in the late 1970’s where Lesley Brown, a patient with nine years of infertility due 

to block fallopian tube sought the help from Patrick Steptoe and Robert Edward 

at the Oldham General Hospital in England [16].  

Back in the early 70’s, IVF was entirely experimental and had resulted in 

miscarriages and unsuccessful pregnancy. Without using medication to 

stimulate her ovaries, Lesley Brown underwent laparoscopic oocytes retrieval. 

With only single oocyte, successful fertilisation was achieved, and the embryo 

was transferred back into the uterus. The embryo transfer resulted in the first 

live birth from IVF [16]. Since then, many breakthroughs in both clinical and 

scientific research have allowed increasing numbers of infertile couples’ greater 

opportunity to have a baby. 

To date, more than two million babies have been born worldwide through IVF. 

One of the recent statistics recorded that more than 50 000 babies were born in 

the US and over 100 000 IVF cycles were performed in 2010 [17].  

2.4 Standard IVF Laboratory Procedures 

Successful gametes fertilisation and early embryo development using IVF 

technology require special technique and usually can only be performed by an 

experience clinical embryologist. The clinical embryologist must take 

responsibility for gamete collection, preparation and ultimately transfer of viable 

embryo to the mother. 
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Fertilised oocytes will be cultured in a suitable incubator to mimic the conditions 

in the oviduct and uterus. Incubators in the IVF laboratory play a vital role in 

providing stable and appropriate culture environment required for optimising 

embryo development.  

This section will review on the standard laboratory techniques on performing 

IVF procedures. 

2.4.1 Gametes Collection and Preparation 

In order to maximise the chances of successful fertilisation, stimulation of the 

ovary is needed to produce as many oocytes as possible. Following ovarian 

stimulation, a technique known as Transvaginal Oocyte Retrieval (TVOR) is 

used to retrieve oocytes from patients [18]. A needle is inserted through the 

vaginal wall and into an ovarian follicle. Once the follicle is entered, suction is 

applied to aspire the follicular fluid containing oocytes. The follicular fluid is 

taken to the laboratory so that the oocytes can be identified by the embryologist 

under a microscope. The identified oocytes are then transfer to a media that is 

designed to provide all the nutrients and other substances necessary to 

maximise the fertilisation rate.  

 

Figure 4: An overview of TVOR process - Eggs are retrieved through a needle 

aspirated with suction tube. [Image courtesy of Mayo Clinic] 
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After identification and classification, the oocytes can be incubated in the culture 

media at 37˚C under a controlled environment with regard to light, oxygen (O2) 

and carbon dioxide (CO2) concentrations, pH and temperature. 

In the other hand, spermatozoa are obtained through ejaculation. Ejaculated 

spermatozoa are collected in a sterile container.  

2.4.2 In Vitro Insemination of the Gametes 

To fertilise the oocyte, about 20 ml of semen containing at least 50,000 

capacitated spermatozoa is added to a single droplet of oocyte on Petri dish 

containing 20 ml of culture media [19]. Spermatozoa is added to oocyte from 1 

to 3-5 hours after oocyte collection to stabilize the chemical and physical stress 

due to the novel osmolarity, temperature and light exposure during 

insemination.  

Oocytes are exposed to spermatozoa for 1-19 hours at 37˚C under a gas phase 

of 5% CO2. They are then assessed for pronuclei formation and confirmation of 

fertilisation. Normal fertilisation is confirmed by observing the presence of two 

pronuclei and two polar bodies. The embryo is kept in culture until either 

cleavage or blastocyst stage prior transferring to the mother’s womb. 

2.4.3 Intracytoplasmic Sperm Injection (ICSI) 

ICSI is a procedure where a single spermatozoon is microinjected into the 

oocyte after passes through the zona pellucida and the membranes of the 

oocytes [18]. ICSI was introduced to address the need in the treatment of male 

infertility. Conventional IVF was less effective when the spermatozoa 

parameters fell below the reference values for concentration, motility and 

morphology, resulting in lower opportunity of successful fertilisation.  

Also, ICSI will have to be used in replacement of conventional insemination 

method when cryopreserved oocytes are used. This is due to the fact that are 

evidence showing hardening of the zona pellucida following oocytes freezing 

that reduce the possibilities of spermatozoa penetrating the oocytes naturally. 
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Therefore, the spermatozoa will have to be microinjected into the oocytes 

manually.  

Instead of mixing the spermatozoa with the oocytes and leaving them to 

fertilise, ICSI is performed by a skilled embryologist. A single spermatozoon is 

injected into the oocyte to maximise the chance of fertilisation taking place as it 

bypasses any potential problems the spermatozoa will have in getting inside the 

oocyte.  

The chosen spermatozoon is gently compressed by the micropipette tip in the 

sperm midpiece. This procedure damages the spermatozoon membrane and 

impairs its motility. The immobilised spermatozoon is then aspirated into the 

injection micropipette. The injection micropipette is then pushed through the 

zona pellucida into the cytoplasm and a single spermatozoon is injected into the 

oocyte.  

 

 

 

 

 

 

 

 

2.4.4 Incubation of the Embryo 

The function of the embryo incubator is designed to mimic the similar 

environment that an oocyte would be exposed to in the fallopian tube and the 

uterus. Inseminated gametes are placed in the incubator at 37˚C under a gas 

phase of 5% CO2. 

Figure 5: Overview of ICSI procedure - The sperm is injected into the egg using a 

micropipette. [Image courtesy of IVF Training] 
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2.4.5 Cryopreservation of the Embryo for Prolonged Storage 

Over the years, clinical and laboratory methodology used for IVF continued to 

improve. Before cryopreservation of the embryos is commonly practiced, patient 

with additional embryos will have to either discard them, donating them to other 

infertile couple or donating them for research purpose. Although 

cryopreservation of the embryos was available, the freezing and thawing 

processes often caused permanent injury to the cells and most of the embryos 

did not survive.  

In recent years, technology in cryopreservation has improved leading to an 

increase in embryo survival rate and pregnancy rates. By 2003, cryopreserved 

embryo transfer has accounted for 21981 of the 112,872 IVF cycles (17.8%) 

performed in the US, with overall live birth rate of 27% per embryo transfer 

procedure [17].  

Apart from embryo preservation, oocytes preservation has also played a role in 

providing alternative for patients suffering from cancer. Women diagnosed with 

cancer often sustain partial or complete loss of their fertility following cancer 

therapy. Oocytes preservation may provide opportunities for them to have 

healthy children despite their potential to develop into infertility condition. 

Likewise, spermatozoa can be preserved in the similar way as well.  

The most commonly used technique for cryopreservation is storing them in LN2 

which has a boiling point of -196˚C. LN2 is widely used due to its stability in 

providing ultra-low temperature environment for long term preservation, cost 

effective and easily available.  

2.5 Existing Regulatory Requirements Relevant to IVF 

At present, there is no common legislation governing IVF within the EU. Every 

country in the EU has legislation at national level to govern practices and 

standards of IVF. This means that different member states have different 

regulations for IVF, but patients are free to travel abroad for treatment. 
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For the interest of this study, a general guideline pertaining IVF is adopted 

based on the European Society of Human Reproduction and Embryology 

(ESHRE). ESHRE was founded in 1985 and since then serves as a platform in 

the EU to provide guidelines to improve safety and quality in clinical and 

laboratory procedures relevant to IVF. 

The revised guidelines for good practice in IVF laboratories (2015) developed 

by ESHRE covers the code of practice which provides guidance to help IVF 

clinics/laboratories/researchers in delivering safe, effective and legally 

compliant IVF treatment and research. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Front cover of revised guidelines for good practice in IVF laboratories 

(2015) [Image courtesy of ESHRE] 
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Since this research project will only focus on (i) handling of the gametes from 

IVF laboratory, (ii) transportation of the gametes to and from the IVF laboratory, 

(iii) in vitro insemination or IVF in short, (iv) observation of early embryo 

development and (v) cryopreservation of the embryos, it is assumed that the 

relevant IVF laboratory has performed the necessary procedures according to 

the national IVF guidelines to obtain and cryopreserved the gametes.  

Therefore, the scope of this review will only cover the following topics: 

i. Personnel requirements involved in IVF procedures 

ii. Requirements in the laboratory setting for IVF 

iii. Equipment and disposable relevant to IVF 

iv. Insemination of the gametes 

v. Scoring for successful fertilisation 

vi. Embryo culture and incubation 

vii. Cryopreservation of the gametes and embryos  

2.5.1 Personnel Requirements Involved in IVF Procedures 

The individual involved in execution of IVF procedures and associated standard 

operating procedures should be qualified as a clinical embryologist. At least a 

BSc in biomedical sciences is necessary to be qualified as a clinical 

embryologist.   

2.5.2 Requirements in the Laboratory Setting for IVF 

i. Materials used in the laboratory construction, painting, flooring and 

furniture should be appropriate for clean room standards, minimising 

Volatile Organic Compounds (VOC) release and embryo toxicity. 

ii. Laboratory air should be subjected to High Efficiency Particulate Air 

(HEPA) and VOC control. 

iii. Positive pressure is recommended to minimise air contamination.  

iv. Based on the European Union Tissues and Cells Directive (EUTCD), 

tissue and cell processing must be performed in a Good Manufacturing 

Practice (GMP) Grade A environment with a background of at least GMP 

Grade D. However, if it is detrimental or not feasible to carry out specific 
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procedure in a Grade A environment it can be performed in at least a 

Grade D environment.  

2.5.3 Equipment and Disposable Relevant to IVF 

i. All equipment must be validated as fit for its purpose, and performance 

verified by calibrated instrument, preferably be CE-marked. 

ii. Heating devices should be installed to maintain the temperature of media 

and reproductive cells during handling.  

iii. Sterile single use disposable consumables should be used. 

iv. Critical item of equipment, including incubators and cryogenic storage 

units, should be continuously monitored and equipped with alarm 

systems. 

v. An automatic emergency backup power system must be in place for all 

critical equipment. 

2.5.4 Insemination of the Gametes 

i. The number of progressively motile spermatozoa used for insemination 

must be sufficient to optimise the chance of normal fertilisation. Typically, 

a progressively motile spermatozoa concentration ranging between 0.1 

and 0.5x106/ml is used. 

ii. The final spermatozoa suspension should be in a medium compatible 

with oocyte culture. The fertilisation medium should contain glucose to 

allow for appropriate spermatozoa function. 

2.5.5 Scoring for Successful Fertilisation 

i. All inseminated oocytes should be examined for the presence of 

pronuclei (PN) and polar bodies at 16-18 hours post insemination.  

ii. Cumulus cells must be removed and normally fertilised (2PN) oocytes 

transferred into new dishes containing pre-equilibrated culture medium. 
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iii. Fertilisation assessment should be performed under high magnification 

of at least 200 times, using an inverted microscope equipped with 

Hoffman or equivalent optics or suitable time lapse microscopy device, in 

order to verify PN number and morphology. 

iv. Embryos derived from ≥ 3PN oocytes should never be transferred or 

cryopreserved. Even if no transferable embryos derived from 2PN 

oocytes are available, the use of embryos derived from 1PN oocytes or 

oocytes showing no PN is not recommended. 

2.5.6 Embryo Culture and Incubation 

i. To optimise embryo development, fluctuation of culture condition should 

be minimised. Precautions must be taken to maintain adequate condition 

of the pH and temperature to protect embryo homeostasis during culture 

and transfer. 

ii. A culture medium designed for embryo development should be used. 

iii. For blastocyst culture, a low oxygen concentration should be used.  

Figure 7: Developmental path of a 2PN (L) and a 3PN (R) embryo. [Image 

courtesy of Semantic Scholar] 
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2.5.7 Cryopreservation of the Gametes and Embryos 

i. Cryogenic storage units should be continuously monitored and equipped 

with alarm systems, detecting any out of range temperature and/or levels 

of LN2. 

ii. Both slow freezing and vitrification cryopreservation approaches can 

used, according to the type of biological material. 

iii. For spermatozoa, slow freezing is still the method of choice, but 

vitrification is possible alternative.  

iv. For oocytes, vitrification has been reported to be highly successful and is 

recommended. 

v. For cleavage and blastocyst stage embryos, high success rate has been 

reported when using vitrification.  

vi. To minimise any risk of transmission of infection via LN2, contamination 

of the external surface of cryo-device should be avoided when loading 

the samples. 

vii. During storage and handling of cryopreserved material, care should be 

taken to maintain adequate and safe condition. Temperature should 

never rise above -130˚C. 

2.5.8 Summary 

In general, although the respective national regulation pertaining to IVF should 

be strictly adhered to as far as IVF is concerned, but as a general guideline for 

this research, the above recommendation given by ESHRE will be followed. 

2.6 COTS Embryo Incubator  

A portable embryo incubator is necessary as part of this project to provide an 

adequate environment similar to the fallopian tube and the uterus for embryonic 

growth (refer to chapter 2.4.4 for details).  

For many years, standard large-box incubators are used routinely in both 

clinical and laboratory IVF settings. This type of incubators is subject to several 

disadvantages. The most prominent drawback of a large-box incubator is that 

inspection of embryo morphology is required to be done outside the controlled 
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environment of the incubator and thus, expose the embryo to undesirable 

changes in critical parameters such as temperature, humidity, level of O2 and 

CO2 and pH level.  

While inspection of the embryonic growth is necessary at every growth stage, 

frequent opening of the incubator door can be prevented by a relatively new 

invention – the benchtop time-lapse embryo incubator. A study has 

demonstrated a 20.1% increase in clinical pregnancy rate per oocyte retrieval 

using a benchtop time-lapse incubator compared to a conventional large-box 

incubator [20]. In addition to continuous observation of embryo development 

without removal from controlled environment, benchtop time-lapse incubator 

provides independent chamber for each embryo that prevents cross-

contamination and accidental mixed up of the embryo’s identity. More 

importantly, these incubators are often a lot smaller and lighter which is 

desirable for space application.  

As far as the commercial market is concerned, there are only three companies 

actively manufacturing and promoting benchtop time-lapse embryo incubators. 

These incubators are discussed in the following section.  

2.6.1 EmbryoScope™, Unisense FertiliTech A/S, Denmark 

 

Figure 8: The EmbryoScope™ embryo incubator and a computer to monitor the 

embryonic growth. [Image courtesy of Unisense FertiliTech A/S] 
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The EmbryoScope™ is a tri-gas (CO2, N2, O2) incubator with built-in camera 

capable of taking images of the embryos at 10 minutes intervals [20]. Hence, 

automated time-lapse imaging of embryos will be generated over the incubation 

period while they remained in the incubator. The product was approved for 

clinical use in the EU since 2009 and was cleared by the FDA in 2011. At 

present, there are more than 200 IVF clinics/laboratory using EmbryoScope™.  

The EmbryoScope™ has capacity to incubate up to six culture dishes at once. 

Each culture dish can accommodate up to 12 embryos. As such, the incubator 

can hold a maximum of 72 embryos at once.  

 

 

The incubation environment is exceptionally stable with its specially designed 

direct thermal contact between the culture dishes and their respective holder. 

The direct thermal contact is made of high heat conductance aluminium alloy 

ensuring stable temperature in case of door opening of the incubator. In 

addition, the incubator is provided with integrated gas sensors to ensure 

adequate gas regulation during the incubation period.  

In terms of data acquisition, the embryologist is able to access the time-lapse 

images of the embryos and the condition of incubation remotely through their 

personnel devices.  

Figure 9: A culture dish tailored for use in an EmbryoScope™ embryo incubator. 

[Image courtesy of Unisense FertiliTech A/S] 
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Each EmbryoScope™ weights 60kg and has overall volume of 0.047m3. It 

requires 110-240 VAC to operate.  

2.6.2 Geri Embryo Incubator, Genea Biomedx, Australia 

The Geri Embryo Incubator is a benchtop incubator with time-lapse imaging 

capability [21]. It has a total of six modular incubation chambers. Each chamber 

is completely independent from the others and has separate environmental 

controls and data acquisition capabilities. Each chamber is capable of taking 

images of the embryos at 5 minutes intervals throughout the incubation period.  

Six dedicated culture dishes can be incubated in the Geri Embryo Incubator at 

once. Each culture dish is capable of accommodating 16 embryos. As such, the 

incubator can hold up to 96 embryos at once.  

 

 

 

In terms of environment controls, each chamber is equipped with its own 

temperature control capability and separate gas inlet. The lid and base of each 

chamber is integrated with heating elements, orange light source of 591nm and 

camera that take time-lapse images of the embryos. A filter is used inside each 

Figure 10: A Geri embryo incubator - Having six independent chambers with 

heated lid. [Image courtesy of Genea Biomedx] 
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chamber to filter the gas mixture entering the incubation chamber from the gas 

supply. Each chamber also contained a water bottle to generate the necessary 

humidity.  

 

 

 

 

 

 

 

An LCD screen is integrated on the incubator. Therefore, time-lapse images can 

be viewed on the incubator itself. Viewing of the images and incubation 

conditions can be done remotely on personal devices with dedicated software. 

Geri embryo Incubator is approved by the FDA on 2018. At present, there are 

more than 47,000 fertilised oocytes have been cultured in the incubator 

worldwide.  

Each Geri Embryo Incubator weights 40.35 kg and has overall volume of 

0.092m3. It requires 110-240 VAC to operate.  

2.6.3 Miri Time-Lapse Incubator (Miri® TL), Esco Medical Group, 

Denmark 

Miri® TL is an embryo incubator cleared by FDA for clinical use since 2016 [22]. 

It has built-in camera in each of its six chambers allowing time-lapse images to 

be captured at five minutes intervals. The embryos can be monitored on the 

incubator’s screen or remotely on embryologist personnel devices.  

Each incubation chamber is independent of each other to provide stable and 

uninterrupted embryonic growth condition. The lid of each chamber is capable 

of having direct heat transfer to the culture dishes. Each chamber has two 

Figure 11: A culture dish tailored for Geri embryo incubator. [Image courtesy of 

Genea Biomedx] 
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temperature sensors to ensure temperature stability. Pre-mixed of gaseous is 

not necessary as the incubator is integrated with a gas mixer allowing adequate 

composition of gaseous during the incubation period.  

 

 

 

 

 

 

 

 

Miri® TL is capable of holding one culture dish in each chamber. Each 

dedicated culture dish is capable of containing 14 embryos. As such, the 

incubator can culture up to 84 embryos at once.  

 

 

 

 

 

 

 

 

 

 

Figure 12: A Miri Time-Lapse Incubator. [Image courtesy of ESCO Medical] 

Figure 13: A culture dish tailored for Miri Time-Lapse Incubator - Capable of 

holding 14 embryos in each dish. [Image courtesy of ESCO Medical] 
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Each Miri® TL incubator weights 90 kg and has overall volume of 0.21m3. It 

requires 115-230 VAC to operate.  

2.7 Existing Facilities Relevant to Biological Research on the 

ISS 

The unique environment of space consisting microgravity and ionising radiation 

is difficult to be simulated on Earth. Although microgravity can be simulated on 

Earth by using drop towers and parabolic flight, they only provide very short 

duration of microgravity. Even with the use of rotating devices like clinostat, the 

exact effects of simulated microgravity compare to microgravity in space is still 

questionable. By far, the ISS provide the best environment to conduct biological 

research to address the effects of both microgravity and ionising radiation.  

Since the fundamental idea of Mission Lotus is to allow fertilisation in space, 

this section will therefore focus on the existing facilities relevant to biological 

research available in space [23], which ultimately refers to the ISS.  

2.7.1 Microgravity Science Glovebox (MSG) 

Located in the Destiny module, MSG provides a safe contained environment for 

handling liquids and hazardous materials in the microgravity condition. 

Containment of liquids is particularly important in the microgravity environment 

to prevent them floating randomly in the cabin and causing contamination and 

uncontrolled hazards.  

On board the ISS, astronauts can access the MSG through ports equipped with 

rugged and sealed gloves. The MSG also provides the necessary power, 

thermal control, nitrogen, video system and data downlinks allowing 

experiments to be controlled from the ground.  

Having a usable volume of about 255 litres, the MSG has been operated for 

more than 3500 hours, accommodated small and medium sized experiments 

including biotechnology, combustion science, fluid physics and materials 

science.  
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2.7.2 Life Sciences Glovebox (LSG) 

 

 

 

 

 

 

 

 

 

 

Figure 14: ESA astronaut Andre Kuipers training with MSG. [Image courtesy of 

ESA] 

Figure 15: NASA's LSG - Designed and built at NASA's Marshall Space Flight 

Centre in Alabama. [Image courtesy of NASA] 
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Recently developed and available for use since 2018, the LSG provides a 

sealed work area specifically for life science and biological experiments. It 

allows the astronauts to perform experiments that required confinement, 

especially in handling of liquids and hazardous materials.  

Similar to the MSG, the LSG has the necessary power, thermal control and 

other facilities to support various scientific experiments.  

2.7.3 BioLab Experiment Laboratory (BioLab) 

BioLab is an incubator in the Columbus module capable of performing biological 

experiments on microorganisms, cells, tissue cultures, small plants and small 

invertebrates.  

It consists of a glovebox, serving the similar function to the MSG and LSG and 

two freezer units. While most scientific experiments performed on the ISS were 

to study the effects of microgravity, the BioLab also consists of two centrifuges 

to simulate gravity effects on the ISS. 

 

 

 

 

 

 

 

 

 

 

 
Figure 16: Overview of the BioLab rack in the Columbus module on the ISS. 

[Image courtesy of NASA] 
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2.7.4 Bioculture System Facility  

A containment system that serves as a research platform for culturing living 

cells, microbes and tissues. It allows automation of various standard laboratory 

procedures such media feeds, waste removal and sample collection. It contains 

10 independent experiment cartridges, each with independent thermal controls.  

 

 

 

 

 

 

 

 

 

 

 

 

2.7.5 Cell Biology Experiment Facility (CBEF) 

The CBEF is an incubator capable of controlling adequate temperature, 

humidity and carbon dioxide concentration for life science research. It consists 

of two separate compartments. One compartment is meant for life science 

research in a microgravity environment while the other compartment has a 

centrifuge providing artificial gravity from 0.1g to 2g.  

Figure 17: The Bioculture System shown with one of the cassettes partially 

removed from the rack. [Image courtesy of NASA] 
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2.7.6 General Laboratory Active Cryogenic ISS Equipment 

Refrigerator (GLACIER) 

GLACIER is freezer capable of cryopreserving biological samples during 

transportation to and from the orbit. GLACIER can also serve as a long-term 

cryogenic storage on the ISS.  

 

 

 

 

 

 

 

 

 

 

 

Its temperature is limited to -95˚C to +4˚C during ascent/decent transportation 

due to power constraint. However, it can provide -160˚C as the lowest 

temperature on the ISS when continuous supply of power is available.  

Apart from GLACIER, other freezers available in the ISS are not of interest of 

this study due to their limit in providing cryogenic temperature. As far as human 

gametes are concerned, a maximum of -130℃ is required for cryopreservation.  

2.7.7 Summary  

Preliminary review of the facilities available relevant to biological research 

revealed that performing IVF procedures is suitable on the ISS. As mentioned in 

2.4, the basic building blocks of successful IVF i.e. culture dish for gametes 

Figure 18: JAXA astronaut Koichi Wakata working with GLACIER on the ISS. 

[Image courtesy of NASA] 
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insemination, incubator with adequate temperature and CO2 control and 

cryogenic freezer for embryo preservation are available on the ISS.  

However, as previously discussed, a benchtop time-lapse incubator provides a 

higher chances of successful gametes fertilisation and overall pregnancy. As 

such, although conventional incubator is available on the ISS, a benchtop time-

lapse incubator is still preferred.  

In terms of cryopreservation, although GLACIER on the ISS can provide the 

temperature required to preserve the embryos, transportation to and from the 

orbit while maintaining the viable temperature is difficult to achieve with 

GLACIER due to power limitation during launch and retrieval.  

Therefore, more cryogenic storage for biological samples will be reviewed in the 

next section.   

2.8 Provision of Low Temperature Storage for Biological 

Samples 

As part of the regulatory requirement of gametes/embryos cryopreservation 

mentioned in 2.5, the maximum temperature during cryopreservation should be 

-130˚C.  As such, the following review will only consider commercially available 

storage that provide the required temperature.   

2.8.1 Standard LN2 Freezers 

The most commonly used technique is storing them in LN2 which has a boiling 

point of -196˚C. The reason why LN2 finds such great application in 

cryopreservation system are due to its extremely low cryogenic temperature, 

relatively inexpensive and readily available in the commercial market. 

A typical system using LN2 consists of a cryogenic tank and temperature control 

system [24]. The cryogenic tank is designed to keep heat away from the liquid 

that is contained in the vessel. Since LN2 is non-corrosive, special materials of 

construction are not required to prevent corrosion. However, materials of 

construction must be able to withstand the extremely low temperature.  
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LN2 can be stored in both pressurised and unpressurised container. In terms of 

unpressurised container, dewars are typically used. Figure 19 shows  a typical 

vacuum-jacketed dewar. A loose fitting dust cap over the outlet of the neck 

tubes prevents atmospheric moisture from plugging the neck and allows gas 

produced from vaporised nitrogen to escape.  

 

 

 

 

 

 

 

 

 

 

 

In terms of pressurised container, a liquid cylinder equipped with pressure relief 

valves and rupture discs protecting the cylinder from pressure built up is 

typically used. The cylinder usually operates at pressure up to 350 PSI and 

have capacities between 80 to 450 litres of liquid. Figure 20 shows a typical 

pressurised cryogenic liquid cylinder.  

Both containers mentioned above do not require electrical power to provide 

freezing; power supply is only used for the electronic features of the system 

such as auto-filling of LN2, temperature/pressure monitoring and alarms.  

 

 

Figure 19: A 35 litres Dewar with neck diameter of 4 inches. [Image courtesy of 

Worthington] 
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2.8.2 Isothermal LN2 Freezer 

The standard LN2 freezer utilises LN2 that pumped into the cooling chamber 

directly. Vials of gametes are usually submerged into the LN2, making direct 

contact between the vials and LN2 allowing the gametes to achieve desired 

temperature. In many cases, there is always a risk of LN2 contamination to the 

gametes. On top of that, samples nearest to the LN2 source will also be cooled 

at a different rate than those furthest away, leading to inconsistent cooling.  

Custom Biogenic System patented a liquid nitrogen jacket to provide uniform 

cryogenic temperature at -190˚C [25]. This storage system uses similar vessel 

as any standard LN2 freezer, but instead of having LN2 in the sample storage 

space of the freezer, it is placed in a patented LN2 jacket in the wall of the 

freezer. The LN2 is confined into the jacketed wall and hence no LN2 is present 

in the storage area. This allows complete isolation of LN2 to the external 

environment.  

Figure 20: A pressurised cryogenic cylinder with touch screen control and 

display. [Image courtesy of Antech Scientific] 
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The liquid nitrogen jacket produces vapour circulation in the freezer that gives 

very stable cryogenic temperature. Temperature gradient is kept to minimum 

and contamination of LN2 to the storage samples can be eliminated. Figure 21 

shows an Isothermal LN2 freezer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.8.3 Mechanical Cryogenic Freezer 

Long term storage for cryopreserved gametes can be achieved using 

mechanical freezers as well. Without the use of LN2, the minimum temperature 

of present mechanical freezer is limited to -150˚C. Compressor and refrigerant 

are incorporated into the freezer. Electrical power is necessary at all times for 

the freezer to operate normally. Figure 22 shows a typical mechanical freezer.  

 

Figure 21: A 30 litres CBS V1500-AB Isothermal Liquid Nitrogen Freezer (L) and 

its cutaway view (R) showing its patented Liquid Nitrogen Jacket. [Image 

courtesy of CBS) 
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2.8.4 Summary 

Many IVF laboratories utilise standard LN2 freezers for cryopreserving gametes 

and embryos due to their simplicity, cost effective and readily available in the 

commercial market. Mechanical freezers are less common in IVF application 

due to its limitation in providing the preferred temperature to store gametes and 

embryos. In terms of space application, standard LN2 freezers are not suitable 

as the risk of LN2 leakage is high. Mechanical freezers are often too heavy and 

are power dependant. Therefore, the isothermal LN2 freezer is a better option 

for space application. Since the LN2 is confined in the jacketed wall, the risk of 

leakage and overflowing of LN2 is minimal. Usage of power is unnecessary for 

normal operation except for alarming and pumping of LN2 into the jacket. 

Therefore, it is concluded that the isothermal LN2 freezer is suitable for space 

application.      

Figure 22: A 128 litres mechanical freezer manufactured by PHCBI. [Image 

courtesy of PHCBI] 
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2.9 Standard Procedures and Timescale to Launch and Retrieve 

Payload  

The procedures and timescale to launch and retrieve payloads are variable 

depending on the launch vehicle and operator. Each operator has their unique 

procedures and timescale for launch operation, designed to meet their 

customer’s needs. Standard services which detailed in the launch vehicle 

service guide are usually applicable to most payload. However, in extraordinary 

cases, a non-standard procedure and timescale can be tailored by the operator 

to meet the client’s demand. A typical end to end procedure, i.e. from 

customer’s site to Launch Site (LS) is discussed in the following section.  

2.9.1 Transportation and Delivery of Payload to the Launch Site 

In usual circumstances, the payloads should be delivered to the LS many 

weeks prior to launch. A non-standard delivery schedule can be arranged as an 

alternative. The payloads are usually delivered to the LS via air or ground 

transport, depending on client’s requirements. In case of air transport, for 

example, one of the Space X’s LS - CCAFS has two landing sites for clients to 

deliver the payloads and the associated equipment via air transport [26]. 

Meanwhile, some LS do not have landing site and the clients have to make 

necessary ground transport arrangement for payloads delivery.  

2.9.2 Payload Processing Prior to Launch 

Payloads are first transported to the Payload Processing Facilities (PPF) for 

further processing before they can be uploaded to the Launch Vehicle (LV). 

Processes such as equipment unloading, unpacking/packing, final assembly 

and testing of payloads are vital in order to ensure correct operation of the 

payload. Usually, the PPF is available to process all payloads from weeks prior 

to launch. Additional time in the PPF may be available for clients as a non-

standard service.  

In general, the PPF is equipped with overhead crane capable of handling heavy 

materials, various voltages of electrical power, gaseous supply and clean room 

facility. Ground Support Equipment (GSE) can be supplied by clients if 
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necessary. Alternative power sources can be supplied in the PPF as a non-

standard service. 

2.9.3 Payload Integration and Fairing Encapsulation 

Processing operation in the PPF will usually be completed by one to two weeks 

prior to launch to allow payloads integration to the adapter, fairing encapsulation 

and final transportation to the LV integration site in preparation for launch.  

During the transportation from PPF to the LS, environment control in the vehicle 

is usually provided. Once the encapsulated assembly is mated to the LV, the 

hangar facility air conditioning system is connected via a fairing air conditioning 

duct to maintain environmental control inside the fairing. If required, the payload 

is then reconnected to electrical GSE and electrical interfaces are verified. At 

this point, the integrated launch vehicle is ready for rollout and launch. 

2.9.4 Launch Vehicle Roll Out and Erection 

Once the fairing is encapsulated and verified, the integrated LV will be rolled out 

from the hangar to the launch pad. Once the LV is at the pad, the payloads air 

conditioning system is reconnected to maintain environment control until launch 

is commenced. Electrical connectivity is provided via ground cables. Assessing 

to the payload once the LV is rolled out and remained horizontal is considered a 

non-standard practice, but it can be granted under extraordinary circumstances. 

However, access to the payload is not possible when the LV is erected. 

2.9.5 Lift Off 

The engine ignition will only occur shortly before lift off. A safe shutdown will be 

executed should any unforeseen condition be detected. Spacecraft will usually 

be inserted to orbit in less than 10 minutes. A sample of flight timeline of Falcon 

9 to LEO mission is presented in the following table: 
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Table 1: Falcon 9 sample flight timeline - LEO mission [Information 

courtesy of Space X] 

2.9.6 Payload Re-entry 

The re-entry module can be de-orbited once the space mission is completed. 

De-orbit  burn will usually last up to 10 minutes and it takes another 30 minutes 

to re-enter the Earth’s atmosphere. Thermal protections are available in the re-

entry module ensuring proper thermal environment to safeguard the payload in 

spite of the high aerothermal loads induced by the drag.  Prior to the re-entry 

module being splashed down in the ocean, a parachute system is deployed to 

further reduce the landing speed of the re-entry module.  

2.9.7 Summary 

In a typical condition, the payload will have to be ready for transportation to the 

PPF/LS many weeks prior to the actual launch date. Although a non-standard 

timeframe can be arranged with the launch provider, certain amount of time 

(days to weeks) are still needed to ensure a smooth process in uploading the 

payload to the LV and eventually launching it.  

In terms of Mission Lotus, the gametes are therefore have to be prepared and 

cryopreserved at least few days prior to the launch date. In terms of GSE in the 

PPF and LS, only cryopreservation facility and standard power are needed, 

which are easily available. Once the mission is completed, the re-entry module 

Mission Elapsed Time Event 

T - 3s Engine start sequence 

T + 0 s Lift off 

T + 67 s Maximum dynamic pressure (Max Q) 

T + 145 s Main engine cut off (MECO) 

T + 148 s Stage separation 

T + 156 s Second engine start-1 

T + 195 s Fairing deploy 

T + 514 s Second engine cut off-1 

T + 3086 s Second engine start-2 

T + 3090 s Second engine cut off-2 

T + 3390 s Spacecraft separation 
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can be de-orbited and retrieved to Earth. As long as the embryos are being 

cryopreserved, the amount of time it takes to retrieve the embryos back to the 

IVF laboratories for further examination is not essential.  

2.10 Space Environment Effects Relevant to IVF and Early 

Embryo Development in Space 

The experiments mentioned in chapter 2.2 has revealed some adverse effects 

of space environment to mice and bovine reproductive system. Particular 

attention was given to microgravity and ionising radiation in space as these two 

are the ultimate factors that are significantly different from the Earth. Further 

details of the effects of both microgravity and space radiation are discussed in 

the following section.  

2.10.1 Microgravity 

Many experiments relevant to the effects of microgravity on mammalian 

reproductive system have been carried out in the past. Mammalian reproduction 

is known to be very sensitive to environment factors such as hypergravity and 

vibration during launch and microgravity in space [27]. As a result of that, some 

studies on rats flown to space shown a decrease of total spermatozoa count, 

increased in spermatozoa’s abnormalities and reduction in testicular weights 

[28]. On the other hand, some experiments revealed that gravity is independent 

of the early embryo development as the early development is dependent on cell 

interactions that has the capability in maintaining its own development and self-

repairing capability [29].  

In one particular experiment, the effects of microgravity on mouse gametes are 

simulated using clinostat to examine the possibility of successful fertilisation 

[27]. IVF technology and simulated microgravity on ground was utilised in this 

experiment to eradicate external factors that could possibly affect normal 

fertilisation and early embryo development of the mouse. Two samples were 

examined in this case. One group of samples were examined at 24 hours post-

insemination while the other group of samples were examined at 96 hours post-

insemination. 
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Results from the 24 hours post-insemination samples revealed more than half 

of the embryos had developed to the 2-cell stage, without any difference from 

the control group. The embryos were then transferred to the female recipient 

and the rate of offspring production was significantly less than the control group 

which subjected to normal 1g gravity. On the other hand, results from the 96 

hours post-insemination samples shown that the rate of embryo development to 

blastocyst stage were significantly lower than the control group. Offspring 

production was also significantly lower. All offspring produced have their body 

and placental weight within the normal range and grew to healthy adulthood.  

These results suggested that fertilisation can occur normally within microgravity 

condition. However, the results also suggested that exposure to microgravity 

will cause detrimental effects to early stage embryo.  

In conclusion, it appeared that most of the literature revealed that microgravity 

does cause detrimental effects on early mammalian embryonic growth. 

However, most of these experiments were conducted on simulated basis. No 

experiment focusing on IVF of mammalian gametes in space have been 

conducted so far. Therefore, the exact effects of microgravity on IVF and early 

embryo development in space are still unknown.  

2.10.2 Ionising Radiation 

The main factors of ionising radiation exposure to cells derived from solar 

cycles and altitude of the spacecraft [31]. As Mission Lotus will only involve 

altitude within LEO, thus this section will only consider the radiation 

environment significant to LEO. 

In LEO, the space radiation field consist of high energetic protons and heavy 

ions from Galactic Cosmic Radiation (GCR) and protons and electrons trapped 

in the Earth’s radiation belts known as Van Allen belts. Occasional Solar 

Particle Event (SPE) will also eject protons and heavy particles in some cases 

that contributes to radiation environment in LEO. Such ionising radiation can be 

detrimental to both human and cells. As such, protection from space radiation is 

needed when human and living cells are exposed to space environment. The 
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ISS, for example, is designed to shield against radiation. Having said that, a 

high degree of radiation is still able to penetrate through the structures. The 

amount of radiation in such shielded platform is undoubtedly reduced, but the 

level of exposure to such radiation is still relatively high compare to radiation 

level found on Earth.  

The maximum dosage of radiation recorded on the ISS is 286 μGy/day or a 

dose equivalent to 647 μSv/day [31] [32]. To make the comparison clearer, the 

average background radiation expose to people on Earth is about 6.5 μSv/day 

[33], which is 100 times lower than those recorded on the ISS. The International 

Commission on Radiological Protection (ICRP) recommends that a person 

should only be exposed to a maximum of 2739 μSv/day [34]. Any additional 

dose will cause a proportional increase in the chance of a detrimental health 

effect 

The major effect of ionising radiation in cells is damage to the DNA. Basic 

structure of the DNA consists of a pair of complementary strands. In some 

circumstances, breakage of single strand or even both the strands can occur. 

Depending on the nature of the damage, appropriate repair mechanism will be 

activated naturally [35].  

In case of Single-Strand Breaks (SSB), a repair mechanism known as Base-

Excision Repair (BER) machinery will generally lead to successful repair. On 

the other hand, the Double-Strand Breaks (DSB) are repaired by Homologous 

Recombination (HR) or Non-Homologous End Joining (NHEJ) mechanisms.  

Malignant transformation of the cells which ultimately lead to a cancer 

development begins when the DSB repair processes are erroneous and 

unsuccessful. The cells will undergo apoptosis or necrosis and become 

senescent. As a result of this, the damaged cells will be removed from the 

proliferative pool.  
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Although the number of SSB and DSB per absorbed dose are similar when the 

cells are exposed to various type of radiation, the type of DNA damage induced 

by radiation is found to be highly dependent on the radiation energy. High LET 

particles deposit energy within a relatively small volume causing more complex 

DNA damage and overall biological effects when compared to low LET radiation 

energy deposition.  

In summary, the risk associated to gametes and early stage embryo exposed to 

radiation in space is an important area to look into. Depending on the duration 

of exposure hence the accumulated dosage and the level of energy, the risk of 

radiation associated complication can be reduced if the duration of exposure is 

brief and the radiation energy is low.  

2.11 Conclusion 

From the literature found in the public domain, there were numerous 

experiments conducted to investigate the possibilities and potential effects of 

space environment on mammalian/human reproductive systems. Most results 

suggested that space radiation is potentially harmful to gametes if the duration 

of exposure is long enough. The effects of microgravity in space are 

inconclusive as most experiments done were based on ground simulation. 

Figure 23: Types of DNA damage - Single Strand Break (SSB) and Double Strand 

Break (DSB). [Image courtesy of Lumen Learning] 
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External factors unrelated to microgravity during simulation might potentially 

affects the results.  

Considering the risk involved, IVF has been suggested for gametes fertilisation 

and developing early stage embryo in vitro. Standard procedures and regulatory 

requirements of IVF were reviewed to ensure the framework of this project 

adheres to those procedures and requirements.  

Standard procedures and timescale to launch and retrieve payload are also 

reviewed to aid mission planning which will be described in the later chapter.  

The details of mission requirements and operation will be discussed in the next 

chapter.  

 

End of Chapter 2 
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3 INITIAL CONSIDERATION OF PERFORMING IVF & 

ENABLING EARLY STAGE EMBRYO DEVELOPMENT 

ON THE ISS – BASED ON THE 1ST  ITERATION OF 

CLIENT’S MISSION REQUIREMENTS 

3.1 Introduction 

As mentioned earlier in the introductory section 1.3.3, SBU has drafted an initial 

plan on Mission Lotus. Based on the company’s perception, the gametes will be 

prepared on ground and launched to the ISS in cryopreserved state. On the 

ISS, the astronauts will be responsible in handling the gametes and ultimately 

performing IVF procedures. Assuming the gametes are fertilised successfully 

and developed into early stage embryos, the embryos will then be 

cryopreserved and retrieved back to Earth for further inspection.  

This chapter will therefore discuss on the client’s requirement in detail and 

conduct a preliminary feasibility study on the mission. Information described in 

this chapter is the work pre-dated to the change in SBU’s mission requirements 

as mentioned in section 1.7.  

3.2 Overview of Mission Operation Based on Client’s Top-level 

Requirements – From IVF Laboratory back to IVF 

Laboratory 

To further understand the client’s perception and top-level requirements of the 

mission, an overview of the mission operation is given below. The operation is 

spilt into five different segments to aid the understanding of client’s 

requirements from a space system engineering point of view, i.e. from launch to 

re-entry of the payload. The operation in each segment is further described in 

stepwise basis. 

3.2.1 Ground Segment – Pre-launch 

This segment defines the groundwork needed to collect and transport gametes 

from IVF laboratory to the designated launch site. This segment also defines the 
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groundwork needed to upload the gametes and the associated IVF 

hardware/chemicals to the LV prior to launch.  

Step 1 – Gametes are prepared as per standard IVF protocols and 

cryopreserved in the IVF laboratory under the ownership of the IVF laboratory. 

The gametes are stored in labelled cryogenic vials. The vials are then placed in 

storage boxes containing 100 vials of spermatozoa and 100 vials of oocytes, 

aiming to produce 100 embryos in space. The gametes are maintained at a 

temperature of -196˚C  at all times.  

Step 2 – The cryopreserved gametes and the associated IVF 

hardware/chemicals are collected from the IVF laboratory. Ownership of the 

gametes is now transferred to the logistic/ground handling team. Gametes are 

to be maintained at -196˚C at all times.  

Step 3 – The collected gametes and associated IVF hardware/chemicals are 

transported from IVF laboratory to the appropriate PPF for storage and further 

process prior uploading them to an Upload Compatible Container (UCC). 

Gametes are to be maintained at -196˚C during the storage. 

Step 4 – Gametes and the associated IVF hardware/chemicals are uploaded to 

the UCC. Gametes are to be maintained at -196˚C in the UCC.  

Step 5 – The UCC is transported to the LS and uploaded to the LV. Gametes 

are to be maintained at -196˚C in the LV.  

Step 6 – Ready for launch.  

3.2.2 Launch Segment 

This segment defines the accommodation needed in the LV to maintain 

gametes and the associated IVF hardware/chemicals at a viable state in flight.  

Step 7 – Gametes and the associated IVF hardware/chemicals are launched to 

the ISS. They are to withstand the acceleration loads, vibrations and shocks 

encountered during flight. The gametes in particular, have to be maintained at   

-196˚C throughout the flight.  
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3.2.3 Space Segment 

This segment defines the procedures needed to transfer gametes and the 

associated IVF hardware/chemicals from LV to the ISS habitable module. As 

the gametes and hardware/chemicals will be stored on the ISS prior to retrieval, 

this segment will also define the storage facilities needed on the ISS. Process 

needed to perform IVF procedures on the ISS will also be discussed in this 

segment.  

Step 8 – Gametes and the associated IVF hardware/chemicals arrived on the 

ISS habitable module and collected by the ISS crew (hereafter referred as the 

astronauts). Ownership of the gametes is now transferred to the ISS crew. The 

gametes are maintained at -196˚C while the IVF hardware/chemicals are stored 

on designated rack/workbench on the ISS.  

Step 9 – IVF procedures are initiated on the ISS.  

Step 9A – Gametes are to be thawed to 37˚C. One vial of thawed oocytes is 

placed on a suitable culture dish filled with appropriate culture media, ready for 

insemination by ICSI method. One vial of thawed spermatozoon is aspirated 

into the injection micropipette. The micropipette is then pushed through the 

zona pellucida and a single spermatozoon is injected into the oocyte.  

Step 9B – The embryo incubator is supplied with 5% of O2, 6% of CO2 and 89% 

of N2 to prepare a suitable incubation environment for the gametes and 

embryos.  

Step 9C – The culture dish consisting inseminated gametes are placed in the 

embryo incubator. The incubator is monitored intermittently by the astronauts. 

Normal fertilisation is confirmed by observing the presence of two pronuclei 

(2PN) and two polar bodies. 

Step 9D – At day 5 (120 hours post-insemination), the culture dish is removed 

from the incubator. The embryos are cryopreserved to stop further 

development. The cryopreserved embryos are to be maintained at -196˚C.  
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Step 10 – The cryopreserved embryos and the associated IVF hardware are 

stored on the ISS prior to re-entry.  

Step 11 – Ready for re-entry.  

3.2.4 Re-entry Segment 

Similar to the launch segment, this segment defines the accommodation 

needed in the re-entry vehicle to maintain the embryos and the IVF 

hardware/chemicals at a viable state.  

Step 12 – Embryos and the associated IVF hardware/chemicals are retrieved 

back to Earth via a re-entry vehicle. They are to withstand the acceleration 

loads, vibrations and shocks encountered during the re-entry. The embryos in 

particular, have to be maintained at  -196˚C throughout the flight. 

3.2.5 Ground Segment – Post-landing 

This segment defines the procedures and requirements needed to retrieve the 

embryos and IVF hardware/chemicals from the re-entry vehicle. Also, as the 

final leg of the journey, this section also lay out the requirement for transferring 

embryos and the hardware back to the IVF laboratory for further examination.  

Step 13 – The embryos and the associated IVF hardware/chemicals are 

retrieved from the re-entry vehicle. The ownership of the embryos and the 

hardware are now transferred to the ground handling team. 

Step 14 -  The embryos and the associated IVF hardware/chemicals will be 

transported to the IVF laboratory for further examination. Embryos are to be 

maintained at -196˚C on ground.   

Step 15 – The embryos and the associated IVF hardware/chemicals arrived at 

the IVF laboratory. Ownership of the embryos are now transferred to the IVF 

laboratory.  

In summary, Step 1 through Step 15 have given an overview of how the client 

perceive the general mission concept would be. Given the top-level 

requirements based on the client’s interest, further requirements deduced from 
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space system engineering point of view will be discussed in the following 

section.  

3.3 Derived Requirements for Performing IVF & Enabling Early 

Stage Embryo Development on the ISS 

The mission overview given in section 3.2 is largely based on the client’s 

perception on performing IVF procedures on the ISS. As the client’s 

fundamental expertise is on biotechnology and thus IVF, less attention was 

given to space system engineering requirements and challenges. This section 

will therefore focus on the space system engineering requirements derived from 

client’s interest in performing IVF procedure on the ISS.  

Also, it is important to note that the client’s mission will not merely be a scientific 

experiment, but more importantly intend to produce viable embryos that would 

be allowed by existing IVF regulatory bodies for implantation and ultimately 

delivering normal healthy individuals. Therefore, all the procedures perform on 

the ISS relevant to IVF are strictly adhered to the guidelines given by ESHRE 

(refer to section 2.5 for details relevant to IVF regulations).  

3.3.1 Laboratory Standards and Facilities Needed on the ISS to 

Perform IVF Procedures 

To aid the approval from existing IVF regulatory body, the standard of 

performing IVF on the ISS should not deviate from the standard that is routinely 

performed in the IVF laboratory. As previously mentioned in chapter 2.5, there 

is no common legislation governing IVF standard. Nevertheless, IVF standard 

laid out by ESHRE will be used as a general guideline for this study. 

In terms of laboratory standards, clean room standard is required to minimise 

VOC release. Apart from the sterile products used during the IVF procedures 

need to be manufactured in a clean room standard, the materials used in 

constructing the laboratory such as painting, flooring and furniture are required 

to be appropriate for clean room standards as well.  

Based on the EU GMP guidelines, four grades can be distinguished based on 

the maximum permitted number of particles per cubic metre in the air. Table 2 
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describe the classification and their respective maximum permitted number of 

particles. The EUTCD encourage all operators to process tissues and cells in a 

Grade A environment but allow a minimum of Grade D environment if Grade A 

environment is not feasible. In that respect, the ISS would need at least a Grade 

D clean room environment to perform the necessary IVF procedures.  

Table 2: EU GMP classification based on the maximum permitted number 

of particles per cubic metre in the air. 

In terms of the facilities required on the ISS to perform IVF procedures including 

incubation and cryopreservation of the embryos, ESHRE guideline and the 

embryo incubator manufacturer will be referred to. It is assumed that all 

disposables and the embryo incubator will be sent to the ISS from Earth.  

Since the gametes are cryopreserved, thawing facilities are needed to thaw the 

gametes before they can be used for insemination. Gametes are to be thawed 

to 37˚C. 

Another fundamental requirement needed from the ISS is to provide the 

necessary voltage to operate the incubator. All COTS incubator suitable for 

space application required either 115v or 240v. Hence, it is important for the 

ISS to provide such voltage with socket which is compatible with conventional 

domestic plug socket. The power should be supplied continuously without 

interruption.  

As part of the environment control for gametes fertilisation and early embryo 

development, the incubator has to be supplied with 5% of O2, 6% of CO2 and 

89% of N2. Due to the technical difficulties of launching these gases onto the 

  

Maximum permitted number of particles per cubic metre 
equal to or greater than the tabulated size 

At rest In operation 

Grade 0.5μm 5.0μm 0.5μm 5.0μm 

A 3520 20 3520 20 

B 3520 29 352000 2900 

C 352000 2900 3520000 29000 

D 3520000 29000 Not defined Not defined 
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ISS, it is therefore expected that the ISS would have to supply these gases 

continuously at a rate of 12 litres per hour for 120 hours continuously. In 

addition to the gases required, a pressure regulator ensuring adequate amount 

of supply pressure to the incubator and adapters suitable for attaching gases 

supply hose from the gases supply to the incubator are needed.  

Upon 120 hours of post-insemination, the embryos are to be cryopreserved to 

stop them from further development and storage prior to retrieval. The most 

conventional method of cryopreservation done in most IVF laboratory is to 

submerge the vials containing gametes into liquid nitrogen under -196˚C. 

However, based on ESHRE guideline, the maximum allowable temperature is   

-130˚C. Therefore, such temperature must be provided on the ISS for embryos 

cryopreservation continuously until the embryos are retrieved to Earth.  

3.3.2 Level of Knowledge/Skills Needed by Astronauts to Perform 

IVF Procedures 

In most cases, the individual with overall medical responsibility for treatment 

services in IVF clinic should be a registered medical practitioner. In usual 

circumstances, IVF treatment covers full range of services including patient’s 

consultation, spermatozoa and oocytes retrieval, in vitro insemination and  

implantation and finally health monitoring of both mother and baby. However, 

this research is confined to only gametes handling, insemination, incubation and 

lastly embryo cryopreservation, without involving the full range of IVF services., 

Therefore, a registered medical practitioner is not necessary to be involved 

when the IVF procedures are performed on the ISS.  

Based on the guidelines given by ESHRE, the qualified IVF operator or better 

known as clinical embryologist should have at least a BSc in Biomedical 

Sciences and followed a structured programme on IVF practice supervised by 

experienced clinical embryologist.  The responsibilities of a clinical embryologist 

include (i) execution of standard operating procedures relevant to IVF, (ii) 

contribute to laboratory clinical decisions and training of staff members. It is 

therefore a requirement for the ISS crew to possess at least a BSc in 
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Biomedical Sciences and followed a structured programme on IVF practice prior 

to execution of any IVF related task.  

In terms of performing the IVF related task on the ISS, the astronauts are 

required to handle the gametes using aseptic techniques at all times. It is 

paramount that the gametes and embryos are always maintained at the 

appropriate temperature, pH and osmolarity during culture and handling. Thus, 

astronauts on the ISS are required to attain adequate knowledge in handling the 

gametes and embryos and detail procedures in performing thawing, 

insemination and cryopreservation through a structured IVF programme 

supervised by experienced clinical embryologist. 

Since a COTS embryo incubator will be used to incubate the embryos, 

astronauts on the ISS are required to familiarise themselves with operation of 

the designated incubator. The incubators mentioned in section 2.6 are in fact 

designed to have “Plug and Play” features. With that said, once the incubator is 

properly set up, the astronauts will only need to place the culture dish 

containing thawed gametes into the incubator. Status monitoring of the 

embryonic growth is done automatically via an integrated microscope capable 

of creating time-lapse images. The images will then be displayed on the screen 

of the incubator. No additional efforts needed once the culture dish is placed 

correctly into the incubator.  

On the 5th day or 120 hours of post-insemination, the embryos will have to be 

cryopreserved to stop them from further development. Based on the guidelines 

given by ESHRE, not all embryos are suitable for cryopreserving. Embryos 

derived from ≥ 3 pronuclei oocytes should never be cryopreserved. Embryos 

derived from 1 pronuclei or showing no pronuclei is not recommended as well. 

In that respect, astronauts responsible for the IVF procedures should observe 

the presence and number of pronuclei on 120 hours of post-insemination and 

decide which embryos are suitable for cryopreservation. Upon deciding, the 

astronauts are expected to perform aseptic technique while transferring the 

embryos to the vials suitable for cryopreservation and finally performing the 

adequate procedures in cryopreserving the embryos.  
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3.3.3 Astronauts Working Hours to Perform IVF Procedures 

Considering the amount of workload of the ISS crew in conducting various 

scientific experiments and maintaining the ISS, the time spent on performing 

IVF procedures on the ISS has to be carefully considered. As a general 

guideline,  the time consumed in performing various part of the IVF procedures 

was taken based on the advice from Dr. Hans Westphal, a clinical embryologist 

that has more than 30 years of experience working in IVF sector. As mentioned 

earlier, the IVF procedures involved on the ISS will only include (i) thawing of 

the gametes, (ii) insemination of the gametes on culture dishes, (iii) loading the 

culture dishes into the incubator, (iv) monitoring of the incubator for 120 hours 

and (v) cryopreservation of the embryos.  

For gametes thawing prior to insemination, an average of 15 minutes is needed 

to thaw each vial of gamete from cryo-temperature to 37˚C. Assuming the vials 

of gametes can be thawed in group of 10 each time, a total of five hours are 

needed to thaw all the 200 vials of gametes.  

In terms of insemination of the gametes, an average of five minutes is needed 

to inseminate the gametes using ICSI method. A total of eight hours and 20 

minutes are needed to complete the insemination process of all 200 vials of 

gametes.  

Assuming that the astronauts have already familiarised themselves with the 

usage, function and settings of the embryo incubator, preparation and proper 

setup of the incubator should consume less than 10 minutes. Once the 

incubator has properly set up, it is simply a matter of opening the incubator’s lid, 

placing the culture dish on the correct position and closing the lid to complete 

the incubation process. Astronauts on the ISS should be  “handsfree” while 

monitoring the embryonic growth as the incubator is designed to have alarm 

system should any malfunction/unusual condition occur. Otherwise, no further 

effort/steps needed by the astronauts once the incubator’s lid is closed. 

Once the gametes are inseminated, incubation of the embryos should take a 

maximum of 120 hours. Upon 120 hours of incubation, the embryos should be 
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checked individually to determine if they are viable to be cryopreserved. Since 

the incubator is capable of creating time-lapse images on the embryo’s 

development, inspection of the embryo to determine its viability for 

cryopreservation should take an average of just one minute for each embryo. 

With that, an average of one hour 40 minutes is needed for inspection of all the 

embryos.  

Lastly, the embryos qualified for cryopreservation will be transferred to suitable 

vials for cryopreserving. Cryo-protectant will be added to the embryo prior to 

cryopreservation. This process is rather critical and will consume an average of 

10 minutes for each embryo. Assuming all of the embryos are qualified to be 

cryopreserved, it will consume a total of 10 hours to transfer and cryopreserve 

all of the embryos.  

The average time needed by an astronaut to perform IVF procedures on the 

ISS is tabulated in Table 3.  

 

Table 3: Average time taken to perform IVF procedures on the ISS. 

 

The above tabulation is constructed based on the average time consumed to 

perform the IVF procedures in a standard IVF laboratory by a single clinical 

embryologist. Additional 120 hours are needed for monitoring the incubator, but 

such monitoring can be done ‘hands-free’ as the incubator will activate its alarm 

system automatically should any inadvertent condition arise.  

Average time taken to perform IVF procedures on the ISS 

Procedure Total duration  

Gametes thawing 5 hours 0 minute 

Gametes insemination 8 hours 20 minutes 

Incubator setup 0 hour 10 minutes 

Embryos inspection 1 hour 40 minutes 

Embryo transfer and cryopreservation  10 hours 0 minute 

   Total 25 hours 10 minutes 
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3.3.4 Summary 

Looking at the requirements, personnel and facilities available to perform IVF 

and enabling early stage embryo development on the ISS, the mission does 

looks feasible at this stage. However, there are a number of factors to be 

considered that will potentially affect the outcomes of this mission. One, 

handling of fluids (gametes and culture media) are difficult under microgravity 

condition and two, under usual circumstances, ICSI is only performed by skilled 

and experienced clinical embryologist and the astronauts are not in any case 

expected to have extensive experience in performing IVF let alone ICSI.  

Both factors which require alternatives will be discussed in the following section.  

3.4 Design Consideration to Perform IVF Procedures on the ISS 

The conventional way of performing IVF today in most standard IVF laboratory 

is considered safe, efficient and most importantly affordable to many. However, 

performing IVF procedures on the ISS is definitely not as straight forward as 

performing the same procedures on Earth. Considering the technical difficulties 

such as microgravity that affects fluids flow, non-expert IVF operator and limited 

resources on the ISS, a considerable amount of alternatives/adjustments are 

needed when performing IVF procedures on the ISS. This section will focus on 

some possible alternatives in terms of the hardware use in performing IVF 

procedures on the ISS.  

3.4.1 Application of Lab-on-a-chip Technology on IVF 

Microgravity is undeniably one of the main factors that will possibly impede the 

IVF outcome. Handling of fluids such as gametes and the associated chemicals 

under microgravity condition will be challenging and risky to both astronauts and 

the ISS. Although one of the possible ways of containing fluids while performing 

IVF procedures is to conduct the experiment in a sealed container such as the 

MSG which is readily available on the ISS, but the insemination process will still 

be difficult to achieve on petri dishes as the gametes will not stay on the bottom 

of the dish due to the lack of gravity. 
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Having said that, while insemination process conducted in conventional IVF 

laboratory are predominantly based on the usage of petri dish, many scientific 

publications can be found using microfluidics technology to perform IVF 

procedures based on a closed-loop system. The device is known as lab-on-a-

chip. The primary interest of microfluidics technology in IVF is to integrate IVF 

procedures and hardware onto a single palm-sized chip. Apart from 

miniaturisation, IVF industry is also looking into the possibility of automating the 

IVF procedures using such technology.  

While the usage of conventional petri dish by default is challenging for space 

application, lab-on-a-chip technology offers the opposite. Apart from the device 

being miniaturised and it’s light weighted, the complication of handling fluid 

under microgravity condition is reduced tremendously as lab-on-a-chip 

technology operation is based on close-loop system, i.e. fluid flow is strictly 

confined onto the chip without exposing to the external environment.  

In detail, lab-on-a-chip is a miniaturised device that integrates the necessary 

biochemical operation onto a single chip [36]. Development of microfluidics 

technology results in manufacturing of microchannels on lab-on-a-chip. Each 

microchannel can be measured in micrometres and integrates on a single chip. 

These microchannels enable the handling of fluids in small volume, as low as 

few picolitres. To enable a fully functional biochemical operation, lab-on-a-chip 

has to have integrated pumps, valves and electronics.  

In terms of IVF processing, usage of lab-on-a-chip has several potential 

advantages as proven in a preliminary result of an ongoing study. It must be 

noted that usage of lab-on-a-chip has not been approved nor used 

commercially in any IVF laboratory but increasing efforts have been noted in 

research laboratory to prove its advantages and viability for IVF use. One of the 

most prominent advantage is that is allows embryos culture in a dynamic 

condition [37]. Study has revealed that embryos develop through changing 

environment like alternating pH values and growth medium concentration. 

Conventional IVF procedures performed on petri dish will require extensive 

manual effort to change the culture medium, causing higher risk of human error.  
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To help reducing the effort of astronauts on the ISS while performing IVF 

procedures, lab-on-a-chip allow high degree of automated system to be 

implemented. As previously mentioned in chapter 3.2.3, insemination of the 

gametes has to be accompanied by adding culture media on the petri dish and 

changing of culture media has to be done at different stages of embryo 

development of which has to be manually done by the astronauts. Such time-

consuming and efforts can be reduced by lab-on-a-chip technology. One 

research presented the unconventional way of controlling the microfluidic 

distribution of culture media by using a combination of hydrostatic pressure and 

opening/closing of the integrated valves on top of the medium reservoirs. Flow 

of the culture medium is caused by a height difference between the inlet and 

outlet reservoir with the help of a syringe pump through a capillary placed in the 

sample port as shown in Figure 25. Flow of the culture medium is controlled by 

the valve integrated with solenoid actuators pressing the gasket against the 

opening of the reservoirs. A very gentle flow is actuated, and the culture 

medium is not in contact with any other surfaces apart from the material from 

which the chip is fabricated.  

Figure 24: A lab-on-a-chip device equipped with tubes and microchannels 

allowing fluid flow. [Image courtesy of Institute of Photonic Science] 
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In short, the whole operation can be controlled electronically allowing high 

degree of automation. This is particularly important to the operation of IVF 

procedures on the ISS as it will reduce the effort by astronauts to perform IVF 

procedures. In addition to that, automation of the IVF procedures can allow 

inexperience operator to perform the procedures and is capable of producing 

the same results when compare to an experience IVF operator. Although it is 

assumed that the astronauts will receive specialised training in IVF before they 

will perform the procedures, but they are not expected to have extensive 

experience in IVF. As such, simplified/automation of the system is crucial for 

ISS operation.  

 

Figure 25: An automated microfluidics cell culturing device based on an injection 

moulded disposable microfluidics cartridge system. [Image courtesy of 

Technical University of Denmark] 

With reference with Figure 25, top left is the front view of the IVFLAB6 

microfluidic device. It can be mounted in six mini incubators controlled by a 

dedicated software. Top right is the side view of the IVFLAB6. The device 

mounted in each mini incubator have sample ports and valves. The bottom view 

of Figure 25 is the magnified view of the device interfaced by valves and 
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sampling ports. The valves allow opening and closing of the media reservoirs to 

regulate the fluid movement in the system [37].  

In a nutshell, lab-on-a-chip allows integration of a large number of biochemical 

operations within a microscale volume. With the help of associated components 

and electronics, it will greatly reduce human intervention allowing automation of 

IVF procedures.  

As mentioned before, there are no microfluidics system being implemented for 

IVF used at present. One of the reasons such system has not been 

implemented in the industry is the complication and cost intensive procedures in 

obtaining approval from existing IVF regulatory bodies. However, looking at the 

recent scientific research and commercial products such as glucose monitoring 

and heart attack diagnosis devices based on microfluidics technology entering 

the market, lab-on-the-chip will potentially be a major alternative for IVF usage. 

More importantly, lab-on-a-chip is a possible alternative to replace conventional 

petri dish for space application.  

3.4.2 Time-lapse Embryo Incubator 

Incubation of the embryo after insemination is one major process that need 

detailed attention. Apart from providing the adequate environment for the 

embryos to grow from one stage to another, constant observation of the embryo 

morphology is important to determine the viability of the embryo prior to 

cryopreservation. Conventionally, incubation of the embryos is never a one-off 

process. The clinical embryologist will have to retrieve the embryos from the 

incubator at daily interval for observation under a microscope. Although the time 

taken for morphology assessment should be brief, i.e. less than 5 minutes at 

average, the embryonic growth is still momentarily disturbed due to changing 

atmosphere out of the incubator. On top of that, such approach does not only 

require additional manual effort, it also requires an experience clinical 

embryologist to assess the morphology. Given such a situation where 

astronauts on the ISS are not expected to have extensive experience in 

embryology, morphology assessment could be a great challenge to them.  
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Recent development of time-lapse imaging incubator has allowed images of the 

embryos to be captured automatically at intervals while the embryos remained 

inside the incubator. This is likely to improve embryo development because the 

adequate culture environment such as temperature, gas concentration, pH and 

humidity level are maintained throughout the incubation period [38]. In other 

words, incubation of the embryos and image acquisition are integrated into a 

single system, avoiding disturbance to the culture environment. More 

importantly, time-lapse incubator can significantly reduce time and manual effort 

of the astronauts needed on the ISS.  

In terms of the embryo observation and selection, an experienced clinical 

embryologist on ground can observe the embryo morphology remotely by 

acquiring time-lapse images from the ISS. The experienced clinical 

embryologist on ground can then advice the astronauts on the ISS on the 

decision.  

Apart from the advantages mentioned above, time-lapse incubators are 

designed to be smaller and lighter to fit into most IVF laboratory. The ultimate 

idea of such invention is to provide adequate environment for embryo 

incubation without the need to have conventional laboratory containing separate 

large and heavy microscope. Such design is ideal for use in space application 

due the reduction in size, weight and quantity of equipment required.  

3.4.3 Non-LN2 Based Cryogenic Storage 

In terms of the required temperature for gametes cryopreservation, the most 

commonly used technique is storing them in LN2 which has a boiling point of      

-196˚C. LN2 is widely used due to its stability in providing ultra-low temperature 

environment for long term preservation, cost effective and easily available.  

However, it is important to highlight the risk of containing LN2 for space 

application. Apart from the obvious risk of exposure to personnel, accidental 

spillage of LN2 could cause contamination to equipment not designed for 

cryogenic service. As LN2 is cold enough to condense surrounding air into liquid 
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form, a slight leakage could cause oxygen enrichment and to lead to explosion, 

especially during launch.  

To omit the use of LN2 while maintaining viable gametes during 

cryopreservation, first it is important to understand the physical events in cells 

during cryogenic phase. Long term cryopreservation is achieved when gametes, 

or cells in general are maintained below the glass transition temperature of 

aqueous solution at approximately -130˚C. To ensure formation of amorphous 

ice and prevent recrystallisation, the gametes are cooled rapidly to this 

temperature. All biological, physical and chemical processes of any aqueous 

system are diminished as there is insufficient thermal energy for chemical 

reaction and water does not exist in liquid phase below -130˚C. More 

importantly, in terms of regulation, ESHRE allows gametes and embryos to be 

cryopreserved at a maximum temperature of -130˚C. 

As such, mechanically refrigerated cryogenic freezer can be one of the options 

to replace conventional LN2-based freezer. Many COTS mechanically 

refrigerated freezers which capable in providing -130˚C or below can be found 

[39]. 

It is important to note that the temperature at which gametes are stored have 

great influence on their shelf life. Consider the operating timeline of Mission 

Lotus which will only last for a relatively short period of time, the preservation 

shelf life in this case is insignificant.  

3.4.4 Isothermal LN2 Freezer 

The advantage offered by isothermal LN2 freezer has been discussed section 

2.8.2. LN2  is confined onto the jacketed wall of the container and completely 

isolated from the external environment. As such, the problem with LN2 leakage 

and contamination can be eradicated. Also, such freezer can provide uniform 

cryogenic temperature up to -190˚C. Therefore, isothermal LN2 freezer is 

proposed to be one of the solutions in containing and transporting 

cryopreserved gametes and embryos during the mission.  
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3.5 Amendments of Client’s Requirements on Mission Lotus 

As this research is predominantly conducted based on the client’s requirements, 

amendments of requirements from the client will then affects the way this 

research is conducted. Based on the initial communications with the client, the 

focus of Mission Lotus will primarily be on the ISS. As detailed in chapter 3, the 

IVF procedures will predominantly be conducted by the astronauts on the ISS. 

Existing facilities available on the ISS will be utilised and the IVF procedures 

and early embryo development will be subjected to microgravity.  

However, about two months after this research has begun, the client has 

amended the mission’s requirements significantly. The focus of Mission Lotus 

will no longer be on the ISS. Instead, the client is now looking into unmanned 

mission. The client has omitted the ISS as a platform to perform IVF due to the 

fact that the ISS might not be easily accessible. Also, the client is limiting the 

mission’s development budget to only five million Euros, hence even if the ISS 

is accessible by the client, the cost of utilising the facilities and the cost of 

astronauts working hours might exceed the budget.   

The client has revised the mission in such a way that the IVF procedures should 

be conducted in an automated platform in space. Also, to aid IVF regulatory 

approval, the IVF procedures and early embryo development should take place 

in an environment equivalent to Earth gravity. As such, performing the IVF 

procedures under microgravity condition is no longer viable.  

Since there are significant amendments from the clients in terms of the mission 

requirements, more literature review on IVF automation, artificial gravity and 

robotic operation in space will be discussed in the next chapter. Detail revised 

requirements of the clients will also be discussed in the next chapter.   

3.6 Conclusion 

Both requirements and initial consideration of performing IVF and enabling early 

stage embryo development on the ISS have been discussed. From the 

preliminary review of facilities available on the ISS and the complexity of IVF 

procedures, performing IVF on the ISS seems viable. Although microgravity can 
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potentially be an obstacle to perform IVF procedures, implementation of lab-on-

a-chip technology can be a viable option to eradicate the problem with handling 

fluids under microgravity condition.  

In terms of cryopreservation, the usage of standard LN2 freezer is not viable as 

the risk of leakage and contamination is too high. However, isothermal LN2  

freezer offer a good confinement of the LN2  and it is suitable for space 

application. Mechanical freezer can be used as well although its weight can be 

a penalty for space application.  

Further consideration to perform IVF and enabling early stage embryo 

development on the ISS will not be proceed in this project as the client has 

amended its mission’s requirement significantly. Instead, the amended 

requirements from the client will be further discussed in the next chapter. 

However, some technology reviewed in this chapter such as lab-on-a-chip, 

time-lapse incubator and the isothermal LN2 freezer will still be utilised as part 

of the amended mission.  

 

End of Chapter 3 
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4 REVISED CONSIDERATION OF PERFORMING IVF & 

ENABLING EARLY STAGE EMBRYO DEVELOPMENT 

IN SPACE – BASED ON THE 2ND ITERATION OF 

CLIENT’S MISSION REQUIREMENTS 

4.1 Introduction 

As mentioned in section 3.5, the client has amended Mission Lotus’s 

requirements significantly. Based on the company’s initial plan, IVF procedures 

is performed on the ISS which predominantly will be operated by the ISS crew. 

It is now amended in such a way that the IVF procedures should be performed 

on an automated platform without human intervention in space. Also, realising 

the challenges in obtaining regulatory approval from the IVF industry, the IVF 

procedures i.e. from insemination to embryo cryopreservation should be done 

under Earth-like gravity (1g) condition.  

This chapter will therefore discuss on the revised client’s requirements in 

detailed and conduct a preliminary feasibility study on the mission. The 

structure of this chapter is identical to chapter 3 and the revised requirements 

will be highlighted in each segment.  

4.2 Overview of Mission Operation/Requirements Based on 

Client’s Revised Requirements – From IVF Laboratory back 

to IVF Laboratory 

Similar to section 3.2, an overview of the revised mission operation is given 

below to further understand the client’s perception. The operation is again split 

to five different segments, with stepwise operation detailed in each segment.  

4.2.1 Ground Segment – Pre-launch 

This segment defines the groundwork needed to collect and transport gametes 

from IVF laboratory to the designated launch facility. This segment also defines 

the groundwork needed to upload the gametes and the associated IVF 

hardware/chemicals to the LV prior to launch. 
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Step 1 – Gametes are prepared as per standard IVF protocols in the IVF 

laboratory under the ownership of IVF laboratory. Fresh spermatozoa and fresh 

oocytes are stored in labelled vials.1 The vials are placed in storage boxes 

containing 50 vials of fresh spermatozoa and 50 vials of fresh oocytes. The 

gametes are maintained at +37˚C. 

Step 2 – The fresh gametes and the associated IVF hardware are collected 

from the IVF laboratory. Ownership of the gametes is transferred to the 

logistic/ground handling team. The gametes are maintained at +37˚C at all 

times.  

Step 3 – The collected gametes and the associated IVF hardware/chemicals 

are transported from the IVF laboratory to the PPF for further processing prior to 

uploading to the UCC.  

Step 4 – Gametes and the associated IVF hardware/chemicals are uploaded to 

the UCC. Gametes are to be maintained at +37˚C in the UCC. 

Step 5 – The UCC is transported to the LS and uploaded to the LV. Gametes 

are to be maintained at +37˚C in the LV.  

Step 6 – Ready for launch.  

4.2.2 Launch Segment 

This segment defines the accommodation needed in the LV to maintain 

gametes and the associated IVF hardware/chemicals at a viable state in flight.  

Step 7 – Gametes and the associated IVF hardware/chemicals are launched 

with a dedicated spacecraft. They are to withstand the acceleration loads, 

vibration and shocks encountered during flight. The gametes have to be 

maintained at +37˚C throughout the flight.  

 

 

1 As part of the amended mission’s requirement, the gametes are no longer cryopreserved. 
Instead, fresh gametes will be used throughout the process to avoid the necessity of ICSI in 
order to simplify the insemination process (refer to section 2.4.3 and 4.3.1). 
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4.2.3 Space Segment 

This segment defines the process needed to perform the IVF procedures on the 

dedicated spacecraft. The spacecraft is to provide Earth-like gravity and the 

necessary telecommunication devices.  

Step 8 – Upon receiving telecommand from the ground, the spermatozoa and 

oocytes are inseminated on culture dish. The process of insemination is 

recorded and can be remotely observed by the IVF operator on ground.  

Step 9 – Once the gametes are inseminated, the culture dishes are placed into 

the embryo incubator. The embryo incubator is supplied with 5% of O2, 6% of 

CO2 and 89% of N2 to prepare a suitable incubation environment for the 

gametes and embryos. 

Step 10 – The embryonic growth is monitored remotely on the ground by the 

IVF operator for a period of five days (120 hours post-insemination).  

Step 11 – At day 5 (120 hours post-insemination), the culture dish is removed 

from the incubator. 

Step 12 – The embryos are cryopreserved to stop further development. The 

cryopreserved embryos are to be maintained at maximum of -130˚C.  

Step 13 – The cryopreserved embryos are ready for re-entry.  

4.2.4 Re-entry Segment 

Similar to the launch segment, this segment defines the accommodation 

needed in the re-entry vehicle to maintain the embryos and the IVF 

hardware/chemicals at a viable state.  

Step 14 – Embryos and the associated IVF hardware/chemicals are retrieved 

back to Earth via a re-entry vehicle. They are to withstand the acceleration 

loads, vibrations and shocks encountered during the re-entry. The embryos in 

particular, have to be maintained at  maximum of -130˚C throughout the flight. 
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4.2.5 Ground Segment – Post-landing 

This segment defines the procedures and requirements needed to retrieve the 

embryos and IVF hardware/chemicals from the re-entry vehicle. Also, as the 

final leg of the journey, this section also lay out the requirement for transferring 

embryos and the hardware back to the IVF laboratory.  

Step 15 – The embryos and the associated IVF hardware/chemicals are 

retrieved from the re-entry vehicle. 

Step 16 – The embryos and the associated IVF hardware/chemicals will be 

transported to the IVF laboratory for further inspection. The embryos are 

maintained at a maximum temperature of -130˚C 

Step 17 – The embryos and the associated IVF hardware/chemicals arrived at 

the IVF laboratory. The embryos are checked for its quality and viability.  

In summary, Step 1 through Step 17 have given an overview of the client’s 

perception on the revised mission concept. Given the top-level requirements 

from the client, derived requirements from space system engineering point of 

view will be discussed in the next section.  

4.3 Derived Requirements for Performing IVF & Enabling Early 

Stage Embryo Development in Space Within an Automated 

Platform That Includes 1G Environment 

As mentioned in section 3.3, the top-level requirements given by the client are 

largely based on Earth-based IVF procedures. Very limited attention was given 

to integrate Earth-based IVF procedures with space system engineering. This 

section will therefore focus on the space system engineering requirements 

derived from the client’s perception in performing IVF procedures in space.  

It is important to note that in this section, only the most challenging aspect 

relevant to this particular mission is considered. In other words, only the key 

drivers affecting IVF procedures and the early stage embryo development in 

space will be discussed. Generic requirements to space system engineering 
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such as orbit selection, mass budget, communication architecture etc. will not 

be discussed in this project.  

4.3.1 Late Access for Uploading Payload to the Launch Vehicle 

One of the major revised requirements from the client is the need of using fresh 

gametes instead of cryopreserving them during transportation from the IVF 

laboratory to space. The ultimate reason for not cryopreserving the gametes is 

that cryopreservation is known to have adverse effect on the oocytes i.e. 

hardening of the zona pellucida. Once the zona pellucida is hardened, 

conventional way of gametes insemination will be impossible as the 

spermatozoa will not be able to penetrate the oocytes. Thus, normal fertilisation 

will not be achieved in this case. The alternative of inseminating thawed 

gametes is by using ICSI (refer to section 2.4.3). However, ICSI is rather a 

complicated process and usually, a skilled embryologist is needed to perform 

the procedure. As such, from the client’s perspective, fresh gametes are the 

better option to avoid further complications in terms of insemination process.  

Having the need of using fresh gametes, the time taken from obtaining the 

gametes from IVF laboratory to launching them to space will have to be done in 

relatively short period of time. This is due to the fact that oocytes have very 

limited timeframe before its capacity to undergo normal fertilisation disappear. 

Typically, oocytes can only survive up to 8 hours before demonstrating 

decreased potential for fertilisation and increased rate of cytogenetic 

abnormalities. 

Assuming transportation of fresh gametes from the IVF laboratory to the launch 

site will only consume a short period of time, the gametes will still require very 

late access to the launch vehicle to ensure the viability of the fresh gametes.  

4.3.2 Telemetry, Tracking and Command of the Payload 

Another major revised requirement from the client is automation of the IVF 

procedures in space. In that respect, a ground operator is needed to command 

the IVF system to perform the necessary procedures in space. Therefore, the 

spacecraft is to be equipped with communication architecture to upload 
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commands from the IVF operator and download telemetry data for ground 

observation.  

In essence, once the spacecraft is launched to orbit, it should begin transmitting 

data relevant to the gamete’s conditions, i.e. temperature and morphology. It is 

important for the ground operator to have a clear microscopic view of the 

gamete morphology at all times. These should be viewed as time-lapse images 

in real time.  Essential parameters such as temperature, gaseous supply for 

incubator environment control and power supply should be available for ground 

monitoring.  

The ground operator should have ultimate command on the IVF procedures in 

space. He/she will have direct control on initialising and ending the IVF 

procedures. Should any discrepancies/unforeseen condition arise, the IVF 

operator on ground will have the full control on terminating the IVF procedures 

including stopping the embryos from growing further, i.e. exceeding the 

blastocyst stage.  

To provide the spacecraft with such communication architecture, typical TT&C 

hardware such as transponder, power amplifier, diplexer, RF network and 

antennas will have to be integrated as part of the mission design. Substantial 

analysis is required to determine downlink data rate schedule, average daily 

data return and orbital analysis. Such analysis will not be discussed in this 

report as these are considered generic requirements for any space mission.  

4.3.3 Provision of 1g Environment in Space 

As required by the client, Mission Lotus will not merely be a scientific 

experiment, but a mission that is approved by an existing IVF regulatory body, 

i.e. the returned embryos must be allowed to be implanted into a mother and 

allow to develop to birth. To aid this requirement, the IVF procedures and the 

subsequent early embryo development in space should take place in conditions 

identical to conditions routinely encountered in standard IVF laboratory setting. 

With that respect, microgravity in space is not favourable in performing IVF 

procedures and allowing early embryo development. To ensure regulatory 
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approval, under no condition shall the gametes and embryos are exposed to 

microgravity. In other words, an artificial gravity should be generated before the 

gametes are exposed to space and the IVF procedures should be initiated on a 

platform that provides Earth-like gravity in space.  

4.3.4 Automation of Embryo Incubator 

To avoid the necessity of having astronauts to be involved in this mission, the 

IVF procedures should be automated in such a way that only ground staff are 

needed to command the spacecraft and the associated hardware. Therefore, it 

is a requirement from the client that once the gametes and the associated IVF 

hardware/chemicals are launch to space, no human intervention should be 

needed in space to initiate the IVF procedures and allowing early embryo 

development.  

In this respect, the embryo incubator that is launch to space should be capable 

of handling the IVF procedures with high degree of automation,  including (i) 

initiation of insemination process, (ii) supplying the incubator with adequate 

gaseous, (iii) incubation of the gametes under the adequate condition, (iv) 

recording images of embryo development at correct intervals and (v) 

cryopreservation of the embryos at the exact timing. 

4.3.5 Automated Cryogenic Storage for Embryos 

Since the IVF procedures and early embryo development are to take place in an 

automated space platform, the cryopreservation of the embryo upon 120 hours 

of post-insemination should be executed automatically with telecommand from 

the ground operator.  

On top of that, a cryogenic storage is needed in space to provide temporary 

storage of the embryos before they are retrieved to Earth. The cryogenic 

storage must be capable of providing a maximum of -130˚C until the embryos 

are retrieved back to Earth. The ground operator should be able to monitor the 

temperature of the cryogenic storage remotely at all times.  
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4.3.6 Summary 

To summarise, a non-standard delivery schedule to the LS is required by the 

client. In usual circumstances, the payload (gametes and the associated IVF 

hardware/chemicals) should be delivered to the LS many weeks prior to launch 

for processing, integration and final preparation. In this case, to maintain the 

oocytes capability to fertilise normally, the operation only has 6 to 8 hours of 

window for transportation from the IVF laboratory to launching to space. In other 

words, the client is expecting a quick and flawless system to transport the 

gametes from IVF laboratory to the launch site and ultimately launching them to 

space within 6 to 8 hours before the oocytes start degrading and losing its 

capability to fertilise normally.  

Also, the client is expecting high degree of automation in the whole mission, i.e. 

no human intervention in space to perform IVF procedures. In addition, normal 

Earth gravity is expected on the space platform to aid IVF regulatory approval.  

Looking at all the above requirements, a number of risks and constraints are 

derived from space system engineering point of view. These will be discussed 

in the following section.   

4.4 Risks and Constraints of Client’s Mission Requirements 

As mentioned before, most of the requirements from client are largely based on 

Earth-based IVF procedures with little consideration to the complexity of space 

system engineering. Therefore, looking at space system engineering point of 

view, some of the risk and constraints of the requirements will be discussed 

here.  

4.4.1 Delayed in Transporting Gametes from IVF Laboratory to the 

Launch Site 

To ensure the fresh oocytes remain viable for successful fertilisation, 

insemination procedure must not be initiated later than 8 hours after oocytes are 

retrieved from the ovum. Thus, the gametes and the associated IVF 

hardware/chemicals should be transported from the IVF laboratory to the LS 

and launched to space within the 8 hours timeframe.  
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Considering typical timeframe for transporting payload to the launch site and 

subsequently launching the payload, the required timeframe is unusually short. 

Most LS are built as far as possible away from major population centres in order 

mitigate risk to bystanders and buildings. On top of that, location of the LS is 

decided upon orbital and mission requirements. Almost all of the LS are located 

remotely from well populated are. Therefore, it is highly unlikely that the 

designated IVF laboratory will be located in close proximity to the LS. As such, 

transportation of the gametes and the associated IVF hardware/chemicals might 

need a longer time to arrive the LS.  

Apart from the distance from IVF laboratory to the LS, anomalous conditions 

such as traffic delay, various road condition encountered on the way and 

adverse weather condition could lead to possible delay in transportation. 

Consider the worst-case scenario, transportation of the gametes and the 

associated IVF hardware/chemicals could exceed the required timeframe.  

4.4.2 Delayed in Launching to Orbit Due to Various Factors  

Assuming the gametes and the associated IVF hardware/chemicals arrived at 

the LS within the required timeframe, the payload will not be launched 

immediately. Some degree of testing and further processing is needed to 

ensure proper electrical and mechanical interface of the payload with the LV.  

It can be assumed that Mission Lotus will only consist of relatively simple 

hardware and needs only little testing and mechanical work, a quick ‘ship and 

shoot’ process can be expected. However, the LV is usually launched with other 

payloads which required more complex processing that will possibly delay the 

launch.  

Another typical factor that will possibly cause major delay to the launch is 

adverse weather condition. In many cases, adverse weather conditions are 

known to delay the launch for few hours up to a few days. In that case, the fresh 

gametes are no longer viable for successful fertilisation.  

Although launch delay due to technical error of the LV itself is rare, but such 

factor should also be considered as the worst-case scenario.  
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4.4.3 Exposure of Living Gametes to Hypergravity During Launch 

To eradicate the complication of performing ICSI in space, which is the only 

option for gametes insemination following cryopreservation of the oocyte, the 

client has specified the usage of fresh gametes instead of cryopreserving them. 

Without cryopreservation, the gametes will remain active and sensitive to 

gravity. Although there is no literature nor research conducted so far proving 

negative effects of hypergravity on live human gametes, there was a research 

conducted on sea urchin eggs and sperm showing their sensitivity to 

hypergravity.  

Exposure to hypergravity during launch is unpreventable as far as space 

mission is concerned. Exposing live gametes to hypergravity that could 

potentially influence the biological aspects of the cell might affect the possibility 

of obtaining IVF regulatory approval. It is important to note that one of the major 

objectives of the mission is to obtain approval from the IVF regulatory bodies so 

that the embryos produced are allowed to be implanted to their respective 

mothers. Hence, it is of paramount that the gametes condition should not be 

exposed to any condition that will potentially deviates from standard conditions.  

In short, using live gametes might affect the overall outcome of the mission and 

it is risky in terms of gaining IVF regulatory approval. 

4.4.4 Exposure of Living Gametes to Microgravity in Space Before 

Insemination 

Similar to the above, there is a risk of exposing the live gametes to microgravity 

in space during the launch process. Although the client has amended its 

requirement to implement Earth-like gravity in the space platform but 

maintaining a consistent power output to operate the centrifuge for simulating 

1g gravity during launch process and spacecraft separation process is 

challenging. Although back-up batteries can be provided at all time, but even a 

momentarily loss in power could exposed the live gametes to microgravity 

condition.  
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4.5 Conclusion 

The amended mission’s requirements have been discussed thoroughly in this 

chapter. In summary, the client has eradicate using ISS as a platform to perform 

IVF and enabling early stage embryo development completely due to cost and 

accessibility reason. Instead, the mission will now utilising a dedicated 

spacecraft with Earth-like gravity provision to aid in obtaining approval from IVF 

regulatory bodies. The entire procedure in space shall take place automatically 

with only ground operator involved. In other words, tele-operation will be 

needed for the mission. It is also noted that the gametes will not be 

cryopreserved prior to insemination.  

Based on the client’s perception, very limited attention was given to space 

system engineering. Many challenges, risks and constraints have been derived 

from the client’s requirements. It is understood that many of the client’s 

requirements were purely derived based on Earth-based IVF procedures 

without considering many of the complication that involved in terms of space 

system engineering.  

As part of this project, it is therefore important to first understand the 

fundamental needs of the client and then help the client to develop alternatives 

while maintaining essential interests of the client. As such, this project will not 

proceed purely based on the client’s requirements. Instead, some of the 

mission’s requirements will be amended accordingly to reduce risk and ensure 

viability of the overall mission and yet maintaining client’s primary interest.  

Design consideration to achieve the mission will be discussed in the next 

chapter.     

 

End of Chapter 4 
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5 DESIGN CONSIDERATION TO PERFORM IVF & 

ENABLING EARLY STAGE EMBRYO DEVELOPMENT 

IN SPACE WITHIN AN AUTOMATED PLATFORM  

5.1 Introduction 

Considerable amount of risks and constraints have been derived from the 

client’s mission requirements. Many of the risks involved might cause complete 

failure to the whole mission. As such, considering both the risks involved and 

the client’s interests, some design solutions are proposed in this chapter.  

5.2 Cryopreserving Gametes Prior to Launch 

As discussed in section 4.4.1 and 4.4.2, to place the gametes in orbit within 6 to 

8 hours of timeframe from IVF laboratory is indeed too risky. As far as SBU is 

concerned, the primary reason why cryopreservation is not favourable in the 

mission is that the zona pellucida of oocytes will be hardened as a result of 

cryopreservation. In that case, ICSI would have to be performed as the method 

of insemination instead of the conventional way. It is also thought that ICSI 

would be extremely difficult to achieve autonomously without human 

intervention. As far as the standard IVF practice is concerned, an experienced 

clinical embryologist is always required to perform ICSI to achieve successful 

gametes fertilisation.  

However, continuous advancement of IVF has allowed ICSI to be performed 

robotically. Although it is yet to be adopted as a standard practice in IVF 

laboratory, many positive reviews from research context have been found and 

will be further discussed in section 5.3. Looking at the advancements, it is very 

likely that robotic ICSI will be approved as a standard method of performing 

insemination in the near future. In terms of space operation, robotic ICSI would 

allow high level of autonomy without human intervention in space. As such, 

cryopreservation of the gametes will no longer be an issue as performing ICSI 

in space by a robot can be offered as an alternative. Therefore, it is suggested 

that the gametes will be cryopreserved prior to be transported out from the IVF 

laboratory to ensure their viability.  
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5.3 Performing Teleoperation of IVF/ICSI in Space 

At present, there is neither literature in the public domain describing 

teleoperation of IVF in space nor known experiment carried out by both 

government and private space sector relevant to teleoperation of IVF in space. 

However, the concept of using robot in space to provide medical support for 

astronauts during long duration space mission has already been proposed as 

early as 1970s, primarily to replace medical personnel whom are unlikely to be 

present in space during those missions. In recent years, many space agencies 

are looking into robots as an effective and affordable solution for life support 

and medical care particularly towards manned mission to the moon and Mars in 

the near future.  

On the other hand, less attention was given to IVF operation in space. Most 

experiments performed to date relevant to mammalian gametes fertilisation and 

early embryo development only focused on the effects of microgravity and 

radiation in space. However, in terms of terrestrial development, IVF technology 

has received tremendous improvement not only in achieving higher rate of 

successful fertilisation, but also in producing smaller, lighter and more 

economical hardware.  

Given the circumstances that no existing technology that is approved for 

teleoperation of IVF in space, this section will discuss the idea of having 

teleoperation of IVF in space, by integrating, modifying and miniaturising the 

existing technology relevant to IVF teleoperation in space. 

5.3.1 Overview of the Concept of Telesurgery (Both Terrestrial and 

Space Based)  

As mentioned in section 5.3, the concept of teleoperated surgical (telesurgery) 

robot was proposed as early as 1970s by NASA. The primary goal of the 

concept was to provide medical care for astronauts during their remote mission 

from Earth where doctors and surgeons are not available when needed. The 

robot will be controlled remotely from Earth. With the aid of time-lapse images 

or live stream of video capability, the surgeon will perform the surgery remotely 
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on Earth by guiding the master arm. Ideally, the robot or better known as slave 

manipulator, will perform the surgery as precisely as the surgery done on Earth 

by the same surgeon.  

In 1997, NASA’s JPL successfully developed the Robot-Assisted Micro-Surgery 

(RAMS) arms [40]. The RAMS consists of two 6 DOF arms, equipped with 6 

DOF tip-force sensors, providing haptic feedback to the operator. It uses a 

kinematically identical master controller. However, this system is not 

commercialised as the project was discontinued. Yet, the concept of RAMS 

plays a vital role in the design and development of robotic surgical device in 

both medicine and space sector. 

To emulate the extreme environment in space, NASA extended its research on 

telesurgery in the world’s only permanent undersea laboratory, near Florida 

Keys, 19 meters below the water surface [41]. The experiments are conducted 

by NASA’s Extreme Environment Mission Operations (NEEMO). One of its most 

profound experiments include robotic telesurgery on simulated patients.   

The German Aerospace Centre (DLR) developed a robot-assisted telesurgery 

system known as MiroSurge, designed mainly for research in minimally invasive 

telesurgery [42]. The system has a master console, with which the surgeon can 

control the three robot arms: two are holding instruments and the third guides 

an endoscopy camera. The robotic arms can be remotely controlled.  While the 

MiroSurge system at present is only developed for research purpose, it has led 

the space industry towards  an advancement from the existing research 

platform for robotic telesurgery to a cognitive robotic assistance, which provides 

the surgeon all the necessary information in an optimal manner and is able to 

perform relatively small task semi-autonomously.  

To date, the most significant development of robotic surgical system is arguably 

the da Vinci Surgical system made by Intuitive Surgical. Approved by the FDA 

in 2000, it is designed to facilitate complex surgery using a minimally invasive 

approach, and similar to the previous teleoperated system, it can be controlled 

by a surgeon from a remote console. It is the first telerobotic system that is 

approved for human use. Approval of the system includes urological, 
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thoracoscopic, gynaecological and laparoscopic procedures. The fundamental 

concept of typical master-slave system and the basic architecture remain the 

same, while the hardware and software capability have improved dramatically.  

To describe the system further, it has master manipulators serving as the 

interface for the surgeon, allowing manipulation of the tools remotely. A 3D 

display system is integrated at the master side, showing the surgical field 

recorded by the stereo camera endoscope. Up to three manipulator arms can 

be extended on the slave side to perform the surgery, with an additional arm 

holding the camera. The arms are capable in imitating the exact movements of 

the surgeon’s arm in real time.  

To summarise, although there is no telesurgery performed in space so far, with 

the constant improvement of telesurgery and robotic devices in the form of 

imaging, physiological data collection, feedback, precision and reduction in cost 

and weight, telesurgery is increasingly significant in space industry. 

5.3.2 Review on Current State-Of-The-Art Piezoelectric Operated ICSI 

Although there is no teleoperated IVF procedures recorded in space so far, 

there is on-going research on performing ICSI by using piezoelectric 

micromanipulator (piezo-ICSI) [43]. In contrast to conventional way of 

performing ICSI, piezo-ICSI utilises electronically controlled micromanipulator 

operating a pipette to inject spermatozoa into the oocyte. Instead of holding the 

pipette and injecting the spermatozoa to oocyte by an experienced clinical 

embryologist, the ICSI procedures can be operated electronically by adjusting a 

joystick. The piezo driver is attached to a conventional micromanipulator and 

function as a mechanical drive to advance the pipette tip thought the zona 

pellucida with the use of piezoelectric effect. Microinjection is executed by the 

inertial force from the piezo-electric movements known as piezo impact force 

[44]. The piezo impact force is effectively transmitted to the pipette tip allowing 

precise movement in injecting spermatozoa into the oocytes which minimises 

the damage to the oocyte. In short, only a quick pulse of piezo impact is 

required to complete the ICSI process.  
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An overview of the piezo-ICSI operation and the associated hardware is 

described below: 

 

Figure 26: A three axis micromanipulator integrated with an inverted microscope. 

[Image courtesy of XenoWorks] 

A micromanipulator is needed to hold the pipette in place and exerting piezo 

pulse to inject spermatozoa into the oocyte. Injection of the spermatozoa can be 

achieved by controlling a joystick which in turn controls the movement of the 

pipette. Such micromanipulation allows smooth and precise pipette’s tip 

movement that synchronised with the movement of the joystick. A microscope is 

integrated on the micromanipulator allowing magnified display of the culture on 

a monitor screen.   
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Figure 27: A piezo drive unit holding a pipette is attached to the 

micromanipulator. [Image courtesy of XenoWorks] 

The piezo drive unit is responsible for transmitting piezo pulses to the pipette. 

The drive unit can be activated by simply stepping on the foot pedal. The impact 

force from the drive unit is transmitted to the pipette allowing smooth and 

precise injection of spermatozoa into the oocyte. 

Figure 28: A foot pedal to operate the piezo drive unit. [Image courtesy of Prime 

Tech LTD] 
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The precise impact force from the piezo drive unit is proven to reduce damage 

to the oocyte. The piezo drive unit is activated by pressing the foot pedal.  

 

Figure 29: A touch screen user interface module (L) and a controller unit to drive 

the piezo unit (R). [Image courtesy of Prime Tech LTD] 

A touch screen user interface module allows the operator to set the speed and 

intensity of the piezo drive unit. The interface module has memory storage 

capacity allowing repetitive microinjection to be done without the need to re-

adjust the settings.  

Figure 30: An operator performing ICSI operation via the micromanipulator. 

[Image courtesy of Prime Tech LTD] 
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The controller unit is responsible to supply the necessary power to drive the 

piezo impulses. The unit is relatively small (240mm x 340mm x 140mm) and 

light (5 kg). 

The following figure will show the procedures to perform piezo-ICSI using the 

micromanipulator. Further process will be described in stepwise basis based on 

the figure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Step 1: An immobilised spermatozoon is sucked into the injection needle by its 

tail. The injection pipette is advanced to contact with the surface of the zona 

pellucida using the joystick. The piezo drive unit is then activated with the foot 

pedal as the pipette penetrates the zona pellucida. The piezo impact force is 

applied until the zona pellucida is penetrated.  

Figure 31: Procedures to perform Piezo-ICSI using the micromanipulator. [Image 

courtesy of Prime Tech LTD] 
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Step 2: Once the zona pellucida is penetrated, injection pipette is then removed 

from the oocyte. The zona pellucida’s residue is discharged from the pipette. 

The spermatozoon is then pushed towards the tip of the pipette. The pipette is 

then advanced through the zona pellucida.   

Step 3: The injection pipette is moved forward to contact with the plasma 

membrane and stretch it towards the holding pipette.  

Step 4: The piezo drive unit is activated for a quick pulse. The plasma 

membrane will relax around the pipette and spermatozoon is then injected into 

the oocyte.  

Step 5: Lastly, the injection pipette is slowly retracted out of the oocyte. The 

ICSI process is now completed  

In summary, development of piezo-ICSI has allowed ICSI procedures to be 

performed robotically using piezoelectric. As long as the operator is familiar with 

the use of the designated equipment, he/she can perform ICSI procedure rather 

easily. In other words, the usage of piezoelectric can replace an experienced 

clinical embryologist in performing ICSI.  

Such invention offers a great advantage to space application. As discussed in 

the previous section, ICSI is a complex procedure and experienced clinical 

embryologists are often needed. However, the introduction of piezo-ICSI can 

ultimately provide an alternative to space application when clinical embryologist 

is not available in space.   

5.3.3 Design Constraints on Teleoperation 

Implementation of teleoperation to perform IVF procedures in space is proposed 

in this project to eradicate the need of having human intervention in space. In 

addition, since ICSI is necessary following oocytes cryopreservation, 

teleoperation could offer the benefits of performing ICSI in space without the 

presence of an experienced clinical embryologist.  
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However, there are constraints associated with all teleoperation system in 

space – time delay and communication window. These two constraints will be 

discussed in the next section.   

5.3.3.1 Communication Time Delay Between Master and Slave 

Communication between the master and slave system is propagating at the 

speed of light. The speed of light introduces a significant time delay in 

transmission of information over the long distance is common in space 

communication. The round trip delay for teleoperated system in LEO is at least 

0.5s, due to the distance. Such time delay can be further extended caused by 

data buffering and relay processes on various communication devices.  

A major problem with time delay is that it affects the stability of the 

teleoperation. As all teleoperated are dependent on closed-loop control that 

provides feedback to the ground operator, instability in the control system might 

severely degrade the quality of the teleoperation. In addition, IVF procedures 

require microscale movements which will ultimately increase the level of 

difficulties in controlling the teleoperated mechanism. A slight deviation in 

microscale movement might render the IVF operation unsuccessful.     

5.3.3.2 Communication Window for IVF Teleoperation 

Another major constraint that will affects the IVF teleoperation is the limitation in 

communication window between the spacecraft and the ground station. 

Particularly in LEO, teleoperation is especially challenging because the orbital 

rate of spacecraft in this region is relatively high. A full orbit will typically takes 

90 to 110 minutes and hence, a ground station responsible at communicating 

the spacecraft in LEO can only have its telecommand and telemetry within a 

limited timeframe when the spacecraft is in view. Otherwise, there will be 

multiple periods of time throughout the day where the ground station has no 

contact with the spacecraft.  

Unless there are multiple ground stations designed to communicate with the 

spacecraft, otherwise teleoperation of the IVF procedures will only be limited to 

certain timeframe when the spacecraft is in view of the ground station. 
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Otherwise, once the spacecraft has passed the line of sight, the IVF operation 

will have to delayed and continue when the spacecraft in view of the ground 

station again.  

Apart from the limited period in performing IVF procedures, providing high 

quality visual data at all times to the ground operator to monitor the embryonic 

growth could be challenging as well. As there will be a period of time where 

telemetry data is not available, constant monitoring of the embryonic growth will 

not be possible. As such, immediate action to stop any abnormal embryos from 

further development will be difficult. 

5.4 Application of Lab-on-a-chip Technology in IVF  

The idea of applying lab-on-a-chip technology in IVF has already been 

discussed in section 3.4. The idea was proposed predominantly due to the fact 

that handling fluids in space that will ultimately subjected to microgravity is both 

risky and technically difficult. Although the revised requirement from the client to 

imposed artificial Earth gravity during IVF procedures has eliminated 

microgravity related complications, handling fluids on conventional petri dishes 

while on centrifuge is almost impossible. In theory, a close-loop system is most 

suitable in performing IVF procedures during the mission. As such, fluids are 

strictly confined into a closed system without the risk of spillage and exposed to 

the external environment. Therefore, lab-on-a-chip technology is seen to be the 

best option as far as IVF procedures in space are concerned.  

Details of lab-on-a-chip technology has already been discusses in section 3.4.  

5.5 Application of Automated Thawing Device to Thaw Gametes 

in Space 

At present, the method of thawing cryopreserved gametes in standard IVF 

laboratory is by submerging gametes in vials to water bath. This method has 

been adopted in IVF laboratory due to its simplicity and low cost of operation.  

However, to thaw gametes using water bath in space is not a favourable option. 

One of the key aspects of handling fluids in space is that the fluids must be 
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contained in their respective container to prevent spillage. Although astronauts 

have been using sealed Teflon bags to thaw the sperm samples on the ISS but 

considering the additional support facilities available on the ISS and 

involvement of trained crew members to handle the fluids, the risk and overall 

complexity are reduced. In the case of Mission Lotus, no human intervention is 

involved in fact. In fact, one of the client’s mission requirement is that the IVF 

procedures which includes thawing should take place automatically. As such, 

handling water bath is therefore challenging.  

Although there are no automated thawing devices have been implemented in 

standard IVF laboratory at the moment, there are commercial devices available 

for automated thawing of biological samples for research purposes [45]. Such 

devices are suitable for space application as they utilise dry thaw technology 

instead of water bath. One of the automated thawing devices developed by GE 

Healthcare Life Sciences is complied with GMP requirement.  

Examples of automated thawing devices manufactured by various companies 

are given in the following figures.  

 

 

 

 

 

 

 

 

 

 

 

Figure 32: Automated thawing devices - (L) Manufactured by GE Healthcare Life 

Sciences and (R) manufactured by BioCision. [Image courtesy of GE Healthcare 

Life Sciences and BioCision] 
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At present, these devices are only developed for research use only. Looking at 

the advantages these devices offer in terms of space application, it is believed 

that obtaining approval from the IVF regulatory bodies to use these devices for 

thawing the gametes will not be a major challenge.  

However, more research needs to be done to prove the viability of these 

devices. Since the ultimate goal of the client in this mission is to obtain viable 

embryos that will result in delivering of healthy individuals, approval from the 

IVF regulatory bodies is important before these devices can be implemented. 

Therefore, although these devices have been developed for research use, 

further studies have to be conducted prior to actual usage for thawing gametes 

in space.  

5.6 Modification of COTS IVF Hardware 

The COTS time-lapse incubator mentioned in section 2.6 will have to be 

modified prior to use in space. The primary reason why these incubators have 

to be modified is due to the fact that they are only designed to use with 

designated culture dishes. In other words, only specific culture dishes can be 

used in the incubator.  

In this case, either the proposed microfluidics chips are modified to fit in the 

chosen embryo incubator, or the embryo incubator is modified to suit the usage 

of the chosen microfluidics chips. In addition, the automated thawing devices 

mentioned in section 5.5 will have to be modified for the same reason.  

All in all, certain level of modifications is needed in most of the COTS hardware. 

It is important to note that these modifications must also be approved by 

existing IVF regulatory bodies prior to actual usage for IVF in space.  

5.7 Implementation of Centrifuge to Provide 1g Gravity in Space 

Realising the importance of obtaining approval from existing IVF regulatory 

bodies, the client had decided to implement artificial 1g gravity in space to 

ensure the conditions of gametes and embryos in space are of no difference 

from the condition found on any standard IVF laboratories on Earth.  
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Implementation of artificial gravity is somewhat not unconventional in space 

engineering. As early as 1985, an unmanned recoverable spacecraft known as 

Foton has been developed by the Russians [46]. A centrifuge capable of 

generating centripetal acceleration of up to 1g is integrated in the spacecraft. 

The Foton has provided many opportunities to fly biological specimens to space 

for research purposes.  

 

 

 

 

 

 

 

 

 

 

Apart from Foton, NASA Ames Research Centre and Purdue University have 

developed SporeSat – an autonomous spacecraft that incorporate a centrifuge 

to simulate artificial gravity [47]. SporeSat was launched to space in 2014 to 

study the effects of gravity on the reproductive spores of the fern.  

In summary, implementing a centrifuge to simulate 1g gravity in space can be 

provided on existing spacecraft. Otherwise, integrating a small centrifuge to a 

dedicated spacecraft can be achieved as well.  

 

 

 

Figure 33: Artist drawing of a Foton capsule. [Image courtesy of ESA] 



 

95 

 

 

 

 

 

 

 

 

 

 

 

5.8 Conclusion 

Considering the client’s mission requirement which predominantly derived 

based on the procedures done in a standard IVF laboratory and the complexity 

derived from space system engineering point of view, it is suggested in this 

project that some of the client’s mission requirements are relaxed and 

amended. However, any amendments to the client’s mission requirements will 

not affect the primary objectives of the mission at all. In fact, some amendments 

suggested such as cryopreservation of the gametes prior to transportation and 

usage of robots to perform ICSI will increase the viability of the mission. 

Although the suggested teleoperation of IVF will have complications due to time 

delay and limited communication window, with vigorous advancement in control 

engineering and development of satellite communication, it is believed that 

these drawbacks will be minimise to an acceptable level to conduct approved 

IVF procedures in the near future. 

Figure 34: The SporeSat spacecraft. [Image courtesy of NASA] 
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It is also important to note that the client intend to achieve this mission within 10 

years from the beginning of this project. Therefore, the proposed ideas in this 

project will be tested and validated within the said timeframe before actual 

execution of the mission.  

  

End of Chapter 5 
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6 INITIAL DESIGN CONCEPT ALLOWING EARTH-

BASED OPERATOR TO OPERATE ICSI BASED-

FACILITY IN SPACE  

6.1 Introduction 

The ideas proposed in chapter 5, particularly on the application of lab-on-a-chip 

and utilisation of teleoperated robot to perform ICSI in space to achieve IVF and 

early embryo development in space have not been adopted in any of the 

standard IVF laboratory. The concept is purely derived from the integration of 

client’s interest and space system engineering.  

An overview of the initial design concept for operating a robotic ICSI facility in 

space is described in this chapter. It is important to note that the design concept 

describe in this chapter will have to be validated prior to actual implementation. 

Similar to previous sections, the operation is split into five different segments, 

with detailed system description described in each segment. 

A block diagram showing all segments with stepwise operation is shown in 

Figure 35.   
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Figure 35: A block diagram showing the initial design concept of allowing ICSI teleoperation in 

space. 
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6.2 Ground Segment – Pre-launch 

This segment defined the groundwork needed to collect and transport gametes 

and the associated IVF hardware/chemicals from IVF laboratory to the 

designated LS. This segment also defines the groundwork needed to upload the 

gametes and the associated IVF hardware/chemicals to the LV prior to launch.  

6.2.1 Transportation of Gametes from IVF laboratory to Launch Site 

Gametes are prepared and cryopreserved in the IVF laboratory as per standard 

IVF procedures under ownership of the designated IVF laboratory. The 

cryopreserved gametes are stored in microfluidics chips that are suitable for 

handling cryopreserved temperature and are approved for IVF usage. The chips 

are placed in storage boxes containing 50 chips of oocytes and 50 chips of 

spermatozoa. The gametes are maintained at maximum temperature of -130˚C. 

The gametes are placed in cryogenic freezer suitable for transportation prior to 

collection from the ground handling team. Depending on the location and 

distance from the IVF laboratory to the LS, transportation either by air or ground 

can both be viable. To maintain the cryogenic temperature  of the gametes 

during the transportation journey, an isothermal cryogenic freezer mentioned in 

chapter 2.8.2 can be used. It does not require electrical power to maintain the 

adequate temperature. Hence, power supply throughout the transportation 

journey is not necessary. 

Ownership of the gametes will be transferred to ground handling team once the 

gametes are collected.  

The associated IVF hardware/chemicals can be transported to the LS at the 

same time or separately depending on the circumstances. They can be 

transported to the LS either via air or ground transport. No special technique is 

needed to handle the associated hardware as they are not heat sensitive 

devices. No electrical power is needed throughout the transportation journey.  
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6.2.2 Accommodation in the Launch Site 

Depending on the launch service requirements, payloads are usually 

transported to the PPF for further processing before they are transported to the 

LS. Either way, electrical power is needed in these facilities to conduct final 

testing of the micromanipulator and its associated hardware. Cryogenic facilities 

are not needed as the isothermal freezer used during gametes transportation is 

capable of maintaining an adequate cryogenic temperature for up to a few 

months without significant deviation of its temperature. Hence, the same freezer 

can be used during transportation and storage.  

In terms of payload’s integration to the UCC and final uploading to the LV, it is 

assumed that standard facilities are provided by the LV operator.  

Once the payload is integrated to the UCC and uploaded to the LV, it is ready 

for launch.  

6.3 Launch Segment 

This segment defines the accommodation needed in the LV to maintain 

gametes and the associated IVF hardware/chemicals at a viable state during 

flight. In addition, as the IVF procedures will not be executed until the spacecraft 

is stabilised in the orbit, this section will also describe the condition of the 

payload in orbit prior to execution of IVF procedures.   

6.3.1 Accommodation in the Launch Vehicle 

As the same isothermal cryogenic freezer can also be used during launch, no 

cryogenic facilities are needed in the LV to maintain the gametes temperature. 

In fact, no electrical power is needed during the launch process as the IVF 

operation will only be executed when the spacecraft is separated from the LV 

and inserted into orbit.  

Shock absorbing facilities will have to be provided in the LV to ensure the 

associated IVF hardware maintain at a viable state during launch.  
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6.3.2 Condition of Gametes and IVF Hardware/Chemicals in Orbit 

Once the payload is inserted into LEO, the designated ground station should 

receive telemetry from the spacecraft. Telemetry in this case is important for the 

ground operator to monitor the gametes conditions constantly. The ground 

operator should have access to monitor the temperature of cryopreserved 

gametes at all times.  

Power supply to the associated IVF hardware i.e. the piezo activated 

micromanipulator, robotic arms and the embryo incubators should be 

established once they are in orbit. The ground operator should receive 

telemetry for all the required data from the spacecraft.   

6.4 Space Segment – Execution of the IVF Procedures 

This segment defines the process needed to perform the IVF procedures on the 

spacecraft. Once the spacecraft is inserted to LEO and stable communication is 

established between the ground station and the spacecraft. 

Prior to execution of the IVF procedures, the centrifuge to provide artificial 1g 

gravity in space should be operative. The ground operator must be able to 

confirm that 1g gravity is present in space before the IVF procedures are 

performed. Then, the IVF procedures can then be executed by ground 

command. 

6.4.1 Thawing of the Gametes 

The first procedure to be executed is to thaw the gametes to +37˚C. A robotic 

arm will remove the cryopreserved gametes which confined in the microfluidics 

chip from the isothermal freezer and place them into the automated thawing 

device. Under no circumstances will the gametes be removed from the 

microfluidics chips. All fluids will always be confined in the chips.   

6.4.2 Execution of Robotic ICSI Procedure 

Once the gametes are thawed to +37˚C, insemination procedures can then be 

executed. A master arm will be controlled on the ground by an experience 

clinical embryologist, while the slave arm will perform the ICSI in space as 
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directed. Real time video will be available for the ground operator to have the 

exact view of the slave arm and its operation. The same procedure is repeated 

until all oocytes are inseminated.  

6.4.3 Incubation of Embryo 

A modified commercial time-lapse embryo incubator can be used to incubate 

the embryos. The microfluidics chips containing the inseminated oocytes are 

placed into the incubator by the robotic arm. The settings of the embryo 

incubator can be adjusted remotely from the ground. Adequate amount of 

gaseous needed for embryo incubation is provided in the form of solid chemical 

block instead of pressurised cylinder to avoid any risk of explosion.  

6.4.4 Observation of Embryonic Growth for 120 hours 

Once the microfluidics chips containing the inseminated oocytes are placed into 

the embryo incubator, there is no further operation to be done in space for the 

next 120 hours. Meanwhile, the ground operator will monitor the embryonic 

growth constantly for 120 hours post-insemination. The time-lapse incubator will 

capture images of the embryos at a fixed interval and create a time-lapse video 

automatically. The ground operator will have access to these videos in real 

time.  

6.4.5 Cryopreservation of the Embryos 

Upon 120 hours of incubation, the embryos are cryopreserved to stop them 

from further development. A robotic arm will be used to remove the microfluidics 

chips from the incubator and place them into the isothermal cryogenic freezer. 

The ground operator will be able to control and view the robotics arm’s 

operation to ensure adequate movement and making sure all embryos are 

cryopreserved.  

6.5 Re-entry Segment 

This segment defines the accommodation needed in the re-entry vehicle to 

maintain the embryos and the associated IVF hardware/chemicals at a viable 
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state. Once all embryos are successfully cryopreserved, the embryos and the 

associated IVF hardware can be retrieved back to Earth.  

6.5.1 Accommodation in the Re-entry Vehicle 

Similar to the LV, cryogenic facilities in the re-entry vehicle is not needed as the 

same isothermal freezer can be used for retrieval. No electrical power is needed 

throughout the retrieval journey. 

Shock absorbing facilities will have to be provided in the re-entry vehicle to 

ensure the associated IVF hardware maintain at a viable state during re-entry. 

6.6 Ground Segment – Post-landing 

This segment defines the procedures needed to retrieve the embryos and the 

associated IVF hardware/chemicals from the re-entry vehicle. Also, as the final 

leg of the journey, this section will describe the process needed to transfer the 

embryos and the associated hardware/chemicals back to the IVF laboratory.  

6.6.1 Retrieval of Embryos and IVF Hardware/Chemicals from the Re-

entry Vehicle 

In usual circumstances, the re-entry vehicle will land onto the sea. The payload 

will be retrieved by ground handling team. It is assumed that the re-entry vehicle 

will provide the necessary facilities to ensure the embryos and the associated 

hardware in the re-entry vehicle remain viable during re-entry and landing.   

6.6.2 Transportation of Embryos from the Landing Side to IVF 

Laboratory 

Once the embryos and the associated IVF hardware/chemicals are retrieved 

from the re-entry vehicle, they can be transported back to the IVF laboratory for 

further inspection. As the isothermal cryogenic freezer is capable of providing 

long term cryopreservation without electrical power, no power supply is needed 

during the transportation journey.  
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6.7 Conclusion 

This chapter has given an overview of the preliminary design concept for 

performing IVF using robotic ICSI facility and enabling early stage embryo 

development in space. Considering the risks and constraints involved, both 

teleoperation to perform robotic ICSI and usage of lab-on-a-chip device are 

integrated into the operation. Robotic ICSI is proposed in the mission to reduce 

the risk of losing oocytes’ capability to fertilise normally due to transportation 

and launch delay. On the other hand, lab-on-a-chip device is proposed to 

reduce the difficulties in handling fluids in space.  

The overall design concept in this chapter is derived based on preliminary 

review of the client’s mission objectives and integration of technologies suitable 

for space application. Detailed analysis and tests are needed to validate the 

concept prior to actual implementation. 

 

End of Chapter 6 
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7 ETHICAL, SOCIAL AND LEGAL ISSUES RELEVANT 

TO IVF & EARLY STAGE EMBRYO DEVELOPMENT IN 

SPACE 

7.1 Introduction 

Over many centuries, children have been born by natural means, i.e. sexual 

reproduction. The introduction of IVF technology as an alternate means of 

reproduction has raised arguments from multiple perspectives, predominantly 

from scientific and religious perspectives. These arguments have in turn created 

regulations to govern the practice of IVF. However, there is no global 

consensus on IVF practice till date. The autonomy to practice IVF varies from 

country to country. 

However, it must be noted that the existing issues associated to IVF practice 

will not be discussed in full detail. In a broad context, the IVF practices and 

technology proposed in this research i.e. performing IVF procedures in space 

are either based on the practice currently accepted in most standard IVF 

laboratory or based on the technology approved for IVF research purposes. 

Either way, it is assumed that all design considerations proposed in this 

research will not raise additional ethical, social or legal issues associated to 

IVF.  

A detailed discussion on how this research will achieve IVF regulatory approval 

without raising additional legal issues will be described here.   

7.2 Existing Ethical, Social and Legal Issues of IVF 

A general overview of the existing ethical, social and legal issues relevant to 

IVF will be discussed in the following section. 

7.2.1 Reproduction Without Sex Versus Sexual Reproduction 

With the introduction of IVF, infertile couples can now give birth to healthy 

offspring with the help of qualified physicians and scientifically proven 

technology. Refinements in laboratory technology has made IVF not limited only 

to infertile couples, it can also help fertile couples to conceive healthy offspring 
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through genetic diagnosis. In general, IVF allowed a better understanding of 

human reproductive system, bringing new hope for both infertile and fertile 

couples to have healthy children.  

However, controversy arose with the expansion of IVF technology that allows 

human reproduction outside the frame of traditional married couples, i.e. 

reproduction without sexual intercourse. In a pluralistic society, it is important to 

recognise the difference in religious approaches to IVF issues. As examples, 

the Roman Catholic Church does not approve any form of assisted 

reproduction, while the Protestant and Anglican Churches accept various 

means of IVF treatment to help infertile couples in conceiving heathy offspring 

[48].  

In that respect, the autonomy of having IVF as a means to conceive healthy 

offspring is very much dependant on local regulatory bodies and individual 

moralistic/religious view of such practice.  

7.2.2 Status/Right of the Embryos 

Another major argument in IVF practice is the status/rights of the embryos. To 

increase the chance of successful fertilisation and the likelihood of pregnancy, 

multiple embryos are usually created. Depending on the quality of the embryos 

based on their morphology, those that are not needed for implantation to the 

mother are either frozen or destroyed.  

Depending on the perception of ontological status of the embryo, arresting the 

development of the embryos or destroying them is considered wrong, if the 

embryo is viewed as a human being with the rights associated with a 

personhood. On the other hand, if the embryo is viewed as a protoplasm, then 

freezing or destroying them is not considered wrong.  

Nevertheless, there is also arguments that although embryo is not a person yet, 

it does have special status and therefore is to be treated with special respect. 

This argument supports the idea that embryo has the potential to grow into a 

person makes powerful prima facie demands that one should not interfere with 

that potential – unless it is overridden by more powerful ethical consideration.  
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In view of that, many countries adopt strict regulations on IVF practice. One 

example is that embryos that are not being transferred to the mother’s womb 

are strictly not allowed to develop beyond certain stage.  

In general, the arguments regarding the status/rights of embryos came from 

different perspective has direct influence on how IVF being practice in different 

country. However, it must be emphasised that freezing/destroying unwanted 

embryos by blastocyst stage is a widely accepted practice in most standard IVF 

laboratory. 

7.3 Project Framework to Obtain Approval from Existing IVF 

Regulatory Bodies 

As mentioned earlier, all proposed design in this research have taken the 

existing regulation relevant to IVF in consideration. It is therefore assumed that 

all proposed design in this research will not raise any additional legal issues 

associated to IVF. As part of the proposed design solution, efforts have been 

made to ensure the environment and condition of gametes fertilisation and early 

embryo development in space are similar to those standard IVF laboratories on 

Earth. Detailed description of those systems is mentioned in this section.  

7.3.1 Provision of Earth-based Gravity in Space 

Literature review regarding the effects of microgravity on mammalian gametes 

described in chapter 2.10.1 has revealed that simulated microgravity does has 

adverse effects on mammalian gametes. Although most results obtained were 

based on the experiments performed by simulated microgravity rather than the 

actual microgravity found in space, but for the purpose of obtaining IVF 

regulatory approval, the condition of microgravity should be completely 

eradicated. 

As described in chapter 4.3.3, an artificial gravity of 1g will be available at all 

times. Although the gametes will be transported to space and ultimately 

exposed to space environment, the gametes will be thawed and inseminated 

under 1g condition. The embryos will also be developing to blastocyst stage 

under 1g condition in space prior to cryopreservation.  
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In other words, the gametes will only be exposed to microgravity condition in its 

cryopreserved state. Insemination process and subsequent fertilisation of the 

gametes as well as embryonic development to blastocyst stage will occur in 1g 

condition, which is no difference from the condition occur in a standard IVF 

laboratory on Earth.  

7.3.2 Reduction of Space Radiation Exposure to Gametes and 

Embryos 

Exposure to space radiation is undeniably risky to both gametes and embryos. 

As discussed in chapter 2.10.2, the risk associated to space radiation is 

dependent on the duration of exposure hence the accumulated dosage and the 

level of energy of the radiation. Therefore, the duration of the mission and orbit 

selection are crucial in reducing the gametes and embryos exposure to the 

radiation in space. 

In terms of mission’s duration, it is proposed that the gametes and embryos will 

only be exposed to space environment for a maximum of 10 days. Once the 

cryopreserved gametes and the associated IVF hardware/chemical are 

launched to space, thawing and insemination procedures can be performed 

almost immediately. Upon the 5th day where embryos are expected to develop 

into blastocyst stage, the embryos are then cryopreserved and prepared for re-

entry to Earth. In an ideal situation, the cryopreserved embryos can be retrieved 

back to Earth on the 6th day. Depending on the retrieval process and 

unforeseen complications, a maximum of 10 days in space is limited for the 

mission. As such, the duration of exposure is considered relatively low.  

In terms of orbit selection, the mission will be confined to LEO in order to avoid 

additional radiation effects in higher orbits such as electrons in the outer 

radiation belt, GCR and SPE. The main source of radiation found in LEO will be 

the protons trapped in the South Atlantic Anomaly (SAA), with small fraction of 

additional radiation coming from GCR. To reduce the effects of radiation caused 

by the energetic protons trapped in the SAA, an equatorial orbit with 0˚ of 

inclination is preferred. Studies have found that the flux of trapped particles in 

the SAA in relatively lower at ~550 km altitude with 0˚ of inclination. Also, as 
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part of the efforts in reducing the effects of space radiation to gametes and 

embryos to its minimum, the spacecraft will be designed with radiation 

protection materials, similar to the materials used on the ISS.  

Assuming the worst case, the gametes and embryos are exposed to the 

maximum dosage of radiation recorded on the ISS (647 μSv/day), the exposure 

of radiation is still within the allowable limit given by the International 

Commission on Radiological Protection (ICRP) that a person should only be 

exposed to a maximum of 2739 μSv/day.  

Given the above scenario, the radiation exposure to the gametes and embryos 

are considered minimal and does not in any way possess a significant risk to 

the overall development of the embryos. As such, although the gametes and 

embryos are launched to space, the IVF procedures are still done at the similar 

environment/condition as a standard IVF laboratory.  

7.3.3 Maintaining Viable Environment to Gametes and Embryos 

During Transportation to/from IVF Laboratory 

In a standard IVF laboratory, the fresh gametes are usually obtained in situ. 

Under normal circumstances, the clinical embryologist will begin the 

insemination process as soon as the gametes are available. Although it is 

uncommon to transport the gametes from one place to the other, it has been 

done when necessary. Knowing that the viability of the gametes is sensitive to 

the environment which they are exposed to, particular attention has been given 

in this research to ensure the gametes and embryos are maintained in a viable 

state at all times.  

Once the cryopreserved gametes are prepared in the IVF laboratory, they are 

loaded into a cryogenic storage. The temperature of the cryogenic storage is 

maintained at a maximum of -130˚C throughout the transportation journey, i.e. 

from IVF laboratory to the launch site. It is assumed that further processing is 

needed before the gametes are uploaded to the launch vehicle. Therefore, a 

cryogenic freezer is available at the launch site to ensure the gametes are 

maintained at the viable state. The cryogenic storage is also available in the 
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launch vehicle and it is capable of maintaining a maximum of -130˚C throughout 

the launch phase. The similar cryogenic storage is also available for the 

gametes while the spacecraft is in orbit.  

Similarly, once the embryos are cryopreserved, they are loaded into the 

cryogenic storage to be maintained at a maximum temperature of -130˚C. Such 

temperature is maintained until the embryos are retrieved and arrived at the IVF 

laboratory on ground.  

As mentioned, although it is uncommon to transport the gametes and embryos 

from one place to the other, the viability of the gametes and embryos are not at 

all affected since the cryopreserved temperature are maintained at all times. 

The gametes and the embryos conditions are maintained at the exact same 

condition as a standard IVF laboratory although it is transported out of the 

laboratory and launched to space.  

7.3.4 Reliability of the IVF Technology Used 

As part of this research, two newly invented technologies have been proposed 

to perform IVF in space – Lab-on-a-chip and teleoperated robotic ICSI. In 

research context, both of these technologies are proven to be effective and 

reliable in performing IVF. In fact, robotic ICSI, as described in chapter 5.3.2 are 

proven to be more effective than conventional ICSI performed in most IVF 

laboratory.  

At present, both lab-on-a-chip and teleoperated robotic ICSI are yet to be 

approved for use in standard IVF laboratory. There is more on-going research 

to prove their reliability and effectiveness in replacing conventional IVF 

technology. Looking at the promising results of current research on both of 

these technologies, it is assumed that they will be approved by IVF regulatory 

bodies in the near future. It is important to note that as part of the fundamental 

requirements of this research, only those procedures and technologies 

approved for use by existing IVF regulation will be adopted.  
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7.3.5 Selection of Viable Embryos Based on PGD Prior to 

Implantation 

All the approaches discussed in the previous chapters are specially selected to 

ensure the IVF procedures and environment in space and are of no difference 

from the procedures and environment on Earth. Hence, viable embryos are 

expected to be implanted on their respective mother for normal pregnancy.  

Although the risk of embryos having genetic disorder caused by space 

environment is not anticipated, the embryos retrieved back to Earth will still 

have to undergo analysis to detect any potential genetic disorder prior to 

implantation. This technique is known as Preimplantation Genetic Diagnosis or 

PGD [49]. It involves analysis of one or two biopsied cells of an embryo to 

detect any potential genetic disorder. Such genetic analysis has been widely 

adopted in standard IVF laboratory to help couples with serious genetic disorder 

to have early detection of genetic disorder on their offspring. The affected 

embryos are usually destroyed prior to implantation to prevent termination of 

pregnancy at the later stage.  

All the embryos retrieved from space will have to undergo PGD in an effort to 

avoid the transfer of potentially affected embryos from any genetic disorder to 

prevent termination of pregnancy after implantation.  

7.4 Conclusion 

At present, it is understood that there are existing ethical, social and legal 

issues being debated. While IVF is prohibited in some society, many population 

has adopted IVF as an alternative to address infertility issues in a regulated 

manner. This project is therefore focus on adopting the existing IVF regulations 

based on ESHRE to conduct IVF in space. While some technologies proposed 

in this project are yet to be approved by the existing IVF regulatory bodies, the 

conditions of the gametes and embryos are handled and protected in such a 

way that they are not exposed to any conditions which deviate from the 

condition found in standard IVF laboratory. Hence, it is assumed that the 
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technologies adopted to perform IVF and producing viable embryos in space 

will be approved by existing IVF regulatory bodies in the near future.  

 

End of Chapter 7 
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8 FINAL DISCUSSION, CONCLUSIONS AND FUTURE 

WORK 

The advancement of space technology has allowed humans to extend their 

knowledge and civilisation beyond the Earth surface. From putting spacecraft in 

orbit for scientific research to creating a permanent human settlement in planets 

beyond Earth, humans have continuously looking at ways to improve the quality 

of life on Earth and at the same time, extend their footprints towards space. 

While many efforts have been placed in inventing technologies that would allow 

humans to travel to space, less attentions were given to address the issue of 

human reproduction in space. Human reproduction in space is arguably one of 

the most important aspect to look into if humans are to be a multiplanetary 

species. However, it is also understood that this topic is less attentive due to its 

sensitivity, risks, high cost of research and most importantly, the major legal, 

social and ethical issues it involved.  In the past, various organisations have 

conducted research in this area using both non-mammalian and non-human 

mammalian gametes which in general, conceived less sensitivity in both social 

and legal aspects. Having said that, as part of the learning process of human 

reproduction in space, human gametes have to be used at some point during 

research to gain further understanding in this area.  

8.1 Importance of IVF Regulatory Approval  

Realising the importance of conducting research to address human 

reproduction issues in space while not raising any legal, social and ethical 

concern, SpaceBorn United has mooted the idea of Mission Lotus. To 

summarise, the primary objective of Mission Lotus is to utilise existing IVF 

hardware and standard practices to achieve human gametes fertilisation and 

producing early stage embryos in space. It is also understood that SpaceBorn 

United is not only aiming at achieving its primary objective, but also to prove 

that viable embryos produced in space can be implanted and result in normal 

pregnancy and subsequently delivery of healthy offspring. As such, in 

collaboration with Cranfield University, this project is conducted with every step 

carefully considered to ensure approval from existing IVF regulatory bodies are 
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possible. Although there are instances where non-standard IVF practices such 

as using robots to perform ICSI and usage of lab-on-a-chip devices are 

proposed to suit space application, many on-going researches are in place to 

prove that usage of these technology has similar or even better outcome 

compare to the existing technology. Therefore, it is anticipated that both robotic 

ICSI and application of lab-on-a-chip devices in IVF practices are able to obtain 

regulatory approval within the required timeframe.  

To aid regulatory approval, the client has amended the mission’s requirements 

from using cryopreserved gametes to using fresh gametes in the mission to 

simplify the insemination procedure. As stated in the literature review, 

hardening of the oocytes’ zona pellucida is an unpreventable result of 

cryopreservation and ICSI is the only method to achieve successful fertilisation. 

However, ICSI itself is known to be a very difficult procedure and very often only 

experienced clinical embryologist will perform the procedure successfully. 

Hence, from the client’s perspective, ICSI is not desirable as human resources 

will not be available in space, let alone an experienced clinal embryologist. 

However, it is also noted that the fresh gametes, particularly the oocytes have 

limited timeframe of 6 to 8 hours before losing their capability to fertilise 

normally. In other words, there is only 6 to 8 hours window to collect the 

gametes from IVF laboratory, transport them to the launch site, uploading them 

to the launch vehicle and ultimately launching them to space.  

From space system engineering point of view, 6 to 8 hours of window for 

transportation, processing, uploading and launching is somewhat 

unconventional. Although a non-standard timeframe to assess to the launch site 

can usually be provided by the launch service provider, but the risks involved 

are too immense. Therefore, cryopreserving the gametes is suggested to the 

client in this project to ensure there is enough time for adequate transportation, 

further processing at the appropriate facilities and also to account for any 

unforeseen circumstances that might delay the transportation or even the 

launch process. In theory, there is no practical limit on how long the gametes 

can be cryopreserved. Therefore, once the gametes are cryopreserved, there is 
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no time constraint to place the gametes in orbit. As such, this gives enough time 

and flexibility for the ground handling personnel to handle the gametes based 

on standard procedures.  

A major concern raised from cryopreserving the oocytes is that ICSI will then 

has to be performed since conventional insemination will not be possible. This 

result in the induction of robotic ICSI to replace the need of clinal embryologist 

in space. On-going research has proven that using piezoelectric to operate the 

micromanipulator can in fact be an alternative to replace the need of 

experienced clinal embryologist. The use of piezoelectric in micromanipulation 

has literally allowed the operator to control the hardware at a distance. Although 

such technology has not been approved for use in standard IVF laboratory, it 

has allowed teleoperation of ICSI possible. Teleoperation,  in general, has been 

utilised many applications. In space engineering, many probes, rovers, orbiters 

and landers are integrated with teleoperated robotic arms and more importantly 

have proven to be very successful. Therefore, it is reasonable to anticipate that 

piezoelectric micromanipulator integrated with teleoperated robotic arms  

approved to perform ICSI is achievable in the near future. 

Artificial gravity is also implemented in this project to ensure conditions of the 

gametes are not deviated from the conditions found in standard IVF laboratory. 

This is particularly important as any deviation from standard conditions could 

possibly prevent the mission from getting approval from the IVF regulatory 

bodies. As such, artificial gravity is in place to ensure the gametes and embryos 

are not exposed to any gravitational condition apart from the normal Earth-like 

gravity.  

Another major concern which could possibly raised from ethical and legal 

aspects is the risk of embryos retrieved from space having genetic disorder. 

Such disorder is not anticipated because the gametes will be cryopreserved and 

maintained at the adequate temperature throughout the transportation journey 

from ground to space. In addition, the proposed thawing and insemination 

procedures to be performed in space will be approved by IVF regulatory bodies 

ensuring the gametes and embryos viability prior to actual execution. On top of 
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that, the embryos will also be cryopreserved and maintained at the adequate 

temperature at all times. All in all, the entire handling process of the gametes 

and embryos from ground to space including IVF is done in an approved 

manner ensuring no deviation of quality and standards required by the 

regulatory bodies. Moreover, prior to implantation, the embryos will be analysed 

in a manner similar to the standard IVF laboratory to detect any abnormalities of 

the embryos. In short, all the embryos retrieved from space will undergo 

analysis to avoid transferring embryos having genetic disorder to the mothers.  

8.2 Usage of COTS Hardware with Minor Modifications 

It is important to note that due to limited development budget and time, COTS 

hardware will be utilise as far as practicable to avoid additional cost and time for 

new hardware development. As IVF itself has been a relatively matured 

industry, many COTS hardware are easily available at a reasonable cost. Time-

lapse incubators and isothermal cryogenic freezers are among the COTS 

hardware easily available. The fact that IVF is becoming a more common 

practice to help couples with fertilisation issues, many on-going researches are 

also in place to improve the current IVF technology. A solid prove to this is the 

introduction of robotic ICSI and lab-on-a-chip devices that are expected to be 

approved and become a standard practice in IVF laboratory in the near future. 

Having said that, to apply these hardware in space without modifications are 

impossible. These hardware are developed based on the usage on Earth and 

are not meant to be used in space directly. Hence, modifications are needed to 

ensure these hardware are suitable to be transported to space and integrated 

with the necessary architecture to suit space environment and to allow Earth-

based operator to control and monitor them remotely. However, only minor 

modifications are needed to be done on these hardware prior to space 

applications.  

8.3 Conclusions  

To conclude, this project is done based on space system engineering approach 

to study the feasibility of Mission Lotus. The mission’s requirements given by 
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the client is broken down into different segments i.e. from ground to space and 

back to ground to have a clear overview of the entire mission. Further 

requirements based on space system engineering are then derived from the 

client’s requirements. As a result, it was realised that there are multiple risks 

involved based on the client’s requirements that could result in major failure of 

the mission. To minimise the risks and yet achieving the main objectives of the 

client’s mission, some alternatives such as robotic ICSI and lab-on-a-chip are 

suggested to the client. In other words, client’s mission requirements are 

relaxed in order to reduce risks to the mission, but the overall objective of the 

mission is still achievable.  

Every idea suggested in this project are aiming to obtain IVF regulatory 

approval. Therefore, even there are suggestions that have not been approved 

by the existing IVF regulatory bodies, there are preliminary evidences showing 

positive indication to the regulatory bodies that the result of using those 

technologies are not deviated from the standard IVF laboratory. Hence, it is 

assumed that obtaining regulatory approval is achievable in the near future.  

In conclusion, considering the current technology and the way both IVF and 

space sector evolving, Mission Lotus appears to be feasible within the next 10 

years.  

8.4 Future Work  

Upon completion of this preliminary feasibility study, the next phase of work 

would be updating the client with the ideas proposed in this report and obtain 

feedback from the client. It is important to obtain feedback and input from the 

client if there are any amendments and further updates of mission’s plan.    

Further to that, it is suggested that communication with IVF regulatory bodies 

i.e. ESHRE should be established as soon as possible to put forward the 

mission’s idea and obtain feedback from them. As obtaining regulatory approval 

is one of the ultimate objective of the mission, consensus from IVF regulatory 

bodies are deemed essential.  
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A visit to relevant IVF laboratory to have a clearer view of how standard IVF 

procedures are performed would be helpful to further refine additional skillsets 

or procedures which might have been overlooked. Particular attention should be 

given to ICSI procedure as this is the key procedures to achieve successful 

fertilisation in space. In additional, a visit to the IVF laboratory that utilises the 

proposed time-lapse incubator would be helpful as well.  

As mentioned in section 8.2, considering the limited development budget and 

time of the mission, COTS hardware are used as far as practicable. Since these 

hardware are developed primarily for Earth-based application, detailed analysis 

and modification on the hardware is necessary to ensure that they remain viable 

in space. This includes (i) materials used on the hardware suitable to withstand 

vibrations and shocks encounter during launch and re-entry, (ii) adequate 

shielding on the hardware’s electronics from space radiation and (iii) adequate 

communication architectures on the hardware for space-ground communication.  

Also, this project has proposed a top-level concept of using robots to perform 

the IVF procedures in space which has not been done or proven to be viable. 

Therefore, a practical integration of all these hardware in a single platform and 

subsequent test has to be carried out in order to further analyse the overall 

operation. It is understood that due to legal and ethical concern, using human 

gametes for testing purposes are not advisable. Therefore, it is suggested that 

the test mission can be carried out using non-human mammalian gametes.  

Further space mission analysis such as orbital dynamics, automated spacecraft 

with centrifuge and communication architecture have to be done to ensure a 

fully functional payload can be designed for space application.  

 

End of Chapter 8 
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