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This won’t fold into a rocket.

Image Credit: NASA
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10+ years. 30+ Launches. 

Image Credit: NASAImage Credit: NASA
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“ Most ‘space’ structures have, in fact, been ‘launch’ structures, inasmuch as their 
primary design requirements have stemmed from the launch environment.” 

–Jonathan Hedgepeth, 1981, “Critical Requirements for the Design of Large Space Structures”

Why not build everything like JWST or ISS?

Image Credit: NASA



GCD FY18 Mid Year Review

Investing in ‘re-usable’ material systems pays off

• Comparison of processing energy for various engineering materials (none include launch 
energy) shows that even recycling aluminum is the same order of magnitude as launch to 
LEO

• Reconfiguration (via mechanical assembly) is orders of magnitude lower energy

Gregg, C., et al. “Assembled, Modular Hardware Architectures - What Price Reconfigurability?” IEEE Aeroconference, Big Sky, Montana, 2019.  
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Presenter Notes
Presentation Notes
The energy required to manufacture hardware with conventional material processing methods is equal to or greater than the specific energy cost of launching material to low-Earth orbit. This extends the versatility of conventional additive manufacturing strategies to ultra-light systems using best practice high performance constituent materials, and with scalability to large assemblies at state-of-the-art manufacturing precision.
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Image Credit: NASA

We are still chasing (but getting much closer!) scalable, reliable, component level 
robotic assembly that will unlock new science, new exploration, more efficient 
space operations (see NASA demonstration missions OSAM-1, OSAM-2, etc.)

Presenter Notes
Presentation Notes
So this is why NASA has been actually chasing this dream of robotic assembly for quite some time. This is a concept image from a NASA study doing in 1982. It’s 40 years later and we are still working towards this dream, because, as it turns out, robotic assembly, especially in space, is really hard. 



How do you build something this big and complex in space? 
… a larger telescope? 

… a deep space habitat? 

Image Credit: NASA 8

Presenter Notes
Presentation Notes
What motivated me, like many people at NASA, was science fiction
I want a space station! 
I like the challenge of engineering for extreme environments
What would it take to make that a reality? 
Show space stations..
Explain how we can’t really use typical engineering to accomplish this…it’s orders of magnitude bigger than what we do right now!
To get to the stars, we need to go back to the earth to get some inspiration.
Do you know what actually builds structures with this level of complexity every day? 
Nature
Lots of subcomponents, assembled in parallel, discrete set of parts, hierarchical design, error correction
I’m going to show you today how at NASA we are using these bio-inspired concepts to change the way we think about engineering.  


what sort of characteristics should this system have?




How do you build something this big and complex in space? 
… a larger telescope? 

… a deep space habitat? 

Scalable assembly of #parts orders of magnitude larger than current capability
Scalable manufacturing of parts
Mobile assembly/manufacturing agents
Repairable or redundant *in space* (spare part problem)
High performance structures with minimal mass (ISRU integration required?)
High precision 
…

Image Credit: NASA 9

Presenter Notes
Presentation Notes
What motivated me, like many people at NASA, was science fiction
I want a space station! 
I like the challenge of engineering for extreme environments
What would it take to make that a reality? 
Show space stations..
Explain how we can’t really use typical engineering to accomplish this…it’s orders of magnitude bigger than what we do right now!
To get to the stars, we need to go back to the earth to get some inspiration.
Do you know what actually builds structures with this level of complexity every day? 
Nature
Lots of subcomponents, assembled in parallel, discrete set of parts, hierarchical design, error correction
I’m going to show you today how at NASA we are using these bio-inspired concepts to change the way we think about engineering.  


what sort of characteristics should this system have?




Biology and digital electronics both achieve extreme scale and functional complexity by combining building-blocks 
into hierarchical structures. 

Digital Computation and Communication

0/1

Biological Hierarchical Construction
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Thomas Ryckmans, 2021 Creative Commons License Image in Public Domain

Digital Systems:
resilient to noise
scalable and general
repeatable and exact (computing when 
compared to analog computers)
small set of parts optimized
error correction

Presenter Notes
Presentation Notes
physical compilers

Digital Systems:
resilient to noise
scalable and general
repeatable and exact (computing when compared to analog computers)
small set of parts optimized
error correction

Is it possible to build physical systems like this?



Full Size LEGO® House, James May, 2011
~3.3e6 bricks

LEGO® City Limited Edition Set # 7747, 2009
444 bricks

image ©2009 The LEGO Group

LEGO® Plane Set # 773x
~200 bricks

~100 different planes
~1e100 different things

building blocks

11

Of course, digital/ discrete structural systems are available…

Presenter Notes
Presentation Notes
For many of our current manufacturing applications, however, we may be able to take advantage of the ability to work at a larger scale, and with many fewer building block types – or diversity of parameters and objective functions. Modular systems have been studied for ages, but for physical systems are often considered to be a mechanical compromise relative to conventional manufacturing methods. 

There’s a couple of things that I want to point out, on this slide. The first is that while it’s sad that James May’s Lego house got torn down, it’s not sad that most of the parts got distributed amongst many children and therefore maintained most of their utility. It’s harder to do that with your typical demolition job. 
Can I have a show of hands for how many of you played with sets of toys like this?
Now, can I have a show of hands for how many of you, given a set like the one in the middle, would only use the provided bricks to make the things shown on the cover of the box?

In a way, this Wind Turbine set is very realistic because it comes with the truck that is almost as big as the turbine. Today’s terrestrial wind turbines are indeed size constrained by that truck – which is in turn constrained by the geometry of the roadway system. But, the funny thing is that the lego version doesn’t actually need the enormous truck, and you can bet that there some kids have made some curiously big wind turbines, together with mysteriously small trucks – just like how parts are meant to be exchanged amongst the ~100 explicit designs in the reconfigurable plane sets.

One thing that makes toys like this work so well, is that the parts fit together into a regular lattice structure. When it comes to studying the mechanics of lattice structures…
<<NEXT SLIDE>>



Automated Reconfigurable Mission Adaptive 
Digital Assembly Systems (ARMADAS) Project
• Assembly system based on a programmable matter approach

• Discrete lattice building blocks with high performance mechanical 
connections

• Relative robots that locomote on the structure and leverage the highly 
structured periodic environment for error correction, indexing, and 
metrology
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Presenter Notes
Presentation Notes
I’ve included pictures of similar systems that were developed by collaborators that showed a lot of the robotic principles of 



Automated Reconfigurable Mission Adaptive 
Digital Assembly Systems (ARMADAS) Project
• Prior Art Lattice/Relative Robot Systems:

• Prior art demonstrated robust bipedal locomotion with minimal sensing, 
material transport/placement, assembly algorithms, decoupled robotic and 
structural precision (global precision from parts)

• Expected ARMADAS Contribution: large-scale assemblies with autonomous 
transport, placement, and high-performance mechanical connections 
between building blocks to form high strength/stiffness structures

B. Jenett, A. Abdel-Rahman, 
K. Cheung and N. 
Gershenfeld, "Material–
Robot System for Assembly 
of Discrete Cellular 
Structures," in IEEE 
Robotics and Automation 
Letters, vol. 4, no. 4, pp. 
4019-4026, Oct. 2019, doi: 
10.1109/LRA.2019.2930486.

Jenett, Ben, and Kenneth Cheung. "Bill-e: Robotic platform for locomotion and manipulation of 
lightweight space structures." 25th AIAA/AHS Adaptive Structures Conference. 2017. 13

Presenter Notes
Presentation Notes
I’ve included pictures of similar systems that were developed by collaborators that showed a lot of the robotic principles of 



Full Size LEGO® House, James May, 2011
~3.3e6 bricks

LEGO® City Limited Edition Set # 7747, 2009
444 bricks

image ©2009 The LEGO Group

LEGO® Plane Set # 773x
~200 bricks

~100 different planes
~1e100 different things

building blocks
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What should building blocks look like for demanding NASA structural applications?

Presenter Notes
Presentation Notes
For many of our current manufacturing applications, however, we may be able to take advantage of the ability to work at a larger scale, and with many fewer building block types – or diversity of parameters and objective functions. Modular systems have been studied for ages, but for physical systems are often considered to be a mechanical compromise relative to conventional manufacturing methods. 

There’s a couple of things that I want to point out, on this slide. The first is that while it’s sad that James May’s Lego house got torn down, it’s not sad that most of the parts got distributed amongst many children and therefore maintained most of their utility. It’s harder to do that with your typical demolition job. 
Can I have a show of hands for how many of you played with sets of toys like this?
Now, can I have a show of hands for how many of you, given a set like the one in the middle, would only use the provided bricks to make the things shown on the cover of the box?

In a way, this Wind Turbine set is very realistic because it comes with the truck that is almost as big as the turbine. Today’s terrestrial wind turbines are indeed size constrained by that truck – which is in turn constrained by the geometry of the roadway system. But, the funny thing is that the lego version doesn’t actually need the enormous truck, and you can bet that there some kids have made some curiously big wind turbines, together with mysteriously small trucks – just like how parts are meant to be exchanged amongst the ~100 explicit designs in the reconfigurable plane sets.

One thing that makes toys like this work so well, is that the parts fit together into a regular lattice structure. When it comes to studying the mechanics of lattice structures…
<<NEXT SLIDE>>



What should building blocks for robotic assembly look like 
for demanding NASA structural applications?

Structurally Efficiency 
Requirements

Easy Robotic Assembly 
Requirements
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$4600/ kg 
to Low Earth Orbit (SpaceX Falcon 9)

300kg fuel: 1 kg spacecraft
from Earth to Mars

Image Credit: NASA 16

Presenter Notes
Presentation Notes
I’m going to start off talking about how nature is inspiring material science for space. Space places a premium on lightweight materials because mass is expensive, not just in cost, but also in terms of mission capability. It takes 300kg of fuel to take 1 kg of spacecraft to mars. 



Image Credit: NASA

Applications demand 
high performance 
structures and 
materials 
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Presenter Notes
Presentation Notes
Even forgetting launch, a lot of structural applications have very high structural performance requirements. For instance, the stability of structures is often very important and the dynamics of these types of structures scale non-linearly with specific stiffness. 



Historical Materials Development

• N.A. Fleck, V. Deshpande, M. A. Ashby. “Micro-architected 
materials: past, present, and future.” Proceedings of the Royal 
Society A: mathematical, Physical, and Engineering Sciences, 
2010. 

Motivation 18



Natural Material Structures

Cellular Materials

http://pubs.acs.org/cen/news/
3/i28/print/8328notw4.html

© Renn Tumlison, Henderson State University
www.bioedonline.org
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Image in public Domain

Presenter Notes
Presentation Notes
Cellular structure, composites, hierarchical structure. 



Natural Material Structures

Hierarchical

Caeiro, JR, et al. “Biomechanics and bone ( & II ) : Trials in different hierarchical levels of bone and 
alternative tools for the determination of bone strength.” (2013).

Composite

20

Presenter Notes
Presentation Notes
Cellular structure, composites, hierarchical structure. 



Historical Materials Development

• N.A. Fleck, V. Deshpande, M. A. Ashby. “Micro-architected 
materials: past, present, and future.” Proceedings of the Royal 
Society A: mathematical, Physical, and Engineering Sciences, 
2010. 

Motivation 21
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Architected Materials

HRL Laboratories
www.hrl.com

Microstructural control  Improved Performance

Meza, L., Das, S., and Greer, J. “Strong, lightweight, 
and recoverable three-dimensional ceramic 
nanolattices.” Science (2014). 
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Mechanics of Cellular Solids: Key Characteristics

Geometry

Material

Relative Density

Strut Thickness

Pitch

Image Credit: C. Gregg 23



Ashby + Gibson: How to Predict Foam Material Behavior

𝐸𝐸
𝐸𝐸𝑠𝑠

∝
𝜌𝜌
𝜌𝜌𝑠𝑠

2

Relative Density (Volume Fraction)

Modulus of Foam

Modulus of Foam 
Constituent Material 
(solid)

Scaling Factor

http://www.metalfoam.net

Relative density scaling has been shown to accurately predict many relative material properties 
(strength, fracture toughness, etc.) for cellular materials
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Presenter Notes
Presentation Notes
INSERT PICTURE REFERENCE

INSERT PAPER REFERENCE



Image Credit: D. Cellucci (NASA ARC)
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Presenter Notes
Presentation Notes
Can we do better? 

*Put in a slope value on line



𝐸𝐸
𝐸𝐸𝑠𝑠

∝
𝜌𝜌
𝜌𝜌𝑠𝑠

2

Image Credit: D. Cellucci (NASA ARC)

p*/p = 1.0

Jenett Benjamin, Calisch Sam, Cellucci Daniel, Cramer Nick, Gershenfeld Neil, Swei Sean, and Cheung Kenneth C.. Soft Robotics. March 
2017, 4(1): 33-48. https://doi.org/10.1089/soro.2016.0032
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Presenter Notes
Presentation Notes
Can we do better? 

*Put in a slope value on line

https://doi.org/10.1089/soro.2016.0032


Image Credit: D. Cellucci (NASA ARC)
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Change 
Material

p*/p = 1.0

Jenett Benjamin, Calisch Sam, Cellucci Daniel, Cramer Nick, Gershenfeld Neil, Swei Sean, and Cheung Kenneth C.. Soft Robotics. 
March 2017, 4(1): 33-48. https://doi.org/10.1089/soro.2016.0032
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Presenter Notes
Presentation Notes
Can we do better? 

*Put in a slope value on line

https://doi.org/10.1089/soro.2016.0032


Image Credit: D. Cellucci (NASA ARC)

Change 
Material

Change 
Geometry
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Jenett Benjamin, Calisch Sam, Cellucci Daniel, Cramer Nick, Gershenfeld Neil, Swei Sean, and Cheung Kenneth C.. Soft Robotics. 
March 2017, 4(1): 33-48. https://doi.org/10.1089/soro.2016.0032
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Presenter Notes
Presentation Notes
Can we do better? 

*Put in a slope value on line

https://doi.org/10.1089/soro.2016.0032


?

Meza, L., Das, S., and Greer, J. “Strong, lightweight, 
and recoverable three-dimensional ceramic 
nanolattices.” Science (2014). 

Image Credit: NASA
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Presenter Notes
Presentation Notes
There are some elements missing to be able to actually turn these awesome materials into big space things, or big aeroplanes. You  have to be able to actually make it. 


Now so far, I’ve just given you an overview of how nature uses cellular materials to get really awesome material performance, and how with engineering we can take these lessons from nature. 

You can read entire books on cellular materials in nature in medicine, (lorna, gibson). So what are we doing that is so groundbreaking
At beginning, “ I’m going to first describe how nature informs what we want to build. Then, I’m going to talk about how our lab focuses on learning from HOW nature builds to revolutionize programmable matter, in-space assembly, and adaptable aerostructures…..” 


How we make these, and reasons we make them this way, is part of a larger story with man different parts that I’m going to try to weave together for you. 




I’m going to tie this all together for you, I promise. 

(put ‘tune back in’ points)

We have these bioinspired structures, but making them is actually quite difficult. Does nature have clues on this as well?
I think yes. Let’s take a look at some biological manufacturing paradigms, and then I’ll describe how we are applying these to …




Discrete Lattice Materials
• Unlimited build envelope
• Reconfigurable (good for space!)
• Economy of Scale
• Tunable properties by mixing/matching parts
• Suited for large-scale, automated assembly
• Simplified modeling

30
Images in Public Domain

Trinh, G. et al. “Robotically Assembled Aerospace Structures: 
Digital Material Assembly using a Gantry-Type Assembler.” IEEE 
Aeroconference, Big Sky, Montana. 2017. 

Presenter Notes
Presentation Notes
Did anyone play with these as a kid? Great, you all are already experts of digital assembly!
The idea of digital assembly is that you are using discrete parts to make a whole


We can now make individual parts from carbon fiber, which allows you to get into that area of the ashby chart….







“Ultra-light and Scalable Composite Lattice Materials”

C.E. Gregg, J. H. Kim, K. C. Cheung. “Ultra-light scalable 
composite lattice materials.” Advanced Engineering 
Materials. 2018.
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Unit Cell Manufacturing: Injection Molding 

17 seconds/ part • highly repeatable • multi-material 

C.E. Gregg, J. H. Kim, K. C. Cheung. “Ultra-light scalable composite lattice materials.” Advanced Engineering Materials. 2018.
32



Resulting Unit Cell or “Voxel”

• Hirth joint ensures alignment 
during assembly

• Through-hole for pre-loaded 
bolted connection

• High sheer in thin features 
during molding produces fiber 
alignment 

C.E. Gregg, J. H. Kim, K. C. Cheung. “Ultra-light scalable composite lattice materials.” Advanced Engineering Materials. 2018. 33

Presenter Notes
Presentation Notes
5.8 mg/cm3

Ultem 2200: 2.6 MPa modulus , 10 or 6 Kpa strength, or 17 ultimate strength in tension

RTP : 8.4 MPa modulus, 19 KPa strength



Comparison to SOA

C.E. Gregg, J. H. Kim, K. C. Cheung. “Ultra-light scalable composite lattice materials.” Advanced Engineering Materials. 2018.34



Small set of building block types  Large range of functionality

Image Credit: C. Gregg 35



Goal: Create a wing structure that actively morphs and passively deforms under 
aeroelastic load for more efficient flight

36Jenett Benjamin, Calisch Sam, Cellucci Daniel, Cramer Nick, Gershenfeld Neil, Swei Sean, and Cheung Kenneth C.. Soft 
Robotics. March 2017, 4(1): 33-48. https://doi.org/10.1089/soro.2016.0032

https://doi.org/10.1089/soro.2016.0032


twist morphing wing

Jenett Benjamin, Calisch Sam, Cellucci Daniel, Cramer Nick, Gershenfeld Neil, Swei Sean, and Cheung Kenneth C.. Soft 
Robotics. March 2017, 4(1): 33-48. https://doi.org/10.1089/soro.2016.0032 37

https://doi.org/10.1089/soro.2016.0032


stretch-bend coupling

Jenett Benjamin, Calisch Sam, Cellucci Daniel, Cramer Nick, Gershenfeld Neil, Swei Sean, and Cheung Kenneth C.. Soft Robotics. 
March 2017, 4(1): 33-48. https://doi.org/10.1089/soro.2016.0032 38

https://doi.org/10.1089/soro.2016.0032





twist morphing wing

Jenett Benjamin, Calisch Sam, Cellucci Daniel, Cramer Nick, Gershenfeld Neil, Swei Sean, and Cheung Kenneth C.. Soft Robotics. 
March 2017, 4(1): 33-48. https://doi.org/10.1089/soro.2016.0032 39

https://doi.org/10.1089/soro.2016.0032





MADCAT (Mission Adaptive Digital Composite Aerostructures 
Technologies) Morphing Wing

Cramer, Nick, et al. "Elastic Shape Morphing of 
Ultralight Structures by Programmable 
Assembly " Smart Materials and Structures (2019)

40



Programmable Soft Materials

Cramer, Nick, et al. "Elastic Shape Morphing of Ultralight Structures by Programmable Assembly." Smart Materials and Structures (2019). 41

Presenter Notes
Presentation Notes
The base matrix of MADCAT v1 was the 20% glass filled PEI and we programmed its shaping in by selectively inserting the unfilled voxels.
Effectively the reverse of carbon fiber reinforces polymer. Where we are instead are inserting softer materials into a matrix of stiffer ones.
The figure in the bottom left shows the difference between the homogeneous and heterogenous designs where the homogenous has the largest deflection at the tip the heterogenous had the highest deflection closer to the midspan. The shape change resulted in small efficency gains.
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Cramer, Nick, et al. "Elastic Shape Morphing of Ultralight Structures by 
Programmable Assembly." Smart Materials and Structures (2019).

Tunability through component placement

42



Prior Art: Discrete Mechanical Metamaterials

Reconfigurable Scalable + Tunable Ultra-light + Repairable

Cramer et. al. “Elastic shape morphing of ultralight structures by 
programmable assembly.” Smart Materials and Structures, 2019

Gregg et al. “Ultra-light and Scalable Composite Lattice 
Materials.” Advanced Engineering Materials, 2018. 

Jenett et al. “Digital Morphing Wing: Active Wing Shaping 
Concept Using Composite Lattice-Based Cellular Structures.” 
Soft Robotics, 2016. 

Jenett et al. “Meso-scale digital materials: Modular, 
Reconfigurable Lattice Structures.” ASME 2016 MSEC, 
Blacksburg, VA, 2016. 

Discrete Mechanical Metamaterials

43

Presenter Notes
Presentation Notes
But assembly has some other nice advantages. We were able to show that these structures are reconfigurable—you can see in these pictures our bridge, shelter, and boat that we packed into two backpacks up in Yosemite. As I talked about before, they are scalable and tunable. You can easy assemble thousands of thse voxels, and by mixing and matching, we showed you can precisely tune the mechanical behavior (in this example we used different voxels to tune the aeroelastic response of the wing structure). They are also ultralight and repairable. So you can load these structures until failure, replace the broken part, reload the structure and get back your performance. 



Jenett, B., et al. “Building Block-Based Assembly of Scalable Metallic 
Lattices.” ASME 2018 MSEC, 2018. 

Many Materials. Many Sizes. Many Geometries. 

Prior Art: Discrete Mechanical Metamaterials

Jenett, B., et al. “Meso-scale Digital Materials: Modular, Reconfigurable 
Lattice-Based Structures.” ASME 2018 MSEC, 2018. 
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Presenter Notes
Presentation Notes
We’ve also made many more examples of these types of material systems that just that wing. We’ve made these discrete metamaterials using different forming processing, different materials, at different scales and geometries. And we think this building block structural approach can be a powerful one for lunar and in-space assembly, as well as a way to maybe more easily integrate ISRU, since you are potentially reducing the types of components that you need to make. 
But again, a lot of this work was done during our GCD seedling phase. After proving out a lot of the structural concepts, the most significant technology gap is in the area of assembly automation, which has been  the focus of the ARMADAS project.




Cramer, Nick, et al. "Elastic Shape Morphing of Ultralight Structures by Programmable Assembly." Smart Materials and Structures (2019). 45



What should building blocks for robotic assembly look like 
for demanding NASA structural applications?

Structurally Efficiency 
Requirements

Easy Robotic Assembly 
Requirements

46



 Geometry (edge connectivity)
 Attachment Locations
 Attachment Types (node/node, 

face/face, edge/edge)
 Tiling
…

Ochalek et al. “Geometry Systems for Lattice-Based Reconfigurable Space Structures.” IEEE Aeroconference, Big Sky, Montana, 2019. 47



• Access to fasteners + internal clearance for robots

• Stability for traversing robots
One attachment 
per adjacency 
leads to poor 
intermediate single 
unit support

Attachment to 
adjacent unit cell

Robot locomotion 
loading

Ochalek et al. “Geometry Systems for Lattice-Based Reconfigurable Space Structures.” IEEE Aeroconference, Big Sky, Montana, 2019.
48

Presenter Notes
Presentation Notes
We took everything we learned about the structural optimization of discrete lattices, and we added in what we thought we wanted from the building blocks for our robots. 




Cuboctahedron unit cell and resulting lattice has high robotic clearance, favorable specific stiffness and 
strength scaling, acceptably scalable connection requirements

Result: Ochalek et al. “Geometry Systems for Lattice-Based Reconfigurable Space Structures.” IEEE Aeroconference, Big Sky, Montana, 2019.
Figure: Formoso, O., et al. “Androgynous Fasteners for Robotic Structural Assembly.” IEEE Aeroconference, Big Sky, Montana, 2020. 49



Fastener Systems for Digital Lattices: Optimize for Robotic Actuation

Formoso, O., et al. “Androgynous Fasteners for Robotic Structural Assembly.” IEEE Aeroconference, Big Sky, Montana, 2020.  

• Cuboctahedron building block geometry connects face to face, with attachments at four 
locations

• Fastener requirements:
• Strength (strut dominated 

lattice failure)
• High robotic misalignment 

tolerance
• Androgynous
• High tensile strength/ 

activation energy ratio

50

Presenter Notes
Presentation Notes
For this study, we focus on tightening the coordination of the material-robot system, and show the development of a fastener tailored for high strength and ease of robotic assembly

The target system uses cuboctahedron lattice building blocks that are composed of 6 square faces fastened to neighboring blocks via fasteners on the corners of the square face

Additional constraints arise from our need to perform robotic assembly. We estimate that the fasteners should be androgynous, as opposed to traditional male-female fasteners, to remove building-block orientation requirements and allow for assembly in all orthogonal build directions.

We also wish to prioritize ease of robotic activation with low activation force and high holding strength, as well as low robotic motion complexity

The fastener must meet strength requirements while minimizing mass. The fastener must also make robotic assembly as easy as possible, which we define as allowing successful fastener activation with the lowest required positioning precision of the robotic driver and the lowest driving torque for a given fastener strength. Multiple thread concepts were evaluated based on varying the parameters of the thread design. A variety of head designs were considered to determine the range of tolerances that are traditionally seen in fasteners. Known head designs such as phillips, flat, and hex configurations were analyzed, as well as more uncommon styles such as the space dock and tool changer design.




• Androgynous fastener features 
interlocking teeth that form mating 
threads when twisted together

• Actuated by pressing together and 
then applying quarter turn

• Fastener is captive in building block to 
reduce robotic material handling 
requirements

• Design is injection moldable for high-
throughput manufacturing

Formoso, O., et al. “Androgynous Fasteners for Robotic Structural Assembly.” IEEE Aeroconference, Big Sky, Montana, 2020.  
51



Fastener Systems for Digital Lattices: Optimize for Robotic Actuation

Formoso, O., et al. “Androgynous Fasteners for Robotic Structural Assembly.” IEEE Aeroconference, Big Sky, Montana, 2020.  

Head was optimized for high translational, 
rotational, entry angle misalignment of the 
robotic tool

Multiple thread designs were tested to optimize 
tensile strength

52

Presenter Notes
Presentation Notes
For this study, we focus on tightening the coordination of the material-robot system, and show the development of a fastener tailored for high strength and ease of robotic assembly

1250 N = ~280 lbf

The target system uses cuboctahedron lattice building blocks that are composed of 6 square faces fastened to neighboring blocks via fasteners on the corners of the square face

Additional constraints arise from our need to perform robotic assembly. We estimate that the fasteners should be androgynous, as opposed to traditional male-female fasteners, to remove building-block orientation requirements and allow for assembly in all orthogonal build directions.

We also wish to prioritize ease of robotic activation with low activation force and high holding strength, as well as low robotic motion complexity

The fastener must meet strength requirements while minimizing mass. The fastener must also make robotic assembly as easy as possible, which we define as allowing successful fastener activation with the lowest required positioning precision of the robotic driver and the lowest driving torque for a given fastener strength. Multiple thread concepts were evaluated based on varying the parameters of the thread design. A variety of head designs were considered to determine the range of tolerances that are traditionally seen in fasteners. Known head designs such as phillips, flat, and hex configurations were analyzed, as well as more uncommon styles such as the space dock and tool changer design.




Fastener Design: Experimental Results

Formoso, O., et al. “Androgynous Fasteners for Robotic Structural Assembly.” IEEE Aeroconference, Big Sky, Montana, 2020.  53

Presenter Notes
Presentation Notes
Designs are holding holding 300-400 N for 3D printed material---extrapolate that to fiber-reinforced injection molded materials and you easily have fasteners that should hold more than 1000N

Extrapolation to injection molded materials (validated with other designs) predicts fasteners strengths >1000N (conservative)

These actually slightly outperform comparable 3D printed nut and bolt of the same mass. 



Five specimens of each type of fastener thread were tested during this experiment. The assembly was loaded axially until failure, and the peak load during the test was recorded.

FEA simulation models were developed to match the behavior in the experimental environment. This allowed us to use the same simulation setup to test out other fastener designs.
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Jenett, Benjamin, et al. "Material–Robot System for Assembly of Discrete 
Cellular Structures." IEEE Robotics and Automation Letters 4.4 (2019): 
4019-4026.

Next Up: System Integration with
Fully Structural Lattice Building Blocks + Relative Robots and 

Algorithms 



Current Team: Damiana Catanoso, Kenneth Cheung, Olivia Formoso, Christine Gregg, Taiwo 
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Presenter Notes
Presentation Notes
Focusing first on the thread design, the majority of the parameters have direct effects on the strength of the fastener and connection. The thread angle is studied based on standard screw types. Buttress and square threads iare more suitable for larger loads

Also worth consideration is that increasing the thread angle will increase the friction between mating parts and lead to more wear of the screw, which will drive up torque requirements for the assembler.

A higher number of teeth can provide a larger total surface for load bearing, which can increase the strength of the fastener. However, this can lead to a higher chance of crossthreading when two fasteners are engaged. 

Depending on the application, a finer pitch may be necessary for smaller travel distances or reducing the torque requirements

Looking at the head design, we attempt to base a design off a traditional fastener head while prioritizing ease of robotic assembly. 

The driver fit affects transversal, rotational, and entry angle tolerance. It is ideal to maximize this effect while ensuring the driver is still able to engage and turn the fastener.

 The draft angle helps to align the driver to the fastener head. An angle greater than 90 deg can cause the driver to cam out during fastening, while an angle less than 90 deg can reduce this effect and promote engagement of the driver with the head of the fastener. 

A lower number of teeth allows for more space between teeth for alignment features, but the smaller area of contact leads to inefficient torque transfer. On the other hand, a higher number of teeth provides a better force distribution and transfer of torque, but leads to higher positioning requirements for an end-effector.
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Presenter Notes
Presentation Notes
Our final thread design prioritizes the strength of the connection.  

For the screw thread, we utilize a sawtooth buttress style thread which allows a higher surface area of contact. The faces in contact are perpendicular to the direction of the axial forces, providing a higher load capacity. The shape of the teeth also promotes less friction than other thread shapes, which requires less torque to engage and promotes ease of robotic actuation.

The head design prioritizes ease of robotic assembly. The two tooth design maximizes the spacing between the teeth to provide greater rotational tolerances for robotic driver engagement. The radial driver  and rotational fit were optimized to allow for a large error in the rotational position of the driver. The draft angle was set at 90 deg to promote simple controls for the robotic end effector and not require any extra steps for engagement and disengagement.
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