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Origami Folding by Hand
(C-MEMS)

Paper was first invented in China around 105 A.D., and was brought to
Japan by monks in the sixth century. Handmade paper was a luxury item
only available to a few and strictly for ceremonial purposes.

e By the Edo period (1603-1868), paper folding in Japan had become
recreational as well as ceremonial. It came to be regarded as a new form of
art that was enabled by the advent of mass-produced paper.

&3 * Europe also has a tradition of paper folding that dates back to the twelfth
Po century or before, when the Moors brought a tradition of mathematically
sz based folding to Spain. The Spanish further developed paper folding into an
J;téi artistic practice called papiroflexia or pajarita.

7 :
NN 3 h
-~ 4 nd s
% \fg i?l‘r Written instructions for paper folding first appeared in 1797, with Akisato Rito's Sembazuru Orikata, or
A 3| “thousand crane folding”




Origami Folding by Hand
(C-MEMS)

 Today, origami has expanded to incorporate
advanced mathematical theories, as seen in
BETWEEN THE FOLDS. Mathematical origami
pioneers like Jun Maekawa and Peter Engel
designed complex and mathematically based
crease patterns prior to folding, which
emphasized the puzzle aspect of origami, with
the parameters of using one piece of uncut
paper. Artistic origami has also enjoyed a
recent resurgence, with abstract paper folders
such as Jean-Claude Correia (1945-2016).

https://documentaryheaven.com/between-folds-art-of-origami/ Le Manteau de
Moctezuma —by Correia



4 01 Origami Folding by Hand
(C-MEMS)

* (Carbon and Carbide Origami by Rodrigo
Martinez et al at Clemson University. —
carbonization of folded paper (inked or blank)

e Carbon 3D shapes derived from natural
organic precursors e.g. charcoal from wood
other precursors (e.g. hair ..Bidhan
Pramanick)

cuticle
cortex

Pyrolysis

hollow carbon fiber

medulla

Human hair-derived hollow carbon microfibers for electrochemical sensing
B Pramanick, LB Cadenas, DM Kim, W Lee, YB Shim, SO Martinez-Chapa, ...

Carbon 107, 872-877



02 Folding by Elastocapillary
of PDMS

* An elastocapillary-based origami fabrication process based on PDMS
and water droplets was adopted by Py et al., 2007*

* Elastocapillary is a two-way interaction between the liquid and the
structure driven by the surface tension of the liquid to minimize surface
+ elastic energy

Capillary origami Humming bird’s tongue

Wet hair

*Capillary Origami:
Spontaneous Wrapping
of a Droplet with an
Elastic Sheet

Charlotte Py, Paul
Reverdy, Lionel
Doppler, José Bico,
Benoit Roman, and
Charles N. Baroud
Phys. Rev. Lett. 98,

156103 — Published 13
April 2007




02 Folding by Elastocapillary
of PDMS

Capillary origami

Difficult to pattern PDMS

Difficulty to distinctively design folds and
faces with different material properties

Not capable of making permanently folded
structures

Inability to fabricate folded structures on a
surface (anchored)

Impossible to fabricate rigid structures
such as carbon

Capillary Origami: Spontaneous Wrapping of a Droplet with an Elastic Sheet
Charlotte Py, Paul Reverdy, Lionel Doppler, José Bico, Benoit Roman, and
Charles N. Baroud

Phys. Rev. Lett. 98, 156103 — Published 13 April 2007



Fabrication of
polymer and carbon
polyhedra through
controlled cross-
linking and capillary
deformationsD
George, EAP
Hernandez, RC Lo,
M Madou

Soft Matter 15 (45),
9171-9177

Expands photoresist
application domain

Hinges and faces are distinct

Both anchored and free 3D
photoresist shapes are
enabled

Faces can be further
patterned

Free form manufacturing-
shapes can be “frozen” at any
moment by a quenching UV
exposure

All these shapes can be
converted to carbon

Folding by Elastocapillary of Patterned

Photoresists (C-MEMS)

a SuU8 Soft baking and Second PEB, developing
spin coating first exposure exposure and cleaning

.u@@”’v

Silicon wafer with UV-exposed SU8 UV-exposed SU8 Free-standing

Silicon wafer SU8 coating (Folds and faces) (Extra exposure on faces) patterned thin sheets

Softening by Droplet Exposure
heatlng evaporatlon and PEB
—
Caplllary Coollng . ’
folding and cleaning
Patterned sheets inside Completely cross-

silicone oil with Folded sheets with Dry fg:fiedhpat:erned linked free-standing
glycerol/water droplets droplet inside in sheets polyhedra

& v leferentlally UV exposed

Non-cross-linked SU8

. ¢ Monomer
Application of Cooling (< Ty) @ Cross-links
(||) external force and cross-linking Not cross-linked
—_—
T>T, Less cross-linked

Less cross-linked SU8 Less cross-linked SU8 Completely cross-linked Il More cross-linked

(Undeformed) (Deformed) SU8 (Deformed) M Completely cross-linked




y Folding by Elastocapillary of Patterned
Photoresists (C-MEMS)
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Folded free-standing carbon shapes o
D-Peak G-Peak
Fabrication of polymer and 2
carbon polyhedra through 2
controlled cross-linking and ;g
capillary deformationsD - .
George, EAP Hernandez, : e Ko aLreak
RC Lo, M Madou AT AN s -
Soft Matter 15 (45), 9171- Before pyrolysis After pyrolysis S S S S S S T MRS
9177 Free-standing patterned precursor 500 1000 1500 2000 2500 3000

Wavenumber (cm-)

olymer and carbon shapes
POty P Raman spectrum of the carbon



Fabrication of polymer and
carbon polyhedra through
controlled cross-linking and
capillary deformationsD
George, EAP Hernandez,
RC Lo, M Madou

Soft Matter 15 (45), 9171-
9177

03

Folding by Elastocapillary of Patterned
Photoresists (C-MEMS)




04 Self-folding of polymer layers We need origami manufacturing that is :

— Scalable in numbers and sizes

— Complex shapes

— Self-folding

— Simple construction

— Freeform

Minimal materials consumption

Programmable Self-Foldal
for Origami-based Manufac
George, MJ Madou, EAP Hern
Smart Materials and Structures

3/30/21

- A

Simple construction

Target
shape

)

Polymer structure

11



04 SeIf-foIding of polymer Iayers ‘0 - ‘ 1. Single layer photopolymer films as precursors

(C-MEMS)

2. Controlled folding using programmable films and
origami design

Programmable Self-Foldable Films

for Origami-based ManufacturingD

George, MJ Madou, EAP

Hernandez

Smart Materials and Structures

3. An end-to-end freeform manufacturing method

. ,
3

Polymer
structure

Polymer Origami Carbon Origami
3/30/21 12



04 Self-folding of Polymer Layers Immersion Development Film separation
(C-MEMS)

—— .
_ S/
Programmable Self-Foldable Films :, % i.. H S ;o’,.: IED LS
for Origami-based ManufacturingD ° eec,

George, MJ Madou, EAP .
Hernandez Heatlr?g and
Smart Materials and Structures Face Fold Face crossllnklng
QAL P
SN

Crosslinked polymer chains

AN

Non-crosslinked polymer chain Supporting structure

Developer

3/30/21 13




If-foldi f Pol . . .
04 seifo "‘(gcf’M';:A‘g')“e“ayers Photolithography Film Preparation

PDMS spin coating

and curing SU8 spin coating

Silicon wafer with Silicon wafer with PDMS

Silicon wafer PDMS coating and SU8 coatings

3/30/21




04 Self-folding of Polymer Layers
(C-MEMS)

First UV light
exposure

UV-exposed SU8
3/30/21 (Folds and faces)

Photolithography Film Patterning

Second UV light
exposure

UV-exposed SUS8
(Extra exposure on faces)

PEB, developing
and removing

N2
FEN

\

Free-standing

patterned thin film
15




04 Self-folding of Polymer Layers . .
(C-MEMS) Film Folding

Folding by heating Exposure and PEB

Programmable Self-Foldable Films
for Origami-based ManufacturingD
George, MJ Madou, EAP
Hernandez

Smart Materials and Structures

oo

" bath ;iﬁi)

\
80°C /

Heating of patterned film Folded film Completely cross-linked
free-standing structures

- |
!
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Self-folding of Polymer Layers

Fabrication - Summary

Silicon wafer

PDMS
spin coating
and curlng

Silicon wafer with
PDMS coating

Su8
spin coatlng

Silicon wafer with PDMS
and SUS8 coatings

PEB, developing
and removing

N

@

Free-standing
patterned thin film

=

(Extra exposure on faces)

Second exposure

UV-exposed SU8

First exposure

-

UV-exposed SU8
(Folds and faces)

St
TEN

Heating of
patterned film

Folding by
heating

=

A -
N e
/ \\\
<
y N

Folded film

Exposure
and PEB

=

Completely cross-linked
free-standing polyhedra

17



04 Self-folding of Polymer Layers FO I d Angle P r‘og ramm | ng

(C-MEMS)

w
* Fold angle given by fold width 0 = CE
Width w Length b
S . i
Thickness h
N \)Angle 6

w =0.375 mm
w =0.825 mm

Increasing fold width 18



04

(C-MEMS)

Face Fold Face

Self-folding of Polymer Layers

N N

.
.
~,
~,
.
.,
S
~

Fold
j angle 6

In contact with
developer; z=h/2

In contact with
substrate; z=—h/2

g=FE.g
where
e o isstress[Pa)
. . AL
e cisstrain =

e Eis the modulus of elasticity [Fa]

Now using _b/

3/30/21

Length b

Thickness h

Modeling

Diffusion equation

Concentration field

Actuation strain field

£q(2)

Ceo + Cei2

19



04  seif-folding of Polymer Layers Modeling-Fold Angle Programming

(C-MEMS)

w
Face Fold Face Fold angle given by fold width: ) — EA—

h

180
In contact with ' .
developer; 2= h/2 '\ N - = -;\,
i oontaciwith N G120 ok Thickness
substrate; z=— h/2 o . B 33.9 ym
Thickness h o 90 @ A ® 37.7 um
g A 44.0 ym
- 60 11— .. T e Fitted line
(@)
L
30 ah = 6.68 deg/(mm/mm)
Slope = 6.68 deg/(mm/mm 0 . . .
= 0.117 rad/(mm/mm) = g, 15 20 25 30

Fold width/Film thickness [mm/mm]
Maximum actuation strain, ¢,= 11.7%



04 Self-folding of Polymer Layers
(C-MEMS)

Fold Characterization

Bottom radius of curvature R,
Top radius of curvature R;

Bottom fold width Wy,
Top fold width Wi
Curvature K

Curvature k vs. fold width w

Y Rh \\‘\‘
\ 1
1 1
wy, R, ,'l/l
— Fold thickness 4
£0006 7 4440 m 37.7um ®33.9um
20.004 - i LB B
e
[T I - * AAAAAAAAAAAAA T
EOOOZ | & e A
o=
@)
0

0 250 500 750 1000

Fold width w [um]

o
~

Value of ¢ = 0.117 rad/(mm/mm)
- calibrated from fold angle measurements

o
w
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=
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Proportionality constant ¢
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Fold width/Fold thickness w/A [mm/mm]



Self-folding of Polymer Layers FO | d Ch ara Cte r| Zatlo N

(C-MEMS)
l AL
A=—-ande=—=
L L
Bottom radius of curvature R,
Top radius of curvature R,
','»R-\‘ N Bottom fold width W
TNy Top fold width Wy
! . . We—Ww
W, Ly Top extension ratio e ==
P4 w
o . . wWp—w
- Bottom extension ratio Ap = ’ZN
Extension Ratios vs. Fold Width w
h=33.9 um h=37.7 pm h=44.0 um
0.9 0.9 0.9
) i, o o, o b4 :/Ib
£ 06 - ), £ 06 | i £, 5 06 - . t A
503 - % £ 03 | $ 5 03 .
5 o % 3 b £ o S
5 Py g 0 P 50
0.3 w ; , 0.3 ‘ : : 0.3 . . ;
0 250 500 750 1000 0 250 500 750 1000 0 250 500 750 1000
Fold width w [pum]

Fold width w [um] Fold width w [pm]
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100

80

60

20

Fold angle 6 [degrees]

Self-folding of Polymer Layers

40 -

(C-MEMS)

Exposure energy vs. Fold angle

Exposure duration at the folds [seconds]
20 40 60 80

1 Fold
Breakage
T @ @
40 80 120 160

Exposure energy at the folds [mJ/cm?]

Fold angle 6 [degrees]

Fold Characterization

Effect of exposure energy and development duration on the fold angle

Development duration vs. Fold angle

s _

2 3 4 5 6
Development duration [minutes]



(C-MEMS)

04 Self-folding of Polymer Layers U nfOId | ng PO thed 'a d nd N et

Optimization
» Origami design incorporating calibration data Optimization problem-optimized net:
- A} —) Find: e
w That minimize: f

Target mesh M Spanning tree

[lFaces
M Folds

Planar net S,

In an optimization problem, there is a
(real-valued) function that is to be
maximized or minimized. This function is

frequently called the objective function.
3/30/21

Subject to: e; € {0,1},
Sp is single connected shape
Sy does not contain overlapping faces or folds

= € - Vector containing the fold and cut
assignments of each interior edge of M
. f - Objective function
Trimmed e;-Each component of e.
mesh M They can take a value of O (if interior edge i is a fold) or

1 (if interior edge i is a cut)

In the mathematical field of graph theory, a spanning
tree T of an undirected graph G is a subgraph that is
a tree which includes all of the vertices of G, with a
minimum possible number of edges.



https://en.wikipedia.org/wiki/Mathematics
https://en.wikipedia.org/wiki/Graph_theory
https://en.wikipedia.org/wiki/Undirected_graph
https://en.wikipedia.org/wiki/Tree_(graph_theory)
https://en.wikipedia.org/wiki/Vertex_(graph_theory)

04 Self-folding of Polymer Layers O ptl m |Z€d N et

(C-MEMS)

* Net optimized by minimizing the sum of the distances d between the centroids each pair of faces in the net
* Net should be compact
« Error arising from the variability in the fold angle must be reduced

» Net optimized for shape accuracy a
+ If the fabrication is perfected, then this make the most accurate shapes (a=1).

Cube Truncated Platform Trimmed torus
a = Area(M#) icosahedron
Area(M) '
Minimum total 1
distance d ;
Maximum -] [—

ccuracy a
3/30/21 QEGIRECCH




04 Self-folding of Polymer Layers
(C-MEMS)

| —
| Trimmed
mesh

|

Target mesh M ~

My

So

Fabricated planar net

26



04

Self-folding of Polymer Layers

(X
&) -3

Target mesh M Cuts

Fabricated planar net

Trimmed
mesh My

|

Truncated Icosahedron

So

27



04 Self-folding of Polymer Layers
(C-MEMS)

=

Target mesh M Cuts Trimmed

mesh My

Fabricated planar net

UCI bioMEMS

Platform

28



04 Self-folding of Polymer Layers
(C-MEMS)

Trimmed torus

Target mesh M Cuts Trimmed
mesh My

o
3 o
2 e RS
reser P sy T 5
R il
A
-

Fabricated planar net

29
UCI
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Self-folding of Polymer Layers

Trimmed torus

Target mesh M Cuts Trimmed
mesh My

e
N 3 S
i 3
P> Aingps - s
s §ira DS
~’¢“~\ 3 vw?!‘."_ P e
= T,
s o
o
§
S S5
o
&%
a8
5 32
s >

Fabricated planar net

UCI bioMEMS %0



04 Self-folding of Polymer Layers M ore S h d pes

(C-MEMS)

Unfolded Folded Shape

Target shape Target shape with origami sheet
bent folds

*@*E@K
© - @ -
O




04 Self-folding of Polymer Layers . .
(c-MEMS) Carbon Origami

Polymer Origami Carbon Origami Polymer Origami Carbon Origami




04

Accuracy a

Accuracy a

0.8
0.6
0.4
0.2 A

0.8
0.6
0.4

0.2 ~

Self-folding of Polymer Layers

(C-MEMS)

Scaling the Method

Actual area

Target shape area

Accuracy =
Cube
-
\\, N
>~ >
. Q
N @ <
. i ¢ o
— Maximum a <c:>
----- Minimum d
20 40 60 80 100 120
Truncated icosahedron
N.'\ .\"M_' @ Q
@ e S
s 2
~
% 5
51
----- Maximum a @ <
— Minimum d
20 40 60 80 100 120

Thickness 4 [um]
UCI bioMEMS

0.8
0.6
0.4

0.2 A

0.8
0.6
0.4
0.2

Platform
I o,
| Sest, X
| T
..... Maximum a
— Minimum d
0 20 40 60 80 100 120
, Trimmed torus
oo T e
\ G x
1O~ O
— ‘ \
. ~
| ~Maximum a e
— Minimum d
o 20 40 60 80 100 120

Thickness 4 [um]
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Self-folding of Polymer Layers
(C-MEMS)

1 Cube
S ././.’
3\ 0.7 A - @
] -
= 7
5 04 - , < @
g VT e Maximum a ) ¢
< ol — Minimum d @
0.05 0.5
Truncated icosahedron
S, » i
0.7 =
=
5 0.4 - .
<% Tl Thed 000 Maximum a
— Minimum ¢
0.1 T T ——— - r
0.05 0.5

Edge length [mm]

UCI bioMEMS

Accuracy a

........ .’ —
Q .............. _ _
> 0.7 A X @/ -
s 2
<
= - @
g 04 1 P Maximum.a
< x — Minimum d
0.1 - mum
0.05 s
Edge length [mm]

Scaling the Method

Platform
J— @ g
I X -7 = @
-
»w

1T Ly 7 e Maximum a

— Minimum d

0.05 0.5

Trimmed torus
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Applications

-

3D electronics
(Randhawa et al. 2010)

Encapsulation
(Leong et al. 2008)

Microgrippers
(Malachowski et al. 2014)

Micromirror
(Zanardi et al. 2003)

Scaffold
(Jamal et al. 2010)



https://pixabay.com/en/users/padrinan-1694659/
https://pixabay.com/en/service/faq/

Achieved solvent transport-based self-folding using single-layer photopolymer films

Developed end-to-end freeform manufacturing method by leveraging the unfolding polyhedra method
Demonstrated the method with different shapes

Converted polymer shapes to carbon shapes

Development of a new bi-directional folding strategy

Testing different photopolymers to enable folding at relatively lower temperature

Scaling in size and numbers

3/30/21



https://pixabay.com/en/users/T0nymix-5936404/
https://pixabay.com/en/service/faq/
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