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Adhesion Directed Capillary Origami®

Timothy Twohig, and Andrew B. Croll

Capillary origami takes advantage of the surface forces of a liquid drop to assemble thin film struc-
tures. After a structure is assembled, the drop then evapourates away. The transient nature of the
liquid drop means that the creation of dry and stable structures is impossible. Work presented in this
paper shows that adhesion is, in fact, a key tool that enables the creation of stable, complex, capillary
assembled origami structures, rather than a problem to be avoided. Here, polydimethylsiloxane thin
films were used in several simple experiments designed to identify the balance between substrate-film
adhesion and film-film adhesion in the context of capillary assembly. We then demonstrate how
directional adhesion can be used to direct film peeling in order to create non-trivial patterned folds
after a fluid drop is deposited. A minimal complex structure, a “double-fold” was created to demon-
strate how adhesion uniquely facilitates multiple-step capillary assembly. Finally, a familiar “origami
airplane” was created with these methods, demonstrating that adhesion aided capillary origami can

be used to assemble complex, functional structures.

As problems in science and engineering have become more com-
plicated, researchers have often found success by looking for
solutions in seemingly unrelated areas. Consider, for example,
the significant progress made toward solving many packing and
deployment problems that has been inspired by the ancient art
of origami.™ Traditional origami involves folding thin (two-
dimensional) paper sheets into three dimensional aesthetically
desirable structures. The paper structures are stable due in large
part to the irreversible folds and creases created during the as-
sembly process. Constructing the origami structures requires the
repetitive application of steps such as lifting, bending, creasing,
and partial unfolding of portions of a sheet. Variants of these basic
steps, have lead to advances in solar cell deployments®Z, impact
mitigation systerns, robotics, batteriesm, artery stents,
and guided assembly@'@.

The success of origami inspired design at the macro-scale has
caused the natural progression of the technique towards the mi-
cro and nanoscales. 1722 Downsizing is especially attractive to the
medical field for the purposes of tailored drug delivery 1723124
and other microscopic medical devices 13125 However, as the
sheet materials are scaled down new difficulties arise due to the
increased importance of surface interactions. In particular, adhe-
sion due to the ubiquitous but weak Van der Waals forces tends
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1 Electronic Supplementary Information (ESI) available: Details of calcula-
tions, and additional discussion and movies of assembly processes. See DOL:
10.1039/cXsm00000x/

to complicate folding as contact becomes irreversible. Adhesion
is ignored in macroscopic sheets because they are rigid enough
that adhesive interactions lead to little deformation of the sheet
and therefore little true contact between sheet surfaces. However,
as a sheet’s thickness, 7, becomes small, sheets are more easily
bent by adhesive interactions between substrates, actuators, and
themselves. With respect to origami-inspired design, the conse-
quences require that any force or object used to manipulate a
micro-scale film must be strong enough to overcome adhesion,
but at the same time must be gentle enough to avoid tearing or
otherwise damaging the thin film. Furthermore, any manipulator
used to create a particular pattern must not only firmly hold the
film but also release the film on demand.

Capillary forces have offered an interesting solution to some
of the issues of manipulating and joining materials at the micro
and nano-scale. 2126428 Iy the so called ‘capillary origami’ process
a thin film is cut to a desired shape and then laid on an adhe-
sion free substrate. Placing a liquid droplet on the film drives
folding as the surface tension of the drop draws the thin film up-
wards and around the volume of the drop. Most commonly the
fluid is water due to its relatively high surface tension, however,
liquid metal can also be used to actuate thin plates. 172930 Of.
ten, actuation points (hinges) are designed into the film to enable
more localized bending and sharper origami-like geometric struc-
ture. 1729833 When the drop evapourates, no residue is left behind
and the film relaxes back to its initial state, unharmed. Capillary
origami has thus far allowed the creation of many geometries,
especially polyhedra, but it still fails to achieve the full
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potential of origami designs. This is because complex, bistable
origami structures require multi-step assembly processes which
cannot be achieved with a single fluid drop.

Closely examining the steps for the creation of an origami
model reveals that repetition of only two actions are needed to
create a non-trivial sculpture: 1.) A force is applied such that it
causes a film to lift from a substrate and to bend. 2.) The bend is
held in place (creased) enabling additional steps to occur.2% Us-
ing paper origami as an example, the first step involves the artist’s
fingers and the second step is accomplished by fingers driving the
curvature to localize and create a plastic defect (a fold). Care-
ful alignment of where folds are placed and repetition opens the
door for a multitude of origami shapes. Unfortunately, capillary
forces alone are usually insufficient to create plastic damage in a
sheet.

i.) Is capillary
peel possible?

i) High film-film
adhesion?

Dries to stable racquet shape

Dries to a flat shape

Fig. 1 Possibilities for a thin-film capillary origami system. A film resting
(a.) has a drop of water added to it. If the capillary forces are greater
than the adhesion forces, peel is possible (b.). If peel is not possible, the
film will remain in the flat state while the drop slowly evapourates (c.)
and will remain flat when the drop completely dries (e.). Films that did
peel form a bent shape around the droplet which persists as the drop
dries, but slowly takes on a higher radius of curvature. If the film is long
enough it will eventually come into self-contact. If self-adhesion is strong
enough the film will retain a racquet shape indefinitely (d.), otherwise it
will open in order to reduce bending energy and relax to a dry, flat final
state (e.).

In this work we explore how adhesive forces, which are typi-
cally removed in order to enable capillary origami, are in fact the
key tool needed to overcome the limitations of single-step capil-
lary driven origami assembly. We conduct simple experiments to
show how and when capillary forces can become strong enough
to peel a film from a substrate (see Fig. [I] and Fig. [2). We show
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how self-adhesion represents a new mechanism that can be used
to ‘fix’ sharp bending in a desired position. We note the impor-
tance of peel-mechanics in both of these processes, and show how
the peel front (crack tip) can be guided with textured substrates
to facilitate finer control of the process. We demonstrate that
higher order structures are made possible by adhesive elastocap-
illary control by combining peel front guiding between a film and
substrate and staged delivery of water drops. Finally, we use the
technique to assemble a prototype ‘complex’ origami: a “paper”
airplane.

a. b.
\\>7TR
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Fig. 2 lllustration of capillary peel for a water-PDMS film system. a.)
Water is placed on a flat film and the upward capillary forces of the
water pull on the film. As the water approaches the edge of the film,
the upward forces are larger than the forces keeping the film in place and
the film will detach from the substrate. For convenience in the scaling
argument, we imagine the drop at rest at a position some small distance
from the film edge such that the ‘free length’ of film is just enough to
bend around the drop as in b.). Note that the water does move closer
to the film edge in reality.
b.) The detached film will be pulled along and up the surface of
the water drop, acting to cover the greatest amount of liquid as
possible. c.) Once a full 180° bend is created, there is a runaway
rolling capillary peel front causing more of the water surface to
be covered by film. This will continue until the peeling is
stopped by some other interaction or limit. d.) If enough of the
film has capillary peeled to allow for large film-film adhesion to
be created after the film dries, the remaining shape is known as
the “racquet” shape.

1 Experimental

1.1 Thin-film preparation
Thin films were created from Sylgard 184 polydimethylsiloxane
(PDMS) at a weight ratio of 10:1 (prepolymer to crosslinker)
according to the following protocol. First, prepolymer and
crosslinker is measured at a 10 to 1 weight ratio and mixed thor-
oughly. The mixture is then degassed in a vacuum oven. Next,
the uncured PDMS was coated onto polyacrylic acid (PAA) coated
glass slides and placed onto a spincoater (Laurell Technologies
Corporation Model WS-400BZ-6NPP/LITE) and quickly rotated
to create a thin, uniform film on the slide. PDMS films created
by spin coating were on the order of tens of microns in thickness.
Thicker samples (over a hundred microns in thickness) were cre-
ated by drop-casting uncured PDMS onto a PAA coated glass slide.
The film samples were then placed in a vacuum oven at a vac-
uum pressure of 25inHg for approximately 20 minutes to remove
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any air bubbles incurred during the casting process. Samples
were then annealed at 85°C for 90 minutes. Samples were al-
lowed to cool and then scored into strips 1 cm by 3 cm, with
longer samples occasionally being created to test the effects of
sample length. Samples were submerged in MilliQ (Millipore Inc)
filtered water to dissolve the PAA release layer and allow the film
to float to the top of the container. Floating films were gently
placed onto kimwipes to dry overnight in a closed container.

Thickness values for each sample were determined using three-
dimensional scanning confocal microscopy (Olympus FLUOVIEW
FV1000). Thickness measurements were conducted after capil-
lary experiments were completed. Each film sample was placed
on a glass slide and the height of the film from the glass surface
was scanned at three locations around the perimeter. The average
was reported as the thickness.

77

C. d. |

Thin Film

a Substrate

e.

Thin
o FilM
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| e I
100% Adhesion Fractional Adhesion

Camera

Fig. 3 Experimental setup of the film, substrate, water drop and applica-
tion, and camera setup. a.) Cusp-shaped substrates used for the lowest
adhesion to the film. b.) Rounded substrates giving adhesion values of
5-10% to the film. c.) Rectangular substrates for adhesion values of
20-90% to the film. Raised areas that adhere to the film are colored
in green to show relative adhesion. d.) Side profile of the experimental
setup. Water drop placed on the film which is adhered to the substrate.
Substrate may consist of two different adhesion values to force peeling
to only occur at one end of the film. e.) Top view of experimental
setup, showing two film-substrate adhesion areas and how the direction
of peeling is parallel to the direction of the substrate pattern.

1.2 Substrate preparation

Moulds for substrates were created by hot-pressing a glass pattern
into a polystyrene (PS) plate. Hot pressed PS moulds were ready
to use after cooling, cleaning, and drying.

Additionally, 3D printed moulds were created using Formlabs
clear photopolymer resin in a Formlabs form2 3D printer. Sub-
strates were designed to have a repeating pattern with cross-
sectional slices of cusp, circular, or rectangular shapes as seen in
Fig.[3h, b, & c, respectively. Each shape allowed for different ad-
hesion values to the films with the cusp shaped substrates giving
values less than 3 % adhesion, rounded substrates giving around
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5-15 % adhesion, and rectangular substrates for approximately
20 %-95 % adhesion compared to a flat piece of PDMS. As dis-
cussed below, the altered adhesion is due only to altered contact
area between film and substrate. Raised features were 1-2mm in
height with a repeating period of 1-2 mm. All 3D printed moulds
were prepared for patterning of PDMS by placing the mould in a
bath of isopropyl alcohol and agitating two minutes, then resting
in the bath for ten minutes. The mould was then allowed to dry in
the air for at least 24 hours. Moulds were then soaked in filtered
MilliQ water for 2hr, rinsed, and placed into an oven at 85 ° C
for 24 hours. The moulds were allowed to cool, then washed
with detergent and water, rinsed with MilliQ water, and allowed
to dry. Cusp-shaped moulds were then ready to be used to di-
rectly create PDMS substrates, since the roughness of the printed
surfaces lowered adhesion as was desired. Rectangular moulds
were printed too rough to create adhesion at the values desired,
so these moulds were sanded to remove large roughness features,
and then coated with a solution of PS in toluene and allowed to
dry to create a smooth surface. These moulds were then used to
create a 10:1 PDMS negative.

The PDMS was prepared with the same procedure outlined
above for the thin films, but after the 10:1 mixture was poured
into the mould, the degassing process was cycled twice though 5
minute vacuum depressurizations and once through a 20 minute
depressurization. All depressurizations were brought to 25inHg
and held for the set amount of time to ensure PDMS would reach
all parts of the mould, then put in an oven set to 85 °C for 90 min-
utes. After cooling, substrates and negatives were gently peeled
out of the moulds and placed pattern side up on glass slides. Neg-
atives were placed in a UVO Cleaner (Jelight Company Inc. Model
No. 42A) and oxidized for 35 minutes. After cooling, these nega-
tives were used as moulds to create 10:1 PDMS substrates.

1.3 Capillary peel experiment

Dry sample films were placed onto substrates so that the long axis
of the film was parallel to the ridges patterned on the substrate
(Fig.|3d & e). Films were arranged so that a length of many times
the elastocapillary length (L. = \/%) was adhered to the pat-
terned portion of the substrate in order to ensure that if capillary
peel and bending were possible, a film is able to achieve a full
180° bend. The opposite end of the film was adhered to an un-
patterned portion of substrate (Fig. & e). This was done to
ensure that capillary peel would occur at only the end of the film
with the lower substrate adhesion which prevents the scenario
in which symmetric film peeling occurs and film ends interfere
with one another. Ten to thirty minutes after placing the film
on the substrate, the film-substrate adhesion was imaged near
the intended fracture edge by optical microscopy. Images were
taken from above, near the peeling edge, with an Olympus BX51
upright microscope at 5x magnification. Pictures were later an-
alyzed in order to determine the true fraction of film-substrate
contact area using ImageJ image analysis software. These val-
ues were reported as &, the fraction of contact area to total film
area. Note that no attempt was made to estimate any strain en-
ergy stored in the film as it contacts the substrate. Strain was
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assumed to be negligible compared to the other energies present
in the problem. The lowest adhesion samples were created by ap-
plying a nonstick coating to the underside of the film. When there
was no film-substrate adhesion visible using microscopy, an adhe-
sion value of k = 0.0001 was assigned, representing a lower limit
of what is observable with this method (zero contact is physically
impossible).

Next, the samples and substrates were placed on a stage
and a side-on picture of the profile was recorded by a camera
(Fig.[3d & e) every few seconds. MilliQ filtered water was placed
onto the center of the sample and allowed to spread to the edges.
If the water caused the film to peel and fully bend onto itself,
water was added until all of the remaining flat film was covered,
then the water was removed by evapouration or syringe. Films
that did not fully peel and bend had water added until all of the
flat surfaces were covered, creating a large “pancake” drop resting
on the film. Water was then slowly removed, while the peel edge
was observed carefully for signs of capillary peeling and bending.
Samples were removed from substrates and allowed to dry. Clean
substrates were reused until changes in the fraction of adhesion
were observed.

1.4 Racquet stability experiment

The “racquet shape”, shown in Fig. 2, is the geometry which
occurs when a thin film is adhered to itself and placed on a sub-
strate. It is often modeled as an elastica, and has been explored
theoretically by several researchers2®32138  Experiments to de-
termine the stability of a “racquet” structure created by capillary
peeling a thin film from a substrate and then allowing the water
to dry were conducted in a manner similar to the capillary peel
experiment. A thin film was placed on a substrate split into two
adhesion zones. The “adhesion zone” was nearly 100 % adhered
to the film and the other “non-adhesive zone” was a very low ad-
hesion value substrate ( 1 %), identical to the setup in Fig.[3d & e.
A top down picture of the setup was taken to record the length
of the film extending into the non-adhesive zone from the edge
of the adhesion zone. This was recorded as the free length of
the experiment. Following the steps illustrated in Fig. [2| water
was added to the top of the film and then removed to lift and roll
the film’s edge in the non-adhesive zone onto the flat film in the
adhesive zone.

In the case where a film did not capillary peel, the free edge
was lifted and placed upon the top of the water puddle at a 180°
bend, further peeling to the adhesive edge was facilitated by the
capillary puddle. These samples were noted as “forced peel” sam-
ples. The water was then allowed to dry, leaving either a stable
racquet shape or a film that relaxed back to its flat state without
the capillary drop present, represented in the final states in Fig.
These final states were recorded. The free lengths were adjusted
and the experiment was repeated several times with films of the
same thickness.

1.5 Double-fold experiment

An experiment to create a multi-step, double fold structure was
also conducted, following a modified repetition of the procedure
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of the capillary peel experiment described above. The major mod-
ifications were to arrange a square film on a patterned substrate
so that only one-quarter of the film was on an unpatterned sub-
strate and fully adhered (lower-left quadrant in Fig.[8h). Second,
two very low adhesion patterns were placed so that their axis
was 90° to a final low adhesion (bottom right in Fig. [8p) quad-
rant. This substrate design (top-down schematic in ESIT) ensured
that water added to the center of the square film would create a
fold running horizontally along the middle of the film, where the
peel front would stop upon encountering high adhesion along its
length as it encounters the two higher adhesion quadrants. This
first water drop was then allowed to dry. A second water drop
was deposited from the center of the folded rectangular film and
caused a secondary peel of the film from the remaining lower ad-
hesion quadrant. Ultimately, this left only the lower-left quadrant
anchored to the substrate and the peeled film folded into a small
square shape on top of that section. The sequence of events is
shown in Fig. [8| (timelapse video available in ESIf).

1.6 Adhesion measurements

Adhesion measurements for the PDMS film and PDMS substrate
interfaces were measured with the same procedure and setup as is
outlined for macroscopic films by Elder et al..2? A top and bottom
plate were coated with PDMS and a drop coated film was bent be-
tween the two plates in a “tape loop” geometry. The film was pre-
pared with the same drop-casting procedure as described above
for creating thin PDMS films. The PDMS-coated plates were pre-
pared in the same manner as the drop coated films, except that
the PAA release layer was not used, meaning that the PDMS has
likely bonded to the glass slide during curing. The top plate’s
position was cycled, first compressing the tape loop past the elas-
tocapillary length of the system, L., then relaxing back to the
starting point. The cycle was then repeated several more times.
The force from the tape loop on the bottom plate, the separa-
tion distance of the two parallel plates, the speed of plate move-
ment, and the width of the film loop were all recorded. The force
difference between the compression and relaxation curves was
used with these measurements to find the PDMS-PDMS adhesion
value. See ESIjfor details.

2 Results and discussion

2.1 Capillary peel and substrate-adhesion fraction

When a drop of fluid is placed on a thin film, it will spread out
to reach the advancing contact angle permitted by the system’s
Young-Laplace balance (6,). If that contact point is far from the
edge of the film it is unlikely for the drop to cause the film to peel
and lift from a substrate due to the overall weight of the film and
the increased in-sheet stretching cost required to form a circular
ridge around the droplet. Even if the ridge is only transient, the
Gaussian curvature will change from the flat state and a stretching
cost must be exceeded for any peeling to occur. On the other
hand, if the droplet reaches the edge of a film, it is likely to be
pinned there by defects. This means that the contact angle is not
likely to remain in equilibrium and the drop is likely to spread out
along the edge flattening the formerly circular contact line and
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allowing bending to occur.4? The weight of the film to be lifted
is minimized and, more importantly, any changes to the Gaussian
curvature at the front are avoided. This is the most likely case for
capillary peeling to occur and what we focus our experiments on.

For a film to peel from a substrate two things must happen.
First, the capillary force of the drop must exceed the work of ad-
hesion between the film and the substrate on which it rests. In
fact, due to losses which occur during the propagation of the in-
terfacial crack (the peel front) the true work of adhesion can only
be considered a lower limit for the process.4142 Secondly, the
bending cost of the film must be smaller than the difference be-
tween the work of adhesion and the capillary force. If the former
is not true, there is no drive for the system to lift from the sub-
strate. If the latter is not true observation would not be able to
determine that the film edge is not adhered to the substrate (as it
would not be lifted and the film as a whole cannot hover).

Capillary peel experiments were performed in order to study
the basic ability of a fluid drop to peel a film from an adhesive
substrate. In these experiments, the film thickness was varied
in order to alter bending energies and the fraction of the film
adhered to the patterned substrate was varied in order to alter
the system’s work of adhesion while keeping interfacial chemistry
constant. In this manner, a state diagram can be constructed as
shown in Fig. |4, Here blue solid circles are used to show exper-
iments where capillary peel was observed (where the fluid could
bend the film 180°) and light blue open squares represent the
combinations where no peeling from the substrate was observed.
As might be expected, the experiments that showed complete film
folding tended to be the thinnest films with the least adhesion to
the substrate.

Fig.[4|suggests an apparent upper limit for the fraction adhered
to the substrate with the highest observed capillary peel occurring
at k = 0.34. Capillary peel reliably occurs when fraction adhered
is below k& = 0.10. As the thickness of a film increases, the limiting
adhesion values for capillary peeling decrease. This trend contin-
ues until film thickness of approximately 250 um are reached (the
thickest capillary peel is observed in a film of thickness 285 pm).
Above this film thickness value, the capillary drop cannot peel
and fold the PDMS film.

A simple scaling argument can be constructed by considering
the free energy before and after wrapping. The basic geometry is
shown in Fig. [2h, b and c. Note that the figure shows the drop
a small distance from the end of the film. In reality the drop
will usually reach near to the film edge before folding occurs.
The length in the schematic is a convenience, because it enables
the drop to be considered stationary. The drop is large but not
infinite, so if it reaches the film edge and then is wrapped by the
film, its center of mass would have to move during wrapping.
Before a film is lifted from a substrate, in the limit of a large
droplet, the systems energy is given by

U

1
~ = RO+ Ypa+¥ps) + Epgth, (D

where the y values represent the surface energy of an interface
and the subscripts of f,s,a, and I correspond to the film, substrate,
air, and liquid surfaces, respectively. p is the fluid density L is the
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Fig. 4 A plot comparing the fraction of the thin-film adhered to the
substrate (k) against the thickness of the film. The color of each data
point represents if the film was observed to peel from the substrate when
a water drop was placed on top of the film. Blue circles represent films
of a given thickness that capillary folded (bent 180°) and peeled from a
given substrate. Light blue open squares represent combinations where
no capillary peeling was observed. The horizontal dotted line illustrates
the cutoff line above which surface energies do not allow peeling. The
vertical dashed line represents the maximum thickness film that could be
bent around the water puddle. The solid line shows the full balance of
surface and bending energies. Films that exist below the solid line can
be expected to peel.

horizontal extent of the droplet, and b is the length of the contact
line (out of page dimension of the film shown in Fig. [2). Though
not necessary, we assume the radius of curvature, R, scales as
h/2 for simplicity. We further assume that # is unchanged after
wrapping, which is true if the drop volume is large and the film
thickness is relatively small.

Just after wrapping, with the same assumptions as above, the
free energy is altered to

U 1

2= TR+ Vpa+ Yea) + 5PN L+ TB/2R, @
with the bending modulus given by B = Et3/12(1 — v?) where E
is Young’s modulus and v is the Poisson ratio. Hence the change
in energy due to wrapping is,

AU

B
TZWR(Wf+Yva_7/Ia_Yf's)+§~ 3)

The energy difference can be used to determine the function k()
that delineates the boundary between successful capillary folding
and unsuccessful folding.

Before determining the full function, it is instructive to explore
two limiting cases. First, if a film is infinitely thin the bending
cost can be ignored, and the final term in Eqn. [3|can be dropped.
AU must be less than zero in order for wrapping to occur sponta-
neously, and a critical ¥y, can be determined. In our experiment
we note that y;, = ¥, and can rewrite the film substrate energy as
Yrs = kYfr +2(1 —k)¥sq as the substrate material and film material
are identical by design. Setting AU = 0 allows a limiting k to be
determined:

Ay

Ay 4

ki 0=

where Ay is the work of adhesion between the substrate and film
(Ay=2¥s,—v¢s) and Ay is the equivalent term for the water/film
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interface (AY =y, + Yra— ). In our experiments, surface energy
values give a k,_,o value of 0.38.[43H451

The maximum adhesion percentage predicted by Eqn. []is in-
dicated by the dotted horizontal line in Fig. E and shows good
agreement with the apparent transition between peeling and non-
peeling states in low thickness films. As the film thickness in-
creases, agreement is reasonable until a thickness of approxi-
mately one hundred micrometers. Here the limit between these
two peeling states begins to fall from the zero-thickness predic-
tion.

A second limit can be determined by considering a zero adhe-
sion limit which would correspond to the work of adhesion falling
to zero (Ay — 0) or equivalently in our experiment k — 0. In either
case, Eqn. B|reduces to

AU nB

and the limiting thickness can be written as

2UR2AY (1 - v2)]§ ©

IAy—0 = [ E

In simpler terms, the critical thickness is related to a balance be-
tween the elastocapillary length (L., = \/B/AY’) and the capillary
length (x~! = /7./ pg). The driving force must be able to
bend the film around the droplet, the height of which is deter-
mined by the capillary length. This is an important design consid-
eration if driving fluids are exchanged, density as well as surface
tension are important.

Explicitly, the drop height is expected to be

h=2 &sin<%>, (7)
\ psg 2

where 6, is the equilibrium contact angle of the fluid on the (flat)
film. 46 With the surface energies relevant to our experiment, we
calculate a height of 3200 um and and a thickness limit of 15,0 =
110 pm 4345

The thickness limit is shown as a dashed vertical line in Fig.[4]
which agrees reasonably with the majority of the data, though
films over 2 times as thick were observed to fold. We believe the
discrepancy lies in dynamics between the film and droplet that
were not controlled precisely enough in our experiments and not
considered in the scaling model. For example, if an interfacial
crack begins in a film corner (where b is effectively smaller) or
on a defect in the pattern, it may be able to propagate more eas-
ily. There may be additional details due to the approximations of
considering the system 2D. In reality, the fluid has curvature in
other directions which are ignored in this model. Furthermore,
there is no consideration of exactly how the crack between film
and substrate is nucleated in our model.

Finally, we solve Eqn.|3|directly and plot the full boundary as a
solid line in Fig.[4 which is determined to be

Ay Epg 3

k(t)=———+ .
) Ay 24(1 — v2)Ayy,sin®(6,/2)

®

Eqn. |8 smoothly connects the two limits discussed above, and
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forms a good guideline for understanding substrate adhesion in
the design of capillary origami systems.

2.2 Guiding a capillary peel front

One aspect of capillary peel which has been overlooked up to this
point, is the ease at which the direction of a peel front can be
controlled with patterned interfaces. Once capillary forces have
initiated a peel, a film will typically peel until the driving droplet
is covered. However, if the work of adhesion is altered locally this
need not be the case. This is an important feature because a sub-
strate can then be used to determine the final position of a pivot
point or fold. In our experiment, this can easily be accomplished
through a change in pitch, or pattern orientation. Consider a sub-

Fig. 5 Schematic of patterned substrates. In a.) a film will continuously
peel in the direction of the arrow because the peel front experiences a
constant value of adhesion (in this figure approximately 50%). While a
peel initiated in the direction of the arrow in b.) will alternate between
periods where there is no adhesion and 100% adhesion, depending on if
the front is crossing a raised or lowered section of the substrate

strate which is designed with two different regions of pattern. In
the first region the long parallel channels of the substrate are or-
thogonal to the (assumed) peel direction of the film (Fig.), but
in the second the pattern is rotated by 90°(Fig. [5p). The sub-
strate will allow a crack to propagate in region one but will cause
the crack to stop in region two. This is because the quasi-one di-
mensional contact line will interact with the surface and ’feel’ the
average k along its length. When the peel front is orthogonal to
the pattern (Fig. [5h) it experiences a low k because the contact
line touches the substrate at several points - the contact line does
not touch a continuous region of substrate (regions touching sub-
strate and regions over a gap are averaged together). When the
peel front reaches the second region of substrate where the pat-
tern is now parallel to the front (Fig.[5p), it will experience k = 0
if it is over a gap, but will experience k = 1 when it reaches the
portion of pattern which touches the film. Here the line will not
average the contact and noncontact regions, but experiences each
separately.

Manipulating the films and peel fronts using thin strips al-
lows peel to be guided in useful directions. Further examples
of how thin strips of adhesive substrate can act to stop or to guide
peeling are present schematically in Fig.[f]and experimentally in
Fig. [8] discussed below. Fig.[f] demonstrates several orientations
in which a crack can be arrested, but also shows how a front can
be directed to fold in different directions.
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Fig. 6 Demonstrations of how thin strips of adhesive substrate can be
used to manipulate the direction of, and amount of capillary peel. Green
represents low-adhesion substrate where capillary peel of the film (orange)
is possible. White substrate represents areas with high film-substrate ad-
hesion, where capillary forces are lower than adhesive forces when com-
pared directly. Red arrows point in the direction of the capillary force
created by the liquid drop. All films are assumed secured on the left side
of the setup to ensure peeling occurs on the right. a.) A film that is
completely on a low-adhesion substrate will peel until the capillary drop
is covered, or there is no film left to peel. b.) A film placed with half
of its length on the adhesive substrate will begin by capillary peeling the
low-adhesion “free end”, and continue peeling until the peel front reaches
the area of high adhesion. c.) A thin adhesive strip placed perpendic-
ular to the direction of peel will act similar to a large area of adhesive.
Peel will stop as the peel front reaches the adhesive strip and encounters
high adhesion along the entire peel front. d.) Two thin adhesive strips
running parallel to the peel direction can act as a guide to the direction
of peel. e.) Two thin adhesive strips at a right angle from the peel front
will allow a triangular peel from the “free” corner. If these strips are large
and adhesive, peel will stop in this folded shape. f.) A thin adhesive strip
parallel to the usual direction of peel will allow the previous state (e) to
progress into the same folded state as the other capillary peel examples.

Finally, we point out how patterned substrate blocks can be
used much like typesetting. Different patterned blocks (charac-
ters) can be arranged side by side to create the desired overall
substrate. For example, pattern free blocks can be arranged to
stop bends, patterned regions where peeling in a certain direc-
tion is desired and so on. Once such a ‘character set’ is devel-
oped, endless arrangements, and thus endless fold patterns are
possible.

2.3 “Fixing” structure with adhesion

Creation of complex, multi-step structures requires both pivot
points as well as a means to hold structures in place. While direc-
tional adhesion can create pivots, self-adhesion is needed to fix
structures after the driving capillary fluid evapourates. The cap-
illary peel experiments described above, showed that once a film
peels from its substrate it will often form a 180° bend around the
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capillary drop and continue to peel from the substrate until the
fluid is almost entirely covered with film. When the fluid volume
is reduced, it is likely that the film will come into contact with
itself, rather than simply opening to the flat state.4Z The result of
the film folding onto itself in the presence of adhesion between
the film and itself, Fig. [21., is the creation of a “racquet” shape
structure. The structure is stable if the film-film adhesion out-
weighs the elastic energy stored in the bend. The racquet shape
has been studied by various methods with respect to carbon nan-
otubes and graphene sheets in the absence of water=2138:48152
and in capillary origami systems2047I53

The conditions for a stable racquet shape come down to a bal-
ance between adhesion and bending and so must be related to
the elastocapillary length L,.. Practically speaking, it is useful to
focus on the length of a film which can easily be controlled. A
film shorter than some critical length, L.,;, will have to create a
high curvature bend in order to come into self contact and adhe-
sion will not be strong enough to hold the structure closed. On
the other hand, a sheet longer than L.; will not need to have
as high a curvature and adhesion will hold it closed. Detailed
models describing the film as an Elastica with a two-dimensional
cross-section yield more quantative predictions.27:38>3 In partic-
ular, the critical length to be given as

B
Levis =0ty [ — ©
\/ Y

where o is a numerical factor determined by the exact model
used.

In order to validate Eqn. [9} we have conducted a set of exper-
iments with PDMS films (see section for details). In short,
films are placed on a two phase substrate, such that a certain
length lies on a low adhesion directional substrate and the rest of
a film lies on a full adhesion substrate. In this way, the free length
is easily measured before water is applied to fold the film, and its
shape is easily observed after the water is removed.

Fig.[7|shows the summary of these experiments. The solid ver-
tical line indicates the critical thickness for capilliary bending de-
termined earlier. In this case, experiments can be conducted at
greater thicknesses by circumventing the capillary drop and sim-
ply folding the films by hand and placing the free film on top of
a capillary drop which is then allowed to dry (solid squares and
open squares). It is possible that the film weight affects some
of this data. Films folded by capillary action alone are shown as
solid and open circles. In both cases we see the transition be-
tween stable racquet shapes (solid symbols) and open flat shapes
(open symbols) falls along a straight line (in this log/log plot).
Fitting Eqn. |§| yields an « value of 3.8, which is consistant with
the original measurements of Py and Bico (¢ = 4.9) and mod-
elling of Liu et al. (o = 3.03).2953 1t is important to note that a
higher value of « is predicted by considering the overall system
energy (a = 12.11 by Liu et al. and o = 47z by Zhou et al.), but is
not observed here. 2753
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Fig. 7 Experimental results for the racquet stability experiments compar-
ing the length of peeled film (L) to the film thickness (¢) for open and
closed racquet shapes. Solid symbols represent experiments where the
closed (racquet-shaped) structure was stable. Open symbols represent
experiments where the film released from its folded state and relaxed to
its open structure. Experiments where only capillary forces were used
to facilitate folding are represented by circles. Squares represent exper-
iments where the film was manually lifted, bent, and placed upon the
capillary liquid. The vertical black line largely separating these two situ-
ations is at a limiting thickness of 110 um from Eqn@ The dashed line
represents our fit of Eqn El with o =3.8.

2.4 Double folding

A critical feature of any complete system of origami assembly is
the requirement that it be possible for the sheet to be folded mul-
tiple consecutive times. The combination of directional patterned
adhesion and self-adhesion which can fix bends in place allows
adhesive capillary origami to meet this basic need. We demon-
strate the formation and fixation of a double fold, the most basic
example of a consecutive fold, in Fig.

In Fig. [8h, a square film is shown resting on a patterned sub-
strate. The substrate is made up of four patterned blocks arranged
such that the top two quadrants have a vertical line pattern, the
lower right quadrant has a horizontal line pattern and the lower
left quadrant is unpatterned. In addition, the lower right quad-
rant is bordered top and bottom with two wide adhesive strips
(adhesive areas highlighted in ESI}). These strips were necessary
to stop the lower right corner from peeling when water is first
introduced to the system.

As water is added to the center of the film, the top half of the
film easily peels from the substrate forming the first fold (Fig.[8b).
Occasionally, folds were observed to occur so rapidly that the
momentum of the water and film moving to the half bent state
pushed the peel front past the thin horizontal adhesive strip at
the top of the lower right quadrant. The system did not fall into
an undesirable deformation because the half folded state is the
lowest energy state. So long as the lower right quadrant holds as
the fold is initiated the desired symmetry is achieved. The mo-
mentum effect has the added benefit of making peeling of later
stages easier but is also, to some degree, less predictable. We
focus on low momentum experiments for simplicity.

After the first fold has been formed, we withdraw the large
water drop with a syringe. The water could be left to evapourate
without altering the outcome, but the syringe is used to speed
the experiment. Once self-contact occurs, the film remains in this

8| Journal Name, [year], [vol.], 1

Fig. 8 Sequence of capillary folding a flat sheet into a double-fold config-
uration. a.) Thin film laying on a patterned substrate. The bottom-left
quadrant and two thin, horizontal strips in the bottom-right quadrant are
fully adhered to the substrate. Other areas are on substrates with very
low film adhesion. b.) Water was added to the center of the film and
facilitated a peel and folded the sheet in half. As the film dried, the fold
was made permanent. c.) Water was added to the center of the top of
the single-folded sheet to facilitate the second fold. Capillary peel was
strong enough to not only peel the double thick film, but to also peel
the film from the thin strip of full adhesion. d.) After all of the water
disappears, the double-fold is stable.

half-folded state indefinitely as its length is many times larger
than L. Critically, the self-adhesion allows water to be added to
the film to initiate the second fold. The second water drop cannot
initiate a peel front anywhere on the full adhesion quadrant, so
peeling from the right end of the film is the only option. The film
then folds in half again, this time the right side folding on top of
the left (Fig. ). Again, water is withdrawn to fix the double fold
through self-adhesion, resulting in a folded area one quarter that
of the initial sheet.

We can again estimate the energies involved in bending the
film the second time (steps b. to c. in Fig. . Clearly the fluid
has not changed, but now the film is harder to bend because it is
effectively twice as thick as it was during the first folding step>#>>
From this point of view we need change the thickness in Eqn.
which ultimately moves our limiting thickness down to smaller
levels. Explicitly, we find the limit to now be given by:

3R2Ay(1—v2)]§ 10)

tAY*)O = { E

From an alternative point of view, the elastocapillary length grows
by a factor of 23/2 for each additional ‘level’ of folding. We note
that the true cost will be slightly underestimated here because
we ignore the cost of the d-cone formed at the intersection of the
initial and secondary fold axis (the top right corner in Fig. [8).
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This process is quite repeatable for a square sheet that is placed
so the area of the sheet in each quadrant is equal. A capillary
drop placed in the center of the flat sheet and added to until the
first fold occurs in this configuration will reliably fold the top half
onto the bottom half. An initial peel initiated at one of the top
corners of the sheet will advance until it encounters one of the
high-adhesion areas, which then acts as a pivot point securing an
edge of the peel front and progressing until the entirety of the
top quadrants have peeled. After the fold initiates, adding water
until the entirety of the unpeeled sheet is covered allows the fold
to progress to the furthest extent of covering the bottom sheet.
Ensuring that the bottom-rightmost corner of the film is adhered
to a thin adhesive strip stops peels from initiating in that corner.
Occasional miss-folds would occur when the top right corner ini-
tiated peeling in a very quick manner. Effectively peeling through
the adhesive strip separating the two right quadrants and leading
to a diagonal fold where the top right half of the film would fold
onto the bottom left half of the film. This could be avoided by
adding the water drop more towards the left side of the film, or
slowing down the addition of water to ensure there weren’t large
and fast folds. The second fold typically initiates at a corner on
the right side of the film and peels from the thin strips individu-
ally. Again, water is added to cover the bottom left quadrant to
allow the fold to cover the entire quadrant.

2.5 Construction of complex structures

The steps needed to create complex structures using thin-film cap-
illary origami have now been described in this paper, however, a
clear demonstration of a functional, complex design is still lack-
ing. The paper airplane is a less academically motivated structure,
but is familiar to many who have been bored and had a piece of
paper nearby. The airplane also represents an origami designed
to have additional functionality, in this case gliding ability. The
folding procedure required to make this structure is well-known
and gives a good bridge between the discussion of basic physi-
cal guidelines and practical application of processes in a complex
design.

The initial step requires peeling from the substrate and folding
two corners of a sheet in to meet along the sheet’s center line.
Next, the sheet is folded along the center line. Both these steps
can proceed with an appropriately patterned substrate and two
sequential drop placement and drying steps. However, the final
step is to peel the wings apart and give the airplane its glider
shape. This step required a modified implementation of the prin-
ciples discussed earlier. In this case the sheet itself must also
be patterned to facilitate a low self-adhesion between the wings.
Specifically, here the wing tops were treated with a hard PS par-
ticle layer which reduced adhesion much like dirtying a piece of
tape. This area is highlighted in green in Fig. |§|a. The final struc-
ture is shown in a floating state (to release it from its substrate)
outlined in red in Fig.[9]d. A video with the intermediate steps is
available in ESI7.

The airplane represents construction of a multi-step, com-
plex, and stable structure using only capillary origami techniques
demonstrating a realistic further development of guided self as-
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Fig. 9 The major steps in the process of capillary folding of an airplane
shape. In each step the outline of the shape is drawn in red to distinguish
the clear PDMS sheet from the patterned PDMS substrate. a.) Thin
film placed upon patterned substrate. Areas highlighted in blue have
high film-substrate adhesion and have been coated with a water-soluble
release layer. All other areas have low film-substrate adhesion. Areas
highlighted in green have a nonstick coating applied to the top of the
film, acting as a low adhesion area when the film contacts itself. b.)
The corners of the film have been folded in, forming the nose of the
airplane. c.) The right wing has been folded over the left wing, forming
the backbone of the airplane. d.) The right wing has been partially
unfolded from the left wing, completing the multi-step folding process
to create a stable airplane shape. Further application of water under the
airplane releases it from the substrate.

sembly with thin-films. The basic actions of origami - lifting,
folding, creasing, and unfolding - have all been recreated with
the tools of capillarity and adhesion. These new tools have ex-
panded the library of what is possible, and point the way for the
possibility of even greater innovation in the future through the
many modifications to adhesion and capillarity currently avail-
able (switchable adhesion, use of different liquids, patterned
changes in wetting, time dependent capillarity, and so on).

3 Conclusions

This work has provided a simple summary of the role of adhesion
in capillary peeling of thin films. The lift created by the surface
tension of a drop must exceed the cost of adhesion between a film
and a substrate in order for origami to be possible. Furthermore,
if the substrate adhesion is anisotropic, folding can be guided in
a symmetry breaking manner. Further, mechanisms can be cre-
ated through self-adhesion which allow a film to be folded in a
sequential manner. Without adhesion complex origami could not
be assembled by fluid droplets.

We have demonstrated the balance between capillary lift
caused by a fluid’s surface tension and the adhesion between a
sheet and its substrate. A PDMS sheet must have a substrate ad-
hesion lower than 0.38 in order for water to lift it from its sub-
strate. Additionally, the film must be thinner than 110 ym or it
cannot bend around a water droplet. Similarly, a film must have
a length greater than L.,; in order to come into self-contact and
maintain a fold after the water has completely dried. Combining
these rules, we demonstrate a sequentially doubly folded sheet,
a critical step towards complex guided self-assembly in this sys-
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tem. Finally, we have demonstrated a more detailed structure by
assembling a paper airplane from a sheet with only water drops,
guided adhesion and self-adhesion.

This work not only highlights what is currently possible for
adhesion-controlled capillary origami, but opens the door for
many possible variations in the basic technology. Adhesion, for
example, is a well-studied concept and many innovations have
been created over the years which could be combined with a thin
sheet. For example, adhesive layers which are responsive to the
environment could easily be patterned on sheets in order to cre-
ate reversible or multi-state structures. Surfactant patches could
be added in order to rapidly drop surface tension once a drop
reaches the patch. Fluid mixtures could be utilized to create dy-
namic surface tensions, or to create or alter adhesion during fold-
ing. Finally, electronic response such as in electro-wetting could
be used to drive origami between different states of assembly, and
allow for more complex soft robotics applications.=2057
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