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ABSTRACT: Freestanding nanomembranes fabricated by lift-
off technology have been widely utilized in microelectrome-
chanical systems, soft electronics, and microrobotics. However,
a conventional chemical etching strategy to eliminate nano-
membrane adhesion often restricts material choice and
compromises quality. Herein, we propose a nanomembrane-
on-graphene strategy that leverages the weak van der Waals
adhesion on graphene to achieve scalable and controllable
release and 3D construction of nanomembranes. This fragile
adhesion allows for precise delamination under stimulations,
such as surface tension, thermal treatment, and mechanical
bending. This strategy is compatible with various inorganic
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materials, including oxides, semiconductors, and metals, and allows for precise control of rolling and folding into 3D
microstructures. Demonstrations include tubular microrobots with diverse locomotion and biodegradable nerve scaffolds
based on facile delamination. Our nanomembrane-on-graphene strategy offers a versatile platform for the fabrication of

functionalized microstructures.
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ith the continuous miniaturization of micro- and

nanostructured objects and devices, adhesion turns

up to be a fundamental issue both in the fabrication
and function.' > The adhesion between layers and the
substrate plays a vital role in microelectromechanical systems
(MEMSs),"™” soft electronics,” "' and microrobotics'*™"* due
to the requirement of freestanding nanomembranes. Therefore,
a lift-off process is always applied to break the initial adhesion
between the nanomembranes and their underlying substrates.
Conventional MEMS fabrication involves a surface micro-
machining strategy, where a lift-off step is achieved by
depositing nanomembranes onto a sacrificial layer, which is
then selectively etched away to release the structures.'’
However, this etching process requires the matching between
the sacrificial layer and the preserved nanomembrane'® and
thus constrains the versatility of fabrication and can
compromise the quality of the freestanding nanomembranes.
To address this, polymer-based sacrificial layers were later
introduced to reduce adhesion and enable the release of
freestanding nanomembranes from a broader range of
materials. Yet, polymers cannot withstand high-temperature
deposition processes, thus further limiting their applicabil-
ity.'”"® Therefore, a general release strategy that allows for
controlled delamination of versatile materials is desired to
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obtain high-quality freestanding nanomembranes and their
corresponding constructed 3D structures.' >’

On the other hand, very weak adhesion may lead to
spontaneous nanomembrane (i.e., thin films) delamination and
buckling from the substrate in the first place,”"**
common failure during the MEMS fabrication process. This
phenomenon inspires advanced methodologies to lift off
nanomembranes via altering the adhesion between the
substrate and deposited nanomembranes. After the nano-
membrane was deposited on designed substrates, 3D micro-
structures of different materials and their combinations were
manufactured from liquid-triggered delamination of nano-
membranes.”””*> This method designed a prelayer to create
van der Waals bonding between the nanomembrane and the
substrate, for example, metal nanomembranes on oxide
substrates, which was broken by liquid intercalation, inducing
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Figure 1. Fabrication of 3D rolling origami by the nanomembrane-on-graphene strategy. (a) Conceptual illustration of a multilayered
nanomembrane deposited onto graphene and rolling up after its release. (b) Optical microscopy image of the releasing process of SiO/Cr
nanomembranes. Scale bar, 100 gm. (c) SEM image of a 3 X 3 array of SiO/Cr microtubes constructed by individual release triggered by
microdroplets. White arrowheads mark the trigger points by microdroplets. Scale bar, 100 gm. (d) Schematic of the microdroplet-triggered
individual release of various patterned nanomembranes. (e) Optical microscopy images of rolling origami structures constructed by
nanomembranes with different patterns corresponding to the schematics in (d). Black arrowheads mark the trigger points by microdroplets.
Scale bar, 100 ym. (f) Conceptual illustration of the roll-to-roll fabrication strategy and an optical microscopy image of a 6 X 13 Si/Ti/Ni
microtube array fabricated by the roll-to-roll strategy. The length of the microtubes is 200 ym. Scale bar, 500 gm.

a lift-off of the nanomembrane from the substrate. However,
this strategy requires certain material pairing to create weak
van der Waals bonding between them, which constrains the
number of desirable materials and integration of different
microstructures for complicated application scenes.

As the most typical 2D material, graphene has no dangling
bonds on the surface, and its adhesion with upper layers is
therefore dominated by weak van der Waals force.”*** Thus,
graphene is considered to be able to serve as an ideal substrate
for nanomembrane delamination and transfer processes.””*’
Notably, this interaction principle is suitable for all classes of
materials, suggesting the potential of graphene as a general
substrate for constructing microstructures from versatile
materials. Here, we developed a nanomembrane-on-graphene
strategy that adopts graphene as the substrate to facilitate
delamination of nanomembranes. We demonstrated that by
applying external stimulations, the weak van der Waals
interactions can be overcome, causing nanomembranes on
the graphene substrate to delaminate and spontaneously roll
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into tubular or helical structures due to the built-in strain
gradient. The underlying mechanism of this facile delamination
process is further elucidated through quantitative energy
analysis. With predesigned patterns, tunable deposition
parameters, and controllable rolling directions, the 3D
microstructures of metal, semiconductor, and oxide with
sophisticated designs can be precisely predicted and con-
structed. By utilizing the proposed approach, tubular micro-
robots that can be assembled into different patterns as well as
biodegradable and conductive nerve scaffolds are demon-
strated. This nanomembrane-on-graphene strategy provides a
general platform for constructing 3D microstructures with
versatile materials and geometries to meet complicated
application demands.

RESULTS AND DISCUSSION
Rolling Origami on the Graphene Substrate. The

conceptual image of 3D microstructure fabrication using a
nanomembrane-on-graphene strategy is shown in Figure la.
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Figure 2. Microdroplet-triggered delamination on a graphene substrate. (a) Side view of the nanomembrane after liquid treatment according
to time evolution. The thickness of the SiO/Cr nanomembrane is 40/40 nm for the first row and 45/45 nm for the second. Scale bar, 100
pum. (b) Released length according to time evolution for nanomembranes with different total thicknesses. The inset shows a magnified view
of the region with an extremely short delamination time. (c) Releasing velocity as a function of released length for nanomembranes with
different total thicknesses. The solid line is the average releasing velocity and the shaded region represents the standard deviation. (d)
Calculated potential energy change during delamination after ethanol treatment for nanomembranes with different thicknesses. The solid
line marks successful delamination, while the dashed line indicates the prohibited delamination state. (e) Relation between the final released
distance AL and the total thickness. The inset illustrates the definition of AL, area of the wetted region S, and released area S useq- (f)

Relation between the released area S,.,..q and the total thickness.

First, monolayer graphene was grown on a Ge wafer by
chemical vapor deposition (CVD). Raman spectra in Figure S1
depict clear G and 2D bands with an intensity ratio larger than
1.5, which confirms the monolayer feature of graphene.” Next,
a shadow mask was applied to define the target region for
nanomembrane deposition. Multilayers were then deposited
on the graphene substrate using e-beam evaporation, where
differences in thermal expansion coefficients and deposition
parameters between the layers led to the generation of strain
gradients within the nanomembrane. After deposition, the
shadow mask was removed. By applying an external
stimulation, such as liquid intercalation, mechanical bending,
and thermal treatment (Figure S2), the nanomembrane was
delaminated from the graphene substrate and rolled up into
tubular 3D microstructures under an internal strain gradient
generated during deposition. We also conducted Raman
characterization of the substrate after delamination, which
confirmed that the graphene remained on the Ge substrate
after the delamination process (Figure S1). Massive
production of dozens of microtubes was achieved by simply

333

dipping one drop of ethanol onto a sample with an array of
circular SiO/Cr nanomembranes (Figure 1b). Here, the Cr
layer is deposited to generate a strain gradient that causes the
corresponding nanomembranes to roll up. When the liquid
droplet flows on the graphene substrate toward the lower-left
corner, nanomembranes are released sequentially, and micro-
structures under different release stages are marked by four
colored circles. The black circle marks an as-deposited
nanomembrane untouched by the ethanol liquid, and its
plane geometry indicates firm adhesion to the substrate. As the
boundary of the droplet reaches the rim of each nano-
membrane, the contact point bends upward and scrolls in a
direction parallel to the liquid flow (red circle). Then, the
remaining part continues to roll up until it reaches the opposite
edge of the nanomembrane, forming a tubular microstructure
(green circle). Sunk in the ethanol droplet, the microtube
finally delaminates completely and may drift away with the
liquid flow (yellow circle). From the ethanol trace around and
under the patterned area, it can be deduced that the liquid
intercalates between the nanomembrane and the graphene
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substrate, leading to initial delamination of the fringe of the
nanomembrane, which further delaminates under a built-in
strain.

Nanomembranes may also be triggered individually by
microdroplets to form a uniformly arranged array of micro-
tubes on graphene (Figure 1c). The microdroplet is produced
by a glass capillary containing ethanol, which was secured to a
micromanipulator. As the tip contacts the surface of graphene,
the microdroplet is ejected onto the surface under capillary
force and surface tension, triggering the edge of the
nanomembrane at the contact point (marked by white arrows)
to delaminate from graphene. With the triggering points of
same positions, the nanomembranes roll approximately in the
same direction into parallel microtubes. The morphology of
rolling origami can be tuned by applying shadow masks with
different shapes, as sketched in Figure 1d and demonstrated by
the experimental results in Figure le. The circular nano-
membranes form microtubes with arched edges and the
rectangular ones with smooth edges, while the nanomem-
branes with parallelogram shapes form helical structures.
Moreover, the released microstructures can be easily trans-
ferred onto a new substrate (Figure S3). Rolled-up micro-
structures are reinforced with a 50 nm thick Al,O; coating, and
then the PVA solution is dipped and dried, forming a solid film
on the released microstructures as a protective coating. The
PVA film including Al,O; coating is then peeled off from the
substrate and is transferred onto the target substrate, and PVA
is dissolved in water. Similarly, the strained nanomembranes
can be peeled off from graphene and transferred onto the
target substrate first and then released to construct microtubes
(Figure S4). The transfer technique offers a greater degree of
flexibility in designing the functional device on desired
substrates.

In addition to liquid-triggered delamination, we demon-
strated a roll-to-roll fabrication strategy that does not
necessarily require the involvement of liquid or vapor and is
more suitable for future practice in flowline production (Figure
1f). Graphene on copper foil was utilized for its flexibility, and
an array of multilayer nanomembranes was deposited onto the
substrate. As the specimen was wound around the roller, the
nanomembranes spontaneously detached from the substrate
and rolled up into 3D tubular microstructures, and this
phenomenon is attributed to the additional internal strain
gradient generated by the bending moment. Here, a 6 X 13
array of microtubes of Si/Ti/Ni nanomembranes was obtained
(Figure 1f), demonstrating the feasibility of the approach. It
can be noticed that the rolling directions of most microtubes
are consistent and are perpendicular to the bending direction
of copper foil (73 out of 76 microtubes), as the delamination
tends to happen alone in the direction with the quickest energy
release rate. The missing nanomembranes indicate fully
delaminated microtubes that are detached from the surface.
A larger array of 35 X 20 microtubes was also demonstrated,
and the yield was estimated to be 83% (Figure S5). This facile
release process is rapid, avoids contamination from liquids, and
allows a controllable releasing direction. The advantage of the
roll-to-roll release strategy is its feasibility in the industrialized
massive production of functionalized microstructures. Fur-
thermore, we conducted experiments to recycle the graphene
substrate after nanomembrane deposition and release (Figure
S6), aiming to reduce the cost of graphene for real-world
applications.
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Dynamics of Liquid-Triggered Delamination. In order
to provide an insight into the mechanism of facile delamination
on graphene, the interaction between the fundamental
graphene—nanomembrane interface and the internal strain
gradient in nanomembranes should be clarified first.
Experimentally, a series of SiO/Cr nanomembranes with
altered thickness ranging from 30/30 to 55/55 nm were
prepared, and a high-speed camera was utilized to record the
dynamic delamination process from the side (see the details of
the experimental setup in Figure S7). Here, circular patterns
were chosen to eliminate the effect of geometric asymmetry.
Images of the morphology changes of 40/40 and 45/45 nm
nanomembranes extracted from a high-speed video are shown
in Figure 2a. When the microcapillary was in contact with the
rim of the nanomembrane from the left side, ethanol
intercalated into the nanomembrane—substrate interface and
peeled the edge of the nanomembrane off from the substrate,
which is a relatively slow process (second column). As the
microdroplet advanced, the released area expanded and the
freestanding part bent into a tubular geometry (third column),
which rolled forward. The rolling of the nanomembrane in turn
induced further delamination, and the nanomembrane
detached from the region near the microcapillary, which is
wetted by the ethanol microdroplet (third to fourth columns).
The delamination continued for a few microseconds until it
finally terminated at the right side of the nanomembrane (fifth
column). Here, the distance between the contacting point and
the boundary of the fixed nanomembrane is defined as the
released length, and the released length after the whole
delamination process (i.e., the final stable status) is labeled as
the final released distance AL. In Figure 2b, we analyzed the
released length according to the time evolution from each
frame of the recorded video to further examine the dynamic
delamination process. For each thickness, three nanomem-
branes were evaluated, and the curves were marked with
different colors for different thicknesses. The delamination
processes for all nanomembranes show a similar motion
fashion, but for thicker nanomembranes the delamination time
reduced sharply and AL increased. The average releasing
velocity was calculated as a function of the released length for
varied nanomembrane thicknesses, as is sketched in Figure 2c,
which exhibits two delamination stages. In the first stage, the
microdroplet triggered the intercalation, and the releasing
velocity accelerated with the length. After the nanomembrane
was disengaged from the wetted region, it shifted to the second
stage, and the nanomembrane continued to roll forward under
the influence of the built-in strain gradient and inertia until its
velocity gradually approached zero. It is noted that the
releasing velocity of the thicker nanomembrane is higher than
that of the thinner one, with the peak velocity as high as 45.27
mm/s (55/55 nm nanomembrane), which is around 10 times
faster than that of the 30/30 nm nanomembrane.

To investigate the underlying mechanism that influences the
dynamic delamination process, the corresponding energy
variation of the system was examined. The total energy of
the system should be composed of the interface energy change
between the nanomembrane and graphene (AUj), the elastic
strain energy stored in the as-deposited nanomembrane
(AUg), and kinetic energy of the rolling motion (K). Adding
up all these elements and assuming energy conservation gives

AU + AU, + K=0 (1)
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Figure 3. Comparison of nanomembrane adhesion and delamination behaviors on graphene and other substrates. (a) Schematic illustration
of the nanoindentation test. (b) Optical image of a scratch during the nanoindentation test. Black arrows mark the point where the scratch
starts and the critical point where the nanomembrane delaminates. Scale bar, 100 ym. (c) Nanoindentation test of Si, SiO, and Ag
nanomembranes on graphene, Au, glass, and Ge substrates. Arrows point the critical load when the scratching depth display a sudden
change, indicating delamination of the nanomembrane. (d) Calculated potential energy change during delamination with (solid line) and
without (dashed line) ethanol treatment for 35/35 nm SiO/Cr nanomembranes on Au and graphene substrates. Blue lines correspond to
nanomembranes on the Au substrate and red lines represent nanomembranes on the graphene substrate. Insets show the optical microscopy
images of the corresponding nanomembranes triggered on Au and graphene substrates with different final released distances (AL). Scale bar,

100 pm.

where AUg and AU constitute the potential energy change
(AUp) of the system, which is defined by the equation:
AU, = AU + AU = —K (2)
As all nanomembranes for energy analysis are composed of
same materials with similar deposition parameters, the elastic
strain energy AUg relaxed per unit area as the nanomembrane
transformed from planar to rolled-up geometry increases
proportionally to thickness (Note S1)
AU = —AVLS

released

©)

where AV is the elastic strain energy change per unit area of
the 1/1 nm nanomembrane, ¢ is the thickness, and S, ceq 18
the total released area of the nanomembrane. The interface
energy change AU, originates from a thermodynamic
(reversible) energy cost to create new surfaces, named the
Dupré energy of adhesion (hereafter simplified as adhesion
energy).”” We analyzed the theoretical elastic strain energy
change of nanomembranes after complete delamination and
their corresponding peak velocity with altered thickness
(Figure S8a), which confirms that the elastic strain energy
change increases with nanomembrane thickness, leading to a
quicker velocity. We also calculated the dependence of elastic
strain energy change on SiO thickness for the fully delaminated
nanomembrane (circle pattern, 100 um) with a fixed Cr
thickness (40 nm), and the results in Figure S8b indicate that
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the elastic strain energy change increases with the SiO
thickness.

As liquid intercalation only affects part of the delaminated
region, the interface energy is divided into two parts:

A[]s = I_‘wetSwet + 1—‘(Sreleased - Swet) (4)
where I, is the wet adhesion energy per unit area of graphene
after ethanol intercalation and S, is the area with wet
adhesion, while I' is the initial dry adhesion energy per unit
area between the graphene and the nanomembrane. According
to previous studies, we, respectively, set the dry adhesion (I")
and wet adhesion (I',.;) between graphene and SiO as 0.31
and 0.013 J] m™%*>*" and the theoretical potential energy
changes (AUp) according to the released length for nano-
membranes with varied thicknesses before and after ethanol
treatment are calculated and demonstrated in Figures S9 and
2d, respectively. From a fracture mechanics perspective, a
positive slope of the energy curve indicates prohibited or
decelerated motion, while a negative slope represents initiation
or acceleration of delamination (Note S2). After ethanol
intercalation, the energy curve within the wetted region
declines due to reduced adhesion energy and increases again
after the nanomembrane detaches from the wetted region,
which corroborates the velocity result in Figure 2c. From the
energy curve, it can be deduced that more potential energy is
released for thicker nanomembranes, which transformed into
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Figure 4. Precise control of configurations of rolled-up microstructures on graphene. (a) Optical microscopy image of SiO/Ti/Ni, Cr/Ag/
Ti/Fe, and Si/Ni/Cr microtubes on the same piece of graphene. Scale bar, 100 gm. Inset: SEM image of one end of the SiO/Ti/Ni
microtube. Scale bar, 10 gm. (b) Microtubes of different rolling directions from arrays of circular nanomembranes triggered at different
points. Black arrows mark the rolling directions. Scale bar, 100 ym. (c) Rolling diameters of microtubes from circular patterns with
diameters of 100 ym (red squares) and 150 pm (black squares) as a function of the total thickness of graphene. Insets show the optical
microscopy images of a series of microtubes triggered from circular nanomembranes with a diameter of 100 gm.

more kinetic energy, resulting in faster and further delamina-
tion. The system reaches a stationary state at the end of the
delamination process, and the point where the potential energy
change reaches zero marks the theoretical final released
distance. Since the kinetic energy K must remain positive,
states where AU, is above zero are prohibited, which are
marked by dashed lines in Figure 2d. For experimental results,
five microtubes are measured for each group, and the
relationship between the total thickness and AL is depicted
in Figure 2e, indicating that AL increases with nanomembrane
thickness. As the thickness exceeds 50/50 nm, nanomem-
branes delaminate completely from the substrate and
constructed microtubes. The experimental results slightly
deviate from the calculated results due to deviations of
adhesion energy per unit area I between the set value and
actual situation, as graphene’s surface state is significantly
affected by Tumerous factors such as the fabrication technique,
substrate material,>> surface roughness,3 and the interface
confinement condition.®”

When the delamination process finally terminates, the
kinetic energy returns to zero, and an equation is obtained
by substituting eqs 3 and 4 into eq 1:

—AVES eased F DverSuwet + T (Sreteased — Swet) = 0 (%)
which can be rewritten into the following form
1 r AV ;
Seesed v =T Syeel = L) (6)

It can be deduced from eq 6 that there exists a linear
relationship between the reciprocal of the final released area
and thickness. As a result, the final released area is calculated
by utilizing AL and a linear fitting is applied (Figure 2f).
Moreover, the practical dry adhesion energy per unit area I' of
graphene and SiO of our experiment can be extracted from the
linear fitting parameters as 0.289 + 0.006 ] m™, which agrees
well with the value reported in previous studies,®®*’ indicating
a novel strategy for measuring the adhesion energy. It can also
be deduced that the mechanism of roll-to-roll release strategy
lies in the low energy required to overcome the adhesion
between the nanomembrane and graphene substrate, which is
easily achieved by external excitations such as bending in this
case. Additionally, thermally triggered release is also success-
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fully verified, attributed to the additional internal strain
gradient generated by mismatch of the thermal expansion
coefficients (Figure S10), which also foresees potential for
other etching-free release methods, such as those triggered by
surface tension”’ and electron beam irradiation.*' Through the
above energy analysis, we set up a theory on the fundamental
relation among the elastic strain energy, adhesion, and
nanomembrane delamination dynamics, which provides a
reasonable explanation for the process of liquid-triggered
nanomembrane delamination.

Weak Adhesion of Nanomembranes on Graphene.
The energy analysis highlights the influence of adhesive
interaction between nanomembranes and their underlying
substrate on successful delamination. As a result, the novel
adhesive property of graphene may lead to facile nano-
membrane delamination and microstructure fabrication for
versatile materials. A nanoindentation test was conducted to
compare the adhesion of graphene to Au, glass (commonly
employed in previous studies”””*), and bare germanium
substrates. The schematic of the nanoindentation test is
shown in Figure 3a. During the test, a normal load is applied to
the indentation tip as it moves across the nanomembrane,
creating a scratch on the surface. As the load is increased, the
scratching depth increases proportionally until the loading
force reaches a critical point where the depth undergoes a
sudden change, indicating delamination of the nanomembrane
from the substrate. This delamination is also visible in optical
microscopy images (Figure 3b). Si, SiO, and Ag nano-
membranes, which represent semiconductor, oxide, and
metal materials, respectively, were tested on the four
substrates, with results depicted in Figure 3c, and the
corresponding optical images in Figure S11. The critical
loads required for the delamination of all three materials from
graphene are very low (less than 10 mN), highlighting the
universal weak adhesion mechanism of graphene. In contrast,
SiO nanomembrane failed to delaminate from the glass
substrate, nor did Ag from the Au substrate, and no
delamination was observed for any material on the Ge
substrate, highlighting the specific role of graphene. Here,
the lower adhesion of graphene originated from its low surface
energy, as it possessed no dangling bonds on its surface.””** As
a result, the adhesion was dominated by weak van der Waals
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Figure S. Self-folding on the graphene substrate. (a) Illustration of the designing concept of the folding structure. (b) Cross-section images
of folding structures at two different stages. (c) Experimental, calculated, and simulated results of the folding angle 6 and curvature diameter
R as a function of hinge length L. (d) SEM images of triggered folding structures with different L values and the corresponding simulated

results obtained by FEM. Scale bar: 100 gm.

interaction, and this mechanism is generic for all kinds of
inorganic materials. For instance, multilayered nanomem-
branes of SiO/Cr, Si/Cr, and Ag/Cr deposited on the
graphene substrate are successfully released to roll up into
microtubes (Figure S12). For comparison, Si nanomembranes
failed to release on glass and germanium substrates, and Ag
remained intact on the Au substrate, which are comparable to
the indentation results (Figure S13). In addition to microtubes
of pure metal and hybrid materials, pure oxide structures were
also available by this method, as exemplified in Figure S14,
which depicts two microtubes consisting of SiO/SiO, and
Y,0;/ZrO,. Also, the energy analysis approach was conducted
to compare the delamination manner on graphene and Au
substrates. 35/35 nm SiO/Cr nanomembranes were deposited
and triggered on two kinds of substrates, and the potential
energy change of the system as a function of released length
was calculated (Figure 3d). Without ethanol treatment, the
potential energy change for both substrates remained above
zero, indicating prohibited delamination (red and blue dashed
lines). The adhesion energy per unit area for SiO/Au was 0.39
J m™%* which is stronger than that of SiO/graphene. As a
result, the initial energy barrier was higher, and a less
nanomembrane was released after the same liquid treatment
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(blue solid line in Figure 3d), which is also experimentally
proved by the optical microscopy images. In contrast, low
adhesion in SiO/graphene led to quicker delamination and a
longer AL (red solid line in Figure 3d and marked in the inset
image), highlighting the influence of adhesive interaction
between the nanomembrane and their underlying substrate on
delamination. It is proven that weak adhesion between
graphene and versatile materials enables facile delamination
of the nanomembranes from the substrate and the subsequent
assembly of 3D microstructures.

Deterministic Fabrication of Tubular Microstructures
on Graphene. We further explored the parallel integration of
microtubes with different materials on the same piece of
graphene, as sketched in Figure 4a. A hard mask was applied to
define the desired deposition region. By rotation of the hard
mask, nanomembranes were selectively deposited onto differ-
ent regions and then released to form microtubes (Figure S15).
The optical microscopy image elucidates successful fabrication
of various microtubes, including a pure metal microtube and
two hybrid microtubes, on the same graphene substrate.
Moreover, the SEM image of the opening end of a SiO/Ti/Ni
tube (inset of Figure 4a) suggests that the nanomembrane
scrolls tightly and its surface is smooth and free of
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contamination, benefiting from the smoothness of the
deposition substrate.

Apart from the material issue, precise control of the rolling
direction is desirable for determining the final structure of
origami. A set of microtubes with rolling directions of 0, 45,
135, 180, 225, and 315° formed from circular nanomembranes
are shown in Figure 4b. In this experiment, microdroplets are
precisely placed in diverse positions of patterned nano-
membranes with a micromanipulator, inducing release from
the contact points. The circular nanomembrane tends to
delaminate toward the direction perpendicular to the tangent
of the contact point. Since the prestrained nanomembrane
tends to relax along the direction with the fastest decrease in
system potential energy,”” which is dominated by the size of
the released region, the delamination route is thus
predetermined by nanomembrane geometry and the triggering
point. More detailed records of the delamination procedure
and the corresponding simulation results are depicted in Figure
S16. Similar experiments were directed on rectangular (Figure
S17), square, and parallelogram-shaped (Figure S18) nano-
membranes. For parallelogram-shaped nanomembranes, trig-
gering from the lower-left corner initiates scrolling toward the
right. As the trigger point moves clockwise along the edge, the
rolling direction follows, as shown in subsequent frames.
Increasing the rolling diameter forms helical microstructures
(Figure S19). In short, fabricated 3D microstructures possess
various geometries, from microtubes to helical structures,
mainly depending on the controlled rolling direction.

In addition to direction, controllable rolling diameter is also
important for the accurate construction of 3D origami. As
stated by the rolling mechanism, the curvature of the rolled-up
microstructure is determined by the elastic property, built-in
strain gradient, and nanomembrane thickness.*® While the
elastic property and built-in strain gradient originate from
thermal and lattice mismatch that is influenced by multiple
deposition factors (i.e, deposition rate in Figure S20) and
material combinations (Figure $21),"” nanomembrane thick-
ness offers an opportunity to quantitatively tune the diameter
of rolled-up structures,*® as illustrated in Figure 4c. Here,
circular patterns with diameters of 100 and 150 pum were
chosen to eliminate geometric asymmetry that affects the total
elastic energy, and nanomembranes were composed of SiO/Cr
nanomembranes with thicknesses ranging from 20/20 to 60/
60 nm. For each group, five microtubes were measured, and
their statistic diameters were analyzed. It can be deduced that
the rolling diameter increases with nanomembrane thickness,
which is also supported by the optical microscopy images in
the insets. As stated in Note S1, when the thicknesses of two
layers remain equal, there exists a proportional relationship
between the rolling diameter and the total nanomembrane
thickness. Therefore, a linear fitting was employed, which
matches well with the experimental results. On the other hand,
the pattern size of the nanomembrane shows neglectable
impact on the diameter of the microtube. Moreover, from the
measured diameters, we obtained the precise value of built-in
strain of SiO and Cr to be —0.519 and 0.401%, respectively
(Note S3). We also characterized the built-in strain of the Si
nanomembrane using Raman spectroscopy, which was then
used as an input parameter for theoretical calculations of the
microtube diameter. The resulting diameter of the correspond-
ing Si/Ni microtube showed good agreement with the
calculated values (details can be found in Note S3).
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Deterministic Fabrication of Folding Structures.
Combining a controllable triggering process with a prede-
signed nanomembrane pattern, we further explore this
nanomembrane-on-graphene strategy for more complicated
folding origami. Typical folding structures contain two parts:
two rigid plates and a hinge that connects them.*” As the hinge
deforms under a driving force, the orientation between two
plates changes, and the whole structure transforms from planar
to 3D architecture. A conceptual image of our folding structure
is shown in Figure 5a. The multilayered nanomembrane with a
built-in strain gradient contributes a proper driving force for
bending of the hinge. For the construction of flat plates, we
proposed a strain engineering strategy depicted in the left
frame of Figure Sa. The plate consists of two groups of layers
that possess the same contribution of materials with the same
deposition parameters, only in a reversed order. As a result, the
strain gradients in the two groups are equal in value while
opposite in direction, and the neutralized strain gradient leads
to the construction of a plane plate. Alternatively, the right
frame of Figure Sa illustrates a side view of another rigid plate
with a thick and hard layer of TiO, on top. This TiO, layer
holds highly compressive strain, and its position slightly
deviates from the underneath layer, forming a step-like
structure that tightly locks the nanomembrane onto the
graphene substrate, preventing the right plate from delamina-
tion and self-rolling. The left plate of the structure is then
released from the substrate by a microdroplet, constructing a
folding geometry. Optical microscopy images of the as-grown
nanomembrane and folding structure after delamination are
available in Figure S22.

For the deterministic formation of the folding structure, a
simplified model was developed to investigate the geometry
relationship between the folding angle 6, curvature diameter R,
and hinge length L (Figure Sb). During stage I, where the
plane panel rotates out of the plane and retains its freestanding
morphology, the relationship can be calculated as L = 7RO/
180°, according to the rolling essence of this folding
mechanism. At this stage, R is determined by the inner strain
gradient, and thus 0 increases proportionally to L. In stage II
where 6 exceeds a critical point as the left plane panel touches
the right layer locked on the substrate, R is further restricted by
the requirement of a valid geometric structure, and the length
of the flat panel a should be taken into consideration. An
equation can be expressed as cos@ = (R* — a*)/(R* + a°).
Combined with the formula of hinge length L, the theoretical
analysis of folding parameters is plotted in Figure Sc. Based on
the theoretical results, we designed a series of patterns with
altered L to demonstrate the capability of geometry control,
and the SEM images of the triggered folding structures are
shown in the first line in Figure 5d. As the L increases,
increases accordingly, while R remains approximately the same.
Finally, the panel reaches the nanomembrane surface, and the
bending behavior is hindered, leading to a boost in the folding
diameter that implies a stage II folding paradigm (the last
column of Figure Sd). The angles and diameters of the
experimental results are summarized and are in good
agreement with theoretical results (Figure Sc). Moreover, we
utilized the finite-element method (FEM) to simulate the
folding process, and the results are shown in Figure 5c and the
second line of Figure 5d, presenting good consistency between
theoretical calculation/simulation and experimental results.
The results also demonstrate the feasibility of our strategy for
constructing complicated structures that require multiple
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Figure 6. Application of functionalized rolled-up microstructures for catalytic and magnetic microrobot assembly. (a) Schematic of a rolled-
up microtube consisting of $iO, Cr, and Pt functioning as a catalytic micromotor. (b) Optical microscopy image depicting the micromotor
moving in 1% H,0, solution. Colored dots illustrate the trajectory of the micromotor taken over 8 s. Scale bar, 100 gm. (c) Schematic of the
magnetic microrobot consisting of SiO, Ni, and Cr. (d) SEM image of a single microtube on a graphene substrate. Scale bar, 10 um. (e)
Diagram of motion velocity as a function of rotation frequency of the magnetic field. The inset illustrates the trajectory of a microrobot in a
magnetic field with a rotation frequency of 7 Hz. (f) Schematic illustration and optical images of two magnetic microrobot assembly under
magnetic force and transformation into a different assembly pattern. Scale bar, 100 pm. (g) Schematic and the corresponding optical
microscopy image of two micromotors with opposite magnetization directions and their three possible assembly patterns. Colored dots
illustrate the trajectory of the micromotor assembly taken over S.1 s. Scale bar, 100 gm. (h) Schematic and the corresponding optical
microscopy image of two micromotors with the same magnetization direction and their two possible assembly patterns. Colored dots
illustrate the trajectory of the micromotor assembly taken over 5.1 s. Scale bar, 100 gm.

fabrication steps, and a photolithography technique can be combining rolled-up origami with magnetic material (Figure
employed to fabricate more complex structures in the future 6¢). As shown in the SEM image (Figure 6d), the microrobot
(Figure S23). consists of SiO, Ni, and Cr. The Ni layer functions as both the
Catalytic and Magnetic Microrobot Assembly. Owing strain gradient layer and the magnetic actuation layer. By
to its material versatility and fabrication flexibility, our applying a rotating magnetic field, the robot rotates with a
nanomembrane-on-graphene strategy forecasts its promising rotational axis parallel to that of the rotation magnetic field,
application in 3D microsystems. First, we demonstrate actuating itself to proceed along a direction perpendicular to
applications of assembled 3D origami by adding various the rotational axis in a liquid environment. We chose the
functional layers during the fabrication process. In Figure 6a, a middle point of the tube to calculate its velocity, and the
self-propelled micromotor was demonstrated by depositing an results are plotted in Figure 6e. The velocity increases with the
additional layer of 2 nm Pt onto SiO/Cr multilayers. After increase of the rotation frequency before 10 Hz. When the
being triggered into a microtube, the inner side of the tube is frequency exceeds 10 Hz, the microrobot steps out, and the
covered with Pt which serves as a catalytic surface for hydrogen motion rate remains the same around 200 ym/s. To address
peroxide decomposition that produces oxygen. When the the degradation issue in a liquid environment, further
micromotor is transferred from the substrate into 2% H,0, enhancements can be made by coating the micromotor with
solution, oxygen gas bubbles were ejected out of the hollow alumina using atomic layer deposition or by increasing the
structure of the micromotor which propels the micromotor to thickness of the outer layer to prolong the degradation time.
march forward. The motion trajectory follows a straight line By combining the magnetic functional layer with a catalytic
(Figure 6b), and its velocity can be tuned by altering the length micromotor, we introduced a micromotor assembled by
and diameter of the tubular structure through designing the magnetic force. Figure 6f depicts the process of two
nanomembrane thickness and the corresponding pattern’s micromotors (Si/Py/Fe/Pt) approaching and assembling in a
geometry. Another example presents a magnetic microrobot by 1% H,0O, solution. The two microtubes propel toward each
339 https://doi.org/10.1021/acsnano.4c07589
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Figure 7. Application of the rolled-up microstructure as a nerve scaffold for peripheral nerve injury. (a) Illustration of the concept for in situ
release of nanomembranes from graphene and subsequent wrapping around damaged nerves to promote healing. (b) Optical microscopy
images of nanomembrane consisting of Si/Mg wrapped around a disconnected hydrogel for healing, which degraded after 7 days. The red
dotted line marks the disconnected site of the hydrogel wire. Scale bar, 100 gm. (c) Healing process of hydrogel mimicking the healing of
the injured nerve. The black line depicts the conductance of the hydrogel and the red line depicts the scaffolding area during the hydrogel
healing process. Optical microscopy images show the healing process. Scale bar, 500 gm.

other (the first frame) until they encounter and assemble
under the intrinsic magnetic force of the Py/Fe layer, forming a
head-to-head assembly (the second frame). The external
magnetic fleld can perturb the assembly, causing the two
microtubes to rotate along the connection point (the third
frame). This transformation process lasts for 0.6 s as the
micromotors snapped into a side-by-side assembly pattern (the
fourth frame). In fact, more assembly patterns can be observed
in the experiment. As the head (solution inlet end) of the
motor may have two possible magnetic poles, two kinds of
micromotors can be produced: one with its magnetization
direction in the direction of motion and the other with
magnetization direction opposite to the direction of motion.
Accordingly, there are two possible combinations of micro-
motor pairs, micromotors with the same magnetization
direction and opposite magnetization direction, which form
at least five possible assembly patterns in the experiment.
Figure 6g depicts two micromotors with the same magnet-
ization directions and their three possible assembly patterns,
defined as the side-by-side, head-to-head, and back-to-back
assembly. The speed of the side-by-side assembly is greater
than that of each micromotor but slower than the sum of the
two, as the micromotors are not propelled in exactly parallel
directions due to minor geometric asymmetry. For the head-to-
head and back-to-back pattern, the opposite propulsions lead
to a slow motion in the solution. Similarly, Figure 6h depicts
two micromotors with opposite magnetization directions and
two possible assembly patterns. The side-by-side assembly
exhibits a rotatory motion due to the fact that the vector of the
propelling force does not pass through the center of the
structure, while the head-to-head assembly moves quickly
straightforward.

Conductive Nerve Scaffold. Leveraging the broad
material selection and facile fabrication, we proposed another
application of assembled 3D origami as a biodegradable
scaffold for nerve repair. Peripheral nerve injury is a severe
disease that can result in loss of sensory perception and motor
function. In recent years, nerve scaffolds have been proposed
for treating peripheral nerve injuries to facilitate nerve
regeneration. Traditional nerve scaffolds require a complex
surgical procedure to insert the injured nerve into a preformed
conduit,*® while our approach allows for the in situ wrapping of
nanomembranes around the damaged nerve. As illustrated in
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Figure 7a, the Si/Mg multilayer nanomembrane (both are
biodegradable and biocompatible materials) on the graphene
substrate is positioned beneath an injured nerve. The
nanomembrane can be easily released in situ at the location
of the damaged nerve using biocompatible liquids, such as PBS
solution, directly wrapping around it to serve as a scaffold. This
structure supports nerve regeneration by providing mechanical
stability and delivering electrical signals, and it degrades
naturally once healing is complete. As a proof of concept, a
self-healing hydrogel with a relatively long healing time (12
h)* was chosen to mimic the healing process of the injured
nerve (Figure 7b). The diameter of the hydrogel wire was
approximately 1 mm, which is a typical diameter of peripheral
nerves. The hydrogel wire was disconnected, and the two ends
of the wire were placed on the 200/2000 nm thick Si/Mg
multilayer (the first frame). A droplet of PBS solution was
applied onto the nanomembrane, which immediately triggered
the nanomembrane to delaminate and wrap around the
hydrogel wire (the second frame), and the whole process
lasted for only 80 s (Figure S24). After air-drying at room
temperature, the broken hydrogel wire was fixed and can be
suspended in air without fracture (the third frame). As a
comparison, the ability of hydrogels with and without nerve
scaffolds to withstand disturbance before complete self-healing
was tested (Figure S25). When swayed in water, the hydrogel
without the scaffold support disconnected again, while the
scaffold-supported hydrogel maintained its structure, which
demonstrates its mechanical support. The hydrogel then
underwent a self-healing process, and the scaffold gradually
degraded in PBS solution (the fourth frame). Figure 7c
illustrates the changes in conductance during the hydrogel’s
severing, scaffolding, and healing processes. The conductance
of the hydrogel was 37 uS when produced, which dropped to 0
#S when disconnected, 0.75 uS when scaffolded, and slowly
increased to 23.6 uS after 7 h, demonstrating the healing of the
hydrogel. Additionally, degradation of the scaffold during the
healing process was characterized by monitoring the scaffold’s
area (Figure 7c), images of which are provided in Figure S26.
After immersion in a 37 °C PBS solution for 12 h, the scaffold
remained mostly intact. After 1 day, it began to fragment into
several parts until it gradually peeled off and the remnant
became transparent by the 7th day. The remaining nano-
membrane was deduced to be silicon, which degraded much
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slower than magnesium at a rate of approximately 4.5 nm/day
at body temperature.”” In the future, the performance of this
nerve scaffold could be enhanced by adding a porous structure
to the nanomembrane or coating it with factors that promote
neuron growth.

CONCLUSIONS

In summary, we have demonstrated a nanomembrane-on-
graphene strategy for nanomembrane delamination and 3D
microstructure fabrication based on the unique surface
characteristics of graphene. Energy analysis was applied to
elucidate the dynamics of the liquid-triggered delamination
process. Nanoindentation tests were conducted to prove the
weak adhesion of various nanomembranes on graphene, and
3D origami of different materials were integrated on one piece
of graphene. The rolling direction of nanomembranes can be
determined by the microdroplet triggering point, and the
diameter of microtubes was proved to be proportional to
nanomembrane thickness, suggesting good control of the final
assembled structure. By introducing a strain engineering
strategy, a folding structure composed of panels and a hinge
was constructed with the same release approach, and a
geometry model was set up for predicting the folding angle,
and FEM simulations match well with the resultant micro-
structures. Dry release strategies including roll-to-roll fabrica-
tion and thermal release were also achieved, which are more
suitable for industrialized massive production. We utilized our
nanomembrane-on-graphene strategy to construct chemically
and magnetically driven micromotors, which can form
micromotor assemblies with various motion behaviors. Finally,
we demonstrated a conductive and biodegradable nerve
scaffold that can be rapidly implanted onto a target injury
point by a biocompatible solution. This work is expected to
provide a convenient construction strategy for complex and
multifunctional 3D microstructures for potential applications.

METHODS

Fabrication of Graphene. Monolayer graphene was grown on a
Ge(110) wafer in a CVD system. The Ge substrate was placed in a
quartz tube which was filled with H, of 30 sccm and Ar of 300 sccm
and was heated up to 916 °C. After the temperature of the quartz tube
reached 916 °C, the graphene growth process proceeded under a gas
mixture of 2.2 sccm CH,, 70.0 sccm H,, and 700.0 sccm Ar. After
deposition, the sample was cooled to room temperature.

Massive Production of Microtubes. The graphene substrate
was covered by a shadow mask with circular pores. Then, the
substrate was deposited with SiO (40 nm) and Cr (40 nm) through
electron beam evaporation. The shadow mask was removed, and a
drop of ethanol was dipped onto the sample surface.

Individual Release and Controllable Rolling of Nano-
membranes. The graphene substrate was covered by a predesigned
shadow mask. Then, the substrate was deposited with SiO (40 nm)
and Cr (40 nm) through electron beam evaporation. After removing
the shadow mask, a glass capillary containing ethanol contacts the
edge of the patterned nanomembrane, and a microdroplet of ethanol
was ejected onto the surface under capillary force. The position of the
capillary tip was precisely controlled by a micromanipulator. Other
multilayered structures were constructed by this method. The
nanomembranes in Figure le are Cr/Ag/Ti/Fe (8/30/30/30 nm)
for the circular pattern, SiO/Ni/Cr (30/30/30 nm) for the
rectangular pattern, and SiO/Ni/Cr (30/40/30 nm) for the
parallelogram pattern.

Roll-to-Roll Release. Monolayer graphene on copper foil (ZZ
Standard; thickness = 35 um) was used as the substrate for
nanomembrane deposition. A shadow mask of circle patterns with a
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side length of 200 ym was covered onto the substrate, and Si/Ti/Ni
(100/10/80 nm) was deposited. The sample was then wound around
a roller.

Thermal Release. The nanomembranes consisting of Si, Ni, and
Cr deposited on a graphene substrate were placed in a fast annealing
oven and were heated to 400 °C for 480 s in a nitrogen atmosphere.

Nanoindentation. 40 nm Si nanomembrane, 40 nm SiO
nanomembrane, and 40 nm Ag nanomembrane were individually
deposited onto graphene, glass, Au, and Ge substrates for nano-
indentation. A diamond tip was placed onto the sample, and the
surface was scratched with an increasing load. The scratch load was
slowly increased linearly from 0 to S0 mN during a scratching distance
of 500 pm. The load—displacement data were analyzed to compare
the adhesion properties.

Integration of Various Microtubes on One Graphene Chip.
A shadow mask was covered onto the graphene substrate to define the
shape of deposited nanomembranes. Then, electron beam evaporation
was used to deposit Si/Ni/Cr (25/35/35 nm). After first deposition,
the shadow mask was rotated 90° to choose the second area of the
substrate, and SiO/Ti/Ni (25/35/40 nm) was deposited. The third
deposition area was defined by the same method, and Cr/Ag/Ti/Fe
(8/32/32/32 nm) was deposited. The shadow mask was then
removed, and the nanomembranes were triggered by microdroplets.

Fabrication of the Folding Microstructure. A long rectangular
patterned shadow mask was covered on the graphene substrate. SiO
(40 nm), Cr (60 nm), and Ni (40 nm) were deposited onto the
graphene substrate. Then, a second mask defined a short rectangular
region on the left side of the as-deposited nanomembrane, followed
by deposition of Ni (40 nm), Cr (60 nm), and SiO (40 nm). The
third mask defined the region on the right side of the long rectangular
region, and 100 nm TiO, was deposited. Then, the masks were
removed, and the folding structure was triggered by a microdroplet.

Applications of Rolled-Up Microstructures. In the case of the
catalytic micromotor, a circle-patterned nanomembrane consisting of
SiO/Cr/Pt (40/40/2 nm) was deposited on graphene and released to
form a tubular microstructure. The microtube was transported into a
1% hydrogen peroxide solution by a capillary tip. In the case of the
magnetic microrobot, a rectangular shadow mask was applied, and
SiO/Ni/Cr (40/60/40 nm) layers were grown and released. The
microrobot was immersed in DI water in a trench on a glass slide. The
motion trajectories were recorded by a CCD camera connected to an
optical microscope. In the case of micromotor assembly, Si/Py/Fe/Pt
(55/50/10/2 nm) layers were grown and released. In the case of
nerve scaffold, a nanomembrane consisting of Si/Mg (200/2000 nm)
was deposited on the graphene substrate. The hydrogel wire was
disconnected and placed on the nanomembrane surface. Then, a drop
of PBS solution was dipped onto the nanomembrane, which released
the hydrogel wire.
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