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Abstract
We report the nanomechanical unfolding of individual self-folded graphene flakes on a flat substrate by using atomic force
microscopy techniques. The nanomechanical measurements and molecular dynamics simulations reveal the detailed unfolding
process that turns a z-shaped self-folded graphene segment into a flat membrane. A reversible sliding phenomenon in the adhered
graphene region during the unfolding process is observed. The findings are useful to better understand the reversible folding
properties of graphene and in pursuit of reversible and morphing graphene origami.
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Introduction

The reversible mechanical deformability of graphene is of
great importance to its functional properties [1–3] and many
of its applications (e.g., graphene origami and kirigami [4]).
The folded graphene has been studied using a variety of ex-
perimental, theoretical, and computational techniques [5–16].
However, the reported studies on the unfolding behavior of
folded graphene sheets [17, 18] in the literature remain limit-
ed. By means of an unfolding operation, self-folded graphene
can either return back to its flat state or enter new folding
states. Unfolding is also an essential process in the investiga-
tion of the reversible folding deformability of graphene. The
reported graphene unfolding work in the literature focuses on

studying the unfolding of large-scale graphene films [16, 19],
in which local graphene deformations in the unfolding process
remain inaccessible. Here we investigate the nanomechanical
unfolding of single self-folded graphene flakes on flat sub-
strates by using atomic force microscopy (AFM) – based
nanomechanical manipulation and molecular dynamics
(MD) simulations techniques.

Results and Discussion

Nanomechanical Unfolding of Self-Folded Graphene
by Atomic Force Microscopy

We present one representative unfolding experiment that was
performed on a self-folded accordion-shape graphene sheet, as
displayed in Fig. 1(a). The displayed graphene was
manufactured by using a mechanically exfoliated flat
triangular-shape graphene sheet from a highly ordered pyro-
lytic graphite (HOPG) film [20] in a two-step folding process
inside an AFM. The triangular graphene sheet, which was
measured to be about 3 nm in thickness and estimated to be
a seven-layer graphene, was first folded into a z-shape confor-
mation on a silicon substrate through a buckling delamination
process [12]. In the second folding step, the top triangular
segment was folded up during an AFM contact-mode scan,
which was presumably ascribed to the graphene-AFM tip ad-
hesion interaction. The final self-folded graphene sheet was
composed of three folds with three folding edges and a small
triangular segment staying on top.
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The unfolding experiments were conducted inside a
Park Systems XE-70 AFM using silicon AFM probes
that have a measured tip radius of 10–20 nm and in-
dividually calibrated normal and torsional spring con-
stants of 0.09–0.25 N/m and 0.039–0.11 nN/mV, re-
spectively [21]. The self-folded graphene was unfolded
by using an AFM tip that scanned laterally. The scan
of the AFM tip was controlled to be unidirectional in
both horizontal and vertical directions; namely from
right to left and from bottom to top. The AFM scan
rate was set at 500 nm/s and its vertical moving step
was set to be 2 nm. The AFM unfolding scan started
with a compressive load (i.e., set-point) of 0.05 nN,
which was subsequently increased to 1, 5, 10 nN, re-
spectively. AFM contact-mode imaging of the entire
folded graphene region with a set point of 0.05 nN

was performed using the same AFM tip after each
unfolding area-scan to confirm its present conforma-
tion. Graphene unfolding occurred during one of the
unfolding area-scans with a compressive load of 10
nN, which was informed by the change in the recorded
AFM topography line profiles. The subsequent AFM
imaging shows that the original two-fold (z-shape)
graphene segment was fully unfolded and stayed in a
flat and fully extended conformation, which is
displayed in Fig. 1(b). There was no sign of permanent
deformation in the unfolded segment of the graphene
(including the folding edges), which indicates an elas-
tic deformation in graphene during its unfolding pro-
cess. The AFM image also reveals that the unfolding
occurred only for the upper two folds of the graphene,
while the bottom fold remained intact. This is probably
due to a larger adhering area and the resulting stronger
adhesion interaction for the bottom fold compared with
the other two folds. The blue and green dashed lines
(i.e., 1′ and 2′) marked in Fig. 1(b) indicate the respec-
tive new positions of the two folding edges in the
upper two folds (i.e., 1 and 2 as marked in Fig. 1(a))
in its unfolded conformation. The bottom insert in Fig.
1(b) shows two topography profiles of the self-folded
graphene and its unfolded conformation along A-A’
and B-B′ cross-sections, respectively.

The AFM measurements show that the deforma-
t ions of the folded graphene dur ing the AFM
unfolding scan (before the occurrence of unfolding)
were reversible. Figure 2(a)–(d) show the AFM area-
scan topography images of the selected folded
graphene region under a compressive load of 0.05,
1, 5 and 10 nN, respectively. Figure 2(e) shows four
selected AFM line-scanning topography and the cor-
responding lateral force profiles that were recorded at
approximately the same scan location (as marked by
the white dashed line C-C′ in Fig. 2(a)) under each
load. Graphene unfolding occurred along the scan
path D-D’ as marked in Fig. 2(d) under a compressive
load of 10 nN. The corresponding topography and
lateral force profiles are displayed in Fig. 2(e). The
AFM images show that the position of the upper fold-
ing edge slid towards the left (along with the AFM
scan direction), and the slide was more pronounced
under a larger compressive load. It is noticed that
the slide was rather uniform along the folding edge
and measured to be about 5.3 nm for the 1 nN com-
pressive load, about 17 nm for the 5 nN load, and
about 27 nm for the 10 nN load. The measured slides
coincide well with the positions of the peak lateral
force observed from the recorded lateral force pro-
files. It is noticed from the AFM images in Fig. 2
that the upper triangular graphene segment underwent
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Fig. 1 AFM-based nanomechanical unfolding of a self-folded graphene
on a flat substrate. (a) AFM topography image of a self-folded graphene.
A 3D schematic drawing is inserted as a visualization aid. The top-right
insert illustrates the unfolding approach using an AFM tip. The red
dashed arrow indicates the moving direction of the AFM tip in the hori-
zontal direction. (b) AFM topography image of the unfolded graphene.
The inset plots show twoAFM topography line profiles along the marked
cross-section A-A’ in (a) and B-B′ before and after graphene unfolding.
All scale bars represent 100 nm
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not only translations, but also rotations, which is in-
formed by the orientation change of its edge that is
indicated by the blue dashed lines. It is concluded
that the observed graphene folding edge slide was
caused by the pushing of the AFM tip and is a clear
indication of the interlayer sliding in the adhered
graphene region. The displayed folding edge slides
under compressive loads of 1 nN and 5 nN disap-
peared in the respective subsequent AFM topography
images, indicating that the graphene deformation
caused by the AFM tip was fully reversible. It is
noted that the reversible unfolding of graphene has
been observed in multiple measurements. Figure 3
shows selected AFM snapshots of another reversible
folding and unfolding measurement. A flat triangular
graphene segment of about 9.2 nm in thickness (Fig.
3(a)) was first partially folded by an AFM tip that
was controlled to move along the red arrow path.
Subsequently, the folded segment of about 5.0 nm in
thickness (Fig. 3(b)) was unfolded back to its original
flat conformation (Fig. 3(c)) by using the same AFM
tip moving along the blue arrow path (Fig. 3(b)).

Molecular Dynamics Simulations of Graphene
Unfolding Process

We perform MD simulations to better understand the confor-
mation transitions of the self-folded graphene during its
unfolding process, in particular to provide insights into at-
omistic details that are critical to graphene unfolding, and
yet not accessible by experiments. MD simulations are per-
formed based on the AIREBO potential [22]. In our simu-
lations, one originally flat equilateral triangle-shaped
monolayer graphene with an edge of 100 nm in length and
an internal apex angle of 60° is first mechanically folded
into a stable 3-fold structure, and is then placed on top of a
flat silicon oxide substrate. The relaxed self-folded
graphene on the substrate is displayed in Fig. 4(a), which
is conformationally close to the graphene probed in the
unfolding experiment as shown in Fig. 1. A cone-shaped
AFM tip, which is composed of 15, 215 silicon atoms and
has a height of 6.25 nm, is placed 1.5 nm above the sub-
strate surface. The AFM tip moves at a speed of 0.05 nm/ps
along the angle bisector direction of the triangle-shaped
graphene sheet.
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Fig. 2 (a)–(d) AFM topographic images recorded during the AFM unfolding area-scans with compressive loads of 0.05 nN, 1 nN, 5 nN and 10 nN,
respectively (all scale bars 20 nm). Blue dashed lines along the graphene edge are added to aid visualisation of the rotation of the upper graphene
segment. The orientation angles of the blue dashed line with respect to the horizontal direction are measured to be about 50o in (a), 41o in (b), 36o in (c),
and 32o in (d). (e) Selected AFM height and the corresponding lateral force line profiles recorded at each compressive load along the marked position C-
C′ (before unfolding occurred) and also along the position D-D’ where the graphene unfolding event occurred

Exp Mech (2019) 59:381–386 383



Figure 4(b)–(f) show five selected MD snapshots of
the graphene unfolding process. MD simulations reveal
that the continuous forward motion of the AFM tip
successively breaks the bending stability of the upper
two folds until the upper two graphene layers unfold
completely flat onto the bottom graphene layer. In de-
tail, with the upper folding edge of being pushed

forward by the AFM tip, the upper graphene layer
slides forward, which is accompanied by a rolling of
the bottom graphene layer in the upper fold (Fig. 4(d)).
As a result, the graphene corner (shown in red in Fig.
4) climbs over and down the folding edge of the mid-
dle fold, and the top graphene layer slides onto the
bottom graphene layer. The effective contact area

(b)

(c) (d)

(e)

3-fold 
graphene

(a)

substrate

(f)

11.6 nm

11.6 nm 12.8 nm

Fig. 4 Selected MD simulation
snapshots displaying the
unfolding of a self-folded mono-
layer graphene that stays on a sil-
icon substrate by using an AFM
tip (all scale bars 5 nm). The in-
sets show the corresponding
cross-sectional view of the con-
formation of the graphene and its
contact with the AFM tip. (a) 3D
view and (b) top view of the ini-
tial self-folded graphene confor-
mation; (c) initial contact between
the graphene and the AFM tip; (d,
e) two intermediate unfolding
conformations; (f) the final un-
folded conformation. The blue
dot represents the AFM probe tip.
The red triangle indicates the apex
of the upper triangular graphene
segment
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Fig. 3 Selected AFM snapshots of one graphene folding and unfolding measurement. (a) The original conformation of a triangular graphene segment
(about 9.2 nm in thickness) as part of one folded graphene. (b) The partially folded graphene segment (about 5.0 nm in thickness). The green arrow
indicates the intact portion of the graphene segment that was measured to be about 4.2 nm in thickness. (c) The unfolded graphene segment. The red and
blue arrows indicate the respective moving paths of the AFM tip in the folding and unfolding processes
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between these two layers continuously increases until
the upper and the middle folds merge into a single out-
of-plane fold as shown in Fig. 4(e). The out-of-plane
fold slowly vanishes as the top graphene layer con-
tinues to slide on the bottom graphene layer (Fig. 4(f)).

The MD simulations reveal that the initial forward-
sliding of the upper graphene folding edge (up to
2.5 nm) caused by the AFM tip pushing at the begin-
ning of the unfolding process is fully reversible, which
is qualitatively consistent with our AFM experimental
findings. Further AFM pushing results in the upper
forefront graphene to make a larger area contact with
the bottom graphene segment, and the resulting adhe-
sion interaction prevents the graphene from returning
back to its original conformation even if the AFM tip
is removed from the system.

It is noted that the graphene unfolding process is influenced
by a number of factors, such as the number of layers in
graphene and its stacking interactions. Two stacked graphene
sheets can stay in either AA or AB modes, which correspond
to the incommensurate and commensurate stacking orders,
respectively. The AB-stacked graphene is shown to be ener-
getically more stable (see Fig. S1 in supplementary materials)
and more likely occurs in the folded structure. The commen-
surate stacking order will inevitably introduce a twist to the
folded graphene (see Fig. S2) and increase the resistance to the
relative slide between the stacked graphene sheets [23–25].
We perform MD simulations to provide insights into the in-
fluence of the stacking mode on the graphene unfolding pro-
cess. The results, which are shown in Fig. S3, reveal that the
stacking mode has a substantial influence on the force needed
to initiate the sliding in the stacked graphene, but the influence
starts to fade rapidly as the slide continues and mostly van-
ishes as the stacked graphene starts to slide in alternative AB
and AA modes. The MD results suggest that only the initial
graphene unfolding stage is substantially affected by the
graphene stacking mode.

Conclusion

In summary, we investigate the mechanical unfolding of self-
folded graphene on flat substrates by using AFM manipula-
tions and MD simulations. The study reveals a reversible slid-
ing phenomenon between the adhered graphene layers that
eventually turns a two-fold graphene segment into a flat mem-
brane. The study demonstrates that it is feasible to mechani-
cally manipulate and control the folding conformation of in-
dividual graphene in an active manner using AFM. The find-
ings are useful in better understanding of the reversible folding
properties of graphene and in pursuit of its reversible and
morphing origami applications.
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