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There are a number of theoretical proposals based on strain engineering of graphene and other
two-dimensional materials, however purely mechanical control of strain fields in these systems has
remained a major challenge. The two approaches mostly used so far either couple the electrical and
mechanical properties of the system simultaneously or introduce some unwanted disturbances due
to the substrate. Here, we report on silicon micro-machined comb-drive actuators to controllably
and reproducibly induce strain in a suspended graphene sheet, in an entirely mechanical way. We
use spatially resolved confocal Raman spectroscopy to quantify the induced strain, and we show
that different strain fields can be obtained by engineering the clamping geometry, including tunable
strain gradients of up to 1.4 %/µm. Our approach also allows for multiple axis straining and is
equally applicable to other two-dimensional materials, opening the door to an investigating their
mechanical and electromechanical properties. Our measurements also clearly identify defects at the
edges of a graphene sheet as being weak spots responsible for its mechanical failure.
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Applying strain fields in graphene not only allows tai-
loring its mechanical properties1, but also reveals fas-
cinating phenomena such as pseudomagnetic fields2–4,
valley filters5,6, superconductivity7, or pseudo gravito-
magnetic forces8. Although these phenomena have re-
ceived much attention theoretically, controlling the re-
quired strain fields and strain gradients has remained a
major challenge. Here we present micro-machined comb-
drive actuators with integrated graphene for engineer-
ing truly mechanically-tunable strain fields. We use spa-
tially resolved confocal Raman spectroscopy9 to quan-
tify the strain fields as a function of a controllably in-
duced displacement. Different strain fields can be ob-
tained by engineering the clamping geometry, including
tunable strain gradients up to 1.4 %/µm. The presented
approach also allows for multiple axis straining and is
applicable to the rising number of other two-dimensional
materials, thus providing a workhorse for investigating
the fundamental electromechanical properties of 2D ma-
terials as well as for developing new sensor and trans-
ducer concepts.

Strain is commonly induced in graphene by pulling
on suspended sheets with an electrostatic gate1,10–14 or
by bending a flexible substrate5,6,9,12,13. The obtained
strain fields are thus intrinsically linked to either the
electronic tuning of the charge carrier density or to the
properties of the substrate. This lack of independent
control over strain fields poses a great challenge for any
application based on strain engineered graphene. More-
over, engineering truly controllable local strain patterns
in graphene has not been achieved so far. Our comb-
drive (CD) actuators give independent control and allow
for engineered strain fields.

The CD actuators with integrated graphene (schematic

in Figure 1a) are based on surface micro-machining of
silicon-on-insulator substrates and on transferring me-
chanically exfoliated graphene flakes. Crucially, we use
a polymethylmethacrylat (PMMA) membrane to place
the graphene flake onto the CD devices, which is then
used to clamp the graphene flake by locally cross-linking
it. After dissolving the remaining PMMA, we use hy-
drofluoric acid to suspend the complete device (see Meth-
ods and Supplementary Figure 1). Figure 1b shows a
false color scanning electron microscope (SEM) image
of such a device. The actuator consists of a suspended
body that is connected by four springs to fixed anchors.
The suspended body has multiple interdigitated fingers
with a fixed body (Figure 1c and d). A potential differ-
ence Va between the fingers gives rise to an electrostatic
force F = η V 2

a
(Figure 1c), where 2η is the capacitive

coupling18. Our devices controllably reach a maximum
displacement of 60 nm, which translates into ∼ 6% of
strain in the suspended part of the graphene flake (Sup-
plementary Figure 3).

To monitor strain and to map spatially resolved strain
fields, we use scanning confocal Raman microscopy (see
Methods and Supplementary Figure 4). Typical Raman
spectra featuring the prominent Raman G and 2D peaks
are shown in Figure 1e and f, respectively. We usually
do not observe a D peak on the suspended part of the
investigated graphene sheets. The force F applied to
the suspended graphene flake results in a red shift of the
G and 2D peak with increasing |Va| due to strain. As
the CD design allows the application of purely uniax-
ial strain, we observe a splitting of the G peak for high
strain values (arrows in Figure 1e), in good agreement
with Mohiuddin et al.5, which proves the strength of the
CD actuators. The splitting allows us to extract a Pois-
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CD actuators, shown in Figure 1b and c. The graphene
crystals are prepared by mechanical exfoliation from bulk
graphite on top of PMMA. Consequently, we transfer the
graphene-PMMA stack onto the SOI substrate30,31 with
an accuracy of ∼ 1 µm using micro-manipulators and an
optical microscope. Afterwards, the graphene is fixed to
the actuator by cross-linking the top PMMA layer at cer-
tain locations (see Figure 1b). After dissolving the not
cross-linked PMMA with acetone, we suspend the micro-
actuator by etching the SiO2 underneath with 10% hy-
drofluoric acid solution. Finally, a critical-point drying
step is used to prevent the CD actuator from collapsing
due to capillary forces.

Raman measurements. We use a partly home-built
low temperature (∼ 4 K) Raman setup that contains a
laser with a wavelength of λ = 532 nm, which is focused
onto the sample by an 100× objective with a numeri-
cal aperture of 0.82. We use a laser intensity of 1 mW
and the laser spot diameter is approximately 505±10 nm
(Supplementary Figure 11). All measurements in this
manuscript were performed with linearly polarized light.
The reflected and scattered light is detected via a single-
mode optical fiber and a spectrometer with a grating of
1200 lines/mm. For performing spatially resolved Ra-
man spectroscopy, our sample is mounted on top of a dc
xy-piezo stage. The low temperature minimizes the drift
during the measurements. We always measure first the
Raman spectrum from 250 cm−1 up to 1750 cm−1 to si-
multaneously obtain the silicon peak at 521 cm−1 and
the G peak around 1584 cm−1. We use in-house devel-
oped machine learning algorithm to align further Raman
maps, which include the 2D peak, with the CD actuator
(Supplementary Figure 4).

ASSOCIATED CONTENT

Supporting Information

Details on the fabrication, the capacitive coupling, and
the behavior of CD actuators as well as details on the Ra-
man pre-characterization of integrated graphene flakes,
the estimation of the Poisson ratio, the measurement re-
producibility, the combined spring constant k′, the deter-
mination of the laser spot size, and the reported Raman
peak shifts due to strain, are available free of charge via
the Internet at http://pucs.acs.org.
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Supporting information:
Tailoring mechanically-tunable strain fields in graphene

Supplementary Discussion 1

The effective spring constant k′ (see Eq. 1 in the main manuscript) contains the spring constant ka of the ac-
tuator, the spring constant kP of the (cross-linked) PMMA clamping, and the spring constant k of the graphene flake
(see Supplementary Figure 8a). It describes how much of the force F = ηV 2

a
exerted by the actuator is transduced

into the graphene sheet. Considering the spring configuration depicted in Supplementary Figure 8a, we find:

k′ = k

(

1 + ka

[

1

k
+

1

kP

])

. (2)

It is instructive to see that Eq. 2 reduces to k′ ≈ k if both following conditions are met: (i) ideal clamping
(k/kP << 1) and (ii) soft actuator (ka/k << 1), which means that all the force exerted by the actuator is directly
transduced to the graphene sheet.

We use k = YW/L to estimate the spring constant of a graphene flake of length L = 2 µm and width W . We
assume a two-dimensional Young’s modulus Y of 362 N/m, as measured by Lee et al.

1.
The spring constant ka of the actuator is estimated from COMSOL simulations2 (see for example Supplementary

Figure 3). For all CD devices used in this work, we found that ka is below 15 N/m. Considering the widths of the
graphene flakes used in this work (Figure 2d in the main manuscript and Supplementary Figure 9), we find that k is
always larger than 500 N/m. Therefore, we conclude that condition (ii) is always fulfilled.

To estimate the ratio k′/k, we use Eq. 1 in the main text to extract k′ from fitting ∆ω2D(Va) to our experimental
data (see Supplementary Figure 9). Here we use ∂ω2D/∂ǫ = −83 cm-1/%. The ratio k′/k, listed in Supplementary
Figure 9g, is for all devices larger than 1.8. We point out that this is unlikely explained by a different Young’s
modulus for the graphene, as it would require a value that is almost twice the literature value (362 N/m). Therefore,
we conclude that condition (i) is not met.
Based on this, we can estimate the spring constant of our clamping by inverting Eq. 2 into an equation for kP:

kP =
ka

k′/k − ka/k − 1
. (3)

When considering the clamping geometry (Supplementary Figure 8c,d), we can define a lower and an upper bound
for kP from Euler beam theory. The cross-linked PMMA beams covering the width of the graphene flake give a lower
bound for kP:

klowP =
16Eb3h/3

(W +Woffset)3
, (4)

where E = 4 GPa is the Young’s modulus of cross-linked PMMA3,4, Woffset = 2 µm, and b is the width of the
cross-linked PMMA beam with thickness h (see Supplementary Figure 8c,d). We included the Woffset to account for
the effect that a small part of the PMMA beam on the silicon is deformed. We estimated the value of Woffset ≈ 2
µm from the scanning electron microscope image in Supplementary Figure 8c,d by the length of the white lines. The
beams along the length of the graphene flake give an upper bound for kP:

khighP =
Ebh

Loverlap

, (5)

where Loverlap is the length of the beam on the graphene (see Supplementary Figure 8c). In this simple picture, we
assume a perfect adhesion of the cross-linked PMMA to the silicon and zero adhesion of the graphene to the silicon.
In addition, we neglect the fact that the graphene is clamped by multiple beams covering the width of the graphene.
Nevertheless, we find that the experimentally extracted kP is always between the theoretical lower and upper bound
(see Supplementary Figure 10). Interestingly, sample number 1 (Supplementary Figure 8d), which is closest to the
lower bound, did not have a clamping beam along the length of the graphene (see Supplementary Figure 8c for an
example). All the other samples had a beam along the length of the graphene and are therefore closer to the upper
bound.
We conclude that the clamping is elastic and acts as a spring in series to k, which are both parallel to the spring of

the actuator. The experimentally determined spring constant of the clamping is well within theoretical bounds given
by Euler beam theory and the clamping geometry.

Finally, we point out that ∂ω2D/∂ǫ = −83 cm-1/% will also slightly depend on the crystallographic orientation of
the graphene sheet with respect to the pulling direction of the comb-drive. However, this effect is small and therefore
cannot explain the observed k′/k ratio.
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Supplementary Figure 1. Fabrication of comb-drive (CD) actuators with integrated suspended graphene. (a) The CD actuators
are fabricated on a silicon on insulator (SOI) substrate that consists from bottom to top of a 500 µm thick Si layer, a 1 µm
thick SiO2 layer, and a 2 µm chemical vapor deposited crystalline, highly p-doped silicon layer. (b) By using standard electron
beam lithography techniques, we deposit a Cr hard mask to outline the CD actuator. (c) We pattern the CD actuators via
reactive ion etching with C4F8 and SF6. (d) The prepared graphene-PMMA stack is transferred onto the SOI substrate with
an accuracy of ∼ 1 µm. (e) A second electron beam lithography step is used to cross-link the top PMMA layer to clamp the
graphene on the CD actuator. The not cross-linked PMMA is dissolved with acetone. (f) To suspend the CD actuator with the
integrated suspended graphene, we etch away the SiO2 layer with a 10% hydrofluoric acid solution and a critical point drying
step is used to prevent the CD actuator from collapsing.
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Supplementary Figure 2. Estimation of the capacitive coupling between the interdigitated fingers. We design the distance
between the fingers of the CD actuators to be d1 = 500 nm and d2 = 900 nm (see white arrows and labels in panel (a)). To
estimate the capacitive coupling between the fingers, we measure these distances for a number of fabricated devices. Panels
(a) to (e) show the distances of devices without any graphene and panel (f) shows the distances of a device with integrated
graphene as indicated in panel (g). Note that the graphene in panel (g) is suspended over an electrostatic bottom gate that is
placed ∼ 300 nm underneath the suspended graphene sheet. The scale bars are all 1 µm long. All measured distances are listed
in panel (h). We find that all distances are slightly higher than designed. Note that the distances extracted from the device
with integrated graphene is no different from the ones measured on devices without graphene. Using the finger overlap area A
as well as the number of fingers N = 118, we find a capacitance C = ǫ0AN(d−1

1 + d−1
2 ) of around 16.7 ± 0.1 fF between the

fingers. The capacitive coupling 2η = ǫ0AN(−d−2
1 + d−2

2 ) relevant for the electrostatic force (see main manuscript) is therefore
13.2± 0.5 nF/m (or 2η = 13.2± 0.5nN/V2).
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Supplementary Figure 3. Scanning electron microscope (SEM) characterization of empty CD actuators. (a) SEM images of
the separation between the interdigitated fingers of an empty CD actuator (without a graphene flake) as a function of applied
potential Va. (b) The displacement δ (see inset) of two different CD actuators extracted from SEM images for increasing Va.
The arrows indicate the corresponding SEM image in panel (a). The displacement δ shows a nearly quadratic dependence on
applied potential Va, which is consistent with the electrostatic force. To estimate this force, we performed COMSOL simulations
with the fabricated device geometry2. The extracted spring constant of the CD actuator from the simulations is ≈ 3.5 N/m.
The green line depicts the simulation result and indicates a maximum force of ≈ 200 nN at a displacement of 60 nm. The
pink line shows that the force obtained using the parallel plate approximation for the capacitance is in good agreement with
the simulation for displacements up to 10 nm. Please note that 2η = 8.7 ± 0.5 nF/m for these devices, as they had a slightly
different design than the devices shown in Supplementary Figure 2.
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Supplementary Figure 5. Estimation of the Poisson ratio. (a) The Raman spectrum of the G peak for Va = 40 V shows a
splitting into two peaks due to uniaxial strain as depicted in Figure 1e of the main manuscript. These peaks are the so-called
ω−
G and ω+

G peak at lower and higher Raman shift, respectively5. (b) The frequency difference ω+
G − ω−

G as a function of their
average (ω+

G+ω−
G)/2 allows us to extract the Poisson ratio of the suspended graphene sheet according to the following equation5:

ω+
G − ω−

G = −
0.99

1.99

1 + ν

1− ν

(

ω+
G + ω−

G

2
− ω0

G

)

,

where ν is the Poisson ratio and ω0
G is the ωG frequency at zero strain. By fitting our data between the vertical ar-

rows with a linear function (see red line), we obtain a Poisson ratio of ν = 0.11. The extracted Poisson ratio is in good
agreement with the one reported in the literature for graphite and suspended graphene (ν = 0.13)5.
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Supplementary Figure 6. Measurement reproducibility. We show the extracted ω2D frequency obtained on the same position
of the graphene flake for different measurement cycles. The measurements are depicted in chronological order from panel (a)
to (l). In each cycle, we sweep the potential Va back and forth (gray arrows) while monitoring the Raman spectra. After each
cycle, we increase the maximum applied |Va| and start a new cycle. We observe no hysteresis and hence no noticeable slipping
of the clamped graphene. Hence, we can combine all cycles into a single graph as was done in Figure 2 of the main manuscript.
This allows us to obtain a unprecedent amount of data points on each sample. Note that the scale in panel (l) is different from
those in (a)-(k). After measuring panel (k), we moved the sample into a different measurement system, which resulted in an
overall shift of ω2D. Surprisingly, the tuning with Va did not change at all indicating the mechanical stability of our samples.
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Supplementary Figure 7. Measurement reproducibility. We show the extracted ω2D frequency obtained on the same position
of the graphene flake for different measurement cycles. The measurements are depicted in chronological order from panel (a)
to (f). In each cycle, we sweep the potential Va back and forth (gray arrows) while monitoring the Raman spectra. After each
cycle, we increase the maximum applied |Va| and start a new cycle. By increasing |Va| to 25 V, we observe the rupturing of
the graphene flake (see Figure 2c in the main text).
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Supplementary Figure 9. Estimation of the relative ω2D(G) shift per unit strain. Panels (a) to (f) show the Raman 2D and
G peak frequencies ω2D and ωG as function of the potential Va for six different samples. The colour of the sample numbers
correspond to the one of the slope in Figure 2b of the main manuscript. Samples 1 and 5 are the only ones to show slack. The
parabolic behavior agrees with the electrostatic force F = ηV 2

a . (g) We find from fitting our data with ∆ω2D(G) = P2D(G)V
2
a

(see parabolas in panels (a)-(f)) and using ∂ω2D/∂ǫ = −83 cm-1/%, the measured length L = 2 µm and individual width W as
well as the estimated k = Y2DW/L with Y2D = 362 N/m1, the ratio k′/k. As k′/k > 1, we must have an effective spring k′

that is different from the one for pristine graphene.
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Supplementary Figure 10. Spring constant estimation of the clamping. The extracted spring constant kP of the clamping for
each different sample lies well within the bounds given by Euler-beam theory (see Supplementary Discussion 1). The colour of
the sample numbers correspond to the one of the slope in Figure 2b of the main manuscript. We conclude that the clamping
is elastic and acts as a spring in series to the spring k of the graphene flake, which are both parallel to the spring ka of the
actuator.
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Supplementary Figure 11. Determination of the laser spot size. (a) Raman map of the silicon peak intensity at 521 cm−1 of
a CD actuator without a graphene flake. (b) Intensity of the silicon peak along the green arrow in panel (a). As the edge of
the CD actuator is well defined and sharp (see e.g. SEM images in Supplementary Figure 2), we can understand the measured
intensity profile as a convolution of a step function with a Gaussian function. Therefore, we can determine the laser spot size

by fitting the intensity with I(x) = I0erf(
√
2(x−x0)

r
), in which r is the radius of the Gaussian profile and x0 is the position of

the edge. The fit result, shown in red, gives us a x0 of 554± 4 nm and a beam diameter of 505± 10 nm.
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Author ∂ωG

∂ǫ
(cm−1/%) ∂ω2D

∂ǫ
(cm−1/%)

Mohiuddin et al.5 supported -21.25 -64

Mohiuddin et al.5 suspended -27.5 -83

Yoon et al.6 supported -23.95 A: -53.1

Z: -46.9

Frank et al.7 supported -20.5 -56.65

Polyzos et al.8 suspended -28 -89

Huang et al.9 supported -9.05 A: -26.1

Z: -23.0

Ni et al.10 supported -14.2 -27.8

Supplementary Table 1. Summary of published Raman peak shifts due to strain. If strain was applied along the armchair and
zigzag direction, this is denoted with A and Z, respectively. The reported values for ∂ωG

∂ǫ
and ∂ω2D

∂ǫ
show a large spread, which

can be attributed to how strain was applied to the graphene flake. All studies in this table used a bendable substrate except
for Polyzos et al.8. This has two important consequences: (i) graphene does not exhibit its intrinsic Poisson ratio and (ii) the
strain is possibly not properly transferred into the graphene flake due to the large difference between Young’s modulus of the
substrate and the graphene flake11. The latter leads to an overestimation of the induced strain and thus to an underestimation
of ∂ωG

∂ǫ
and ∂ω2D

∂ǫ
. Therefore, we base our strain estimations on the conservative value of ∂ω2D

∂ǫ
= −83 cm−1/% reported by

Mohiuddin et al.5 and Polyzos et al.8, which is also agreeing with theory5.
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