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Graphene oxide ﬁlms are excellent structural and functional materials for their outstanding performance.
Recent measurements reported widely scattered mechanical properties, which have been attributed to
the difference in the chemistry and complex microstructures that rely on the fabrication process. In this
work, we present an experimental study showing that the procedure of mechanical characterization is
also critical for measuring intrinsic mechanical properties of graphene oxide ﬁlms. We ﬁnd that the
specimen geometry and loading conditions could lead to signiﬁcant variation in the measured stress,
strain and toughness. To quantify these effects, we propose a rigid-plasticity shear-lag model to capture
the effect of interfacial slippage at gripping ends, which can not only eliminate artifacts in measurements, but also be used to determine interfacial mechanical properties of gripping. Effects of grip
pressure, length and loading rate are also discussed, following which suggestions for the experimental
setup are provided. These understandings lay the ground for probing intrinsic mechanical properties of
graphene oxide ﬁlms in a reliably way.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
With emerging low-dimensional materials and technological
development of synthesis and processing techniques, nanostructured assemblies in forms of ﬁlms and ﬁbers have been found
wide applications as structural and functional components in
relevant applications [1e6]. Building blocks and microstructures
are the key information encoded into the macroscopic assemblies,
which could be tuned to control the material performance [7e12].
Considering the outstanding mechanical properties of graphene,
such as its tensile stiffness (1 TPa), strength (120 GPa) and resilience
(20% strain to failure) [13e17], one would expect the ﬁlms and ﬁbers assembled in the layer-by-layer fashion to exhibit superior
mechanical performance. Graphene oxide (GO), a hydrophilic derivative of pristine graphene, which assembles in the solvated
phase, holds great promise in this scenario. GO ﬁlms and ﬁbers
fabricated from their dispersions via vacuum-assisted ﬁltration [1],
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evaporation induced self-assembly [18], electrospray coating [19],
or wet spinning techniques [20] demonstrate impressive mechanical performance, including tensile stiffness of 6.8 GPa and 5.4 GPa,
strength of 453 and 102 MPa and strain to failure up to 5.6% and
10.1%, respectively [21,22]. However, it should be remarked here
that the performance reported for these materials in the literature
is highly scattered, which has been attributed to the variation in the
chemistry of GO sheets [23,24], and the microstructures that
depend on the ﬁlm or ﬁber forming process [20]. Moreover, one
should be noted that due to the limitation in fabrication processes,
the geometry of GO ﬁlms is quite special, and may have signiﬁcant
impacts on the measurement for their high mechanical resistance.
The American Standard Test Method (ASTM) D882 is issued for
mechanical tests of thin sheets under tension, which report the
elongation, Young's modulus, tensile strength and strain to failure
[25]. The ASTM D882 is designed for thin sheets with a length of
~100 mm and a thickness below ~1 mm to minimize the effects of
interfacial sliding between grips. Accordingly, this can be done for
GO ﬁlms in practice by specifying the specimen geometry and
validated further by quantifying the slippage at gripping ends and
stress distribution in stretched sample. However, GO ﬁlms prepared
using current technology can hardly conform to the requirements
declared in ASTM D882. Speciﬁcally, GO ﬁlms fabricated via
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vacuum ﬁltration are limited in both the lateral size and thickness.
In the typical laboratory setup, the lateral size is deﬁned by the
container that is usually on the order of 10 mm, while the thickness
h is about 10 mm as deﬁned by the ﬁltration or evaporation process.
Consequently, slippage or shear in grips may lead to signiﬁcant
interfacial displacement that is incorrectly counted in the tensile
strain of sample, which is measured based on the grip-to-grip
distance L, as called grip separation. This issue, however, has been
overlooked in previous studies. Our literature survey shows that the
geometry of GO specimen is widely dispersed (Fig. 1a). For example,
the grip separation L and width W ranges mostly from 4 to 20 mm
and 1e6 mm, with the thickness h from 1 to 40 mm [1,18,21,26e49].
The effects of the specimen geometry and loading conditions then
have to be well elucidated for a reliable design of measurements
and industrial applications of GO ﬁlms, as the speciﬁcation in current test standards needs to be adjusted according to the material
properties. In this work, we carried out a set of uniaxial tensile tests
to address these issues, following by model analysis that quantitatively clariﬁes the underlying mechanisms. Practical rules are
then suggested for measurements of intrinsic mechanical properties for GO ﬁlms. Interfacial mechanical properties of gripping
interface are also discussed based on the model analysis and results
from mechanical tests.

2. Materials and methods
2.1. GO ﬁlm fabrication
GO sheets with an average lateral dimension of 23 mm were
synthesized by a modiﬁed Hummers method from natural graphite
at a relatively low oxidation temperature of 0  C [50]. Natural
graphite powder (325 mesh, 3.0 g) was dispersed in 70 mL
concentrated sulfuric acid under constant stirring with a speed of
350 rpm at 0  C. After stirring for 2 h, 9 g potassium permanganate
was added slowly over a period of 2 h. The reaction mixture was
kept stirring for addition 8 h under the temperature at 0  C. Then,
150 mL water was slowly added to the reaction mixture over 6 h by
a peristaltic pump. All the reaction process was strictly controlled at

0  C. The ﬁnal reaction mixture was poured into 100 mL ice-water
mixture to terminate the reaction, followed by the addition of
hydrogen peroxide (30% aqueous solution) under stirring until no
gas escape from the dispersion. The mixture was then ﬁltered and
washed with diluted (3.7%) hydrochloric acid aqueous solution to
remove the metal ions, followed by washing using ultrapure water.
The resultant slurry was then dispersed in distilled water under
mild magnetic stirring to form a GO suspension. The GO suspension
was puriﬁed by dialysis for two weeks. After that, it was centrifuged
repeatedly at 3000 rpm to remove non-exfoliated aggregations.
Finally, the GO suspension was concentrated by centrifugation at
10,000 rpm for 1 h. The concentration is conﬁrmed to be
7.40 mg mL1 by weighting the drying solid from 1 mL concentrated GO dispersion.
We follow the facile dispersion-evaporation method by cast
drying 7.4 mg mL1 GO dispersions on a polystyrene petri dish
under ambient condition, which could be easily peeled for further
characterization. The evaporation process typically takes 3 days at
25  C. Fig. S1a in Supplementary Information (SI) shows the GO ﬁlm
fabricated from the dispersion-evaporation process. Fig. S1b in SI
shows the scanning electron microscope (SEM) images taken by
Sirion 200 ﬁeld emission SEM that operates at a voltage of 10 kV,
where the layered microstructure is clearly visualized. The size
distribution of GO nanosheet histogram is measured from the SEM
images (Fig. S2a, SI). It implies that the GO nanosheets have an
average lateral size of ~23 mm. AFM image indicates that the
average thickness of GO nanosheets is ~1 nm, which is comparable
to that of a GO monolayer (Fig. S2b, SI). The X-ray photoelectron
spectroscopy (XPS) spectra of GO shows the presence of four type
carbon atoms, CeC/C]C (284.8 eV), CeO (286.8 eV), C]O
(287.8 eV) and OeC]O (289.0 eV), implying that several types of
oxygenated groups are attached on to the GO sheet (Fig. S2c, SI).
The Raman spectrum of GO ﬂakes on the Si/SiO2 substrate displays
a D-band at 1348 cm1 and a G-band at 1590 cm1 (Fig. S2d, SI). The
intensity ratio between the D- and G-band (ID/IG) is 1.97, indicating
the structural integrity of GO nanosheets from the modiﬁed
Hummers procedure carried out at a relatively low oxidation
temperature of 0  C.

Fig. 1. (a) A literature survey on the geometry (length L, width W) of GO ﬁlm specimen in previous studies [1,18,21,26e49]. (b) Stain to failure measured by the gauge and gripping
methods, and the tensile strength determined for test specimens with different grip separation L. (c) The experimental setup of uniaxial tensile tests. (A colour version of this ﬁgure
can be viewed online.)
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2.2. Mechanical characterization
Uniaxial tension of GO ﬁlms was carried out using an Instron
3342 universal testing machine (Instron, USA) (Fig. S3, SI). The grips
of this machine have ﬂat faces covered with thin rubber, which
could apply a speciﬁed grip pressure through pneumatic ﬁxture.
The strain rate can also be controlled during the operation, with
one gripping end moving while the other ﬁxed.
All GO ﬁlm samples were cut into rectangular strips by a razor
blade. The width-to-thickness ratio is controlled to be on the order
of 102, which satisﬁes ASTM-D882 that suggests a minimum ratio of
8 to achieve a uniform deformation in the strip even with the
presence of inhomogeneous strain or ﬂaws at the edges [25]. This is
veriﬁed by the uniform deformation observed in the GO sample
under tension (Fig. S4, SI). The grip length in the uniaxial tension is
lg ¼ 10 mm to minimize the slippage of GO ﬁlms, as validated by our
experiments and RPSL model shown in Fig. 4a, and the grip separation L is chosen as 5, 10, 15, 20, 25, 30 and 35 mm to explore the
gripping effect.
Tensile tests are performed at a uniaxial strain rate of
5  104 s1, corresponding to loading rates at 0.15, 0.30, 0.45, 0.60,
0.75, 0.90 and 1.05 mm min1 for the specimen with different
values of L, which has a minor effect on the stress and strain
measurements as validated by results in Fig. 5b. To calculate the
nominal stress, we use the initial cross-section area. Tensile stress
in the sample is assumed to be uniform across the sample and its
amplitude is calculated from the grip forces that are recorded by
the testing machine. The strain in sample is measured by two
different approaches. In the ﬁrst so-called gripping method, we
measure the nominal tensile strain εn from the change in L, that is
DL, and then divided it by the original grip separation L, i.e., εn ¼ DL/
L. This method has been widely used in previous studies
[1,21,29,30,46]. In the second so-called gauge method, we make
gauge markers in the GO thin-ﬁlm specimen that are selected from
the optical feature points in images recorded during the tests using
a digital camera (MER-500-7UC-L, 2592/Hx1944/W, 7 fps, Daheng
Imaging, China). The tensile strain εg is then measured from the
change DL0 in the uniaxial gauge length between feature points in
central region of the test specimen (Fig. S1a, SI), divided by its
original value L0, i.e., εg ¼ DL0/L0. The experimental setup is shown
in Fig. S3a. The time-series of sample images are analyzed by using
the ImageJ software [51] to track the displacement of markers.
Fig. S3b in SI shows a typical stress-strain relationship of GO ﬁlms.
All stress-strain data presented in this work are averaged over at
least 5 GO strips with the same geometry. Most of the samples fail
by crack nucleation at the central part (Fig. S4, SI). However, some
tests reveal sliding failure at the interface with the grips, or fracture
close to the grip ends, which are attributed to the poor gripping
process and defects in the specimen. These results are not included
for discussion.
To analyze the stress distribution in samples with different
aspect ratio, we carry out the ﬁnite element method (FEM) based
modeling on two specimen with sizes 5 mm  3 mm and
30 mm  3 mm, respectively. A two-dimensional plane-stress
model with isotropic linearly elastic material properties is used. To
probe the effects of gripping boundary conditions applied in experiments, the bottom boundary of samples are ﬁxed while the top
one is displaced upward for a stretch of 3%, and the spatial distributions of axial stress sy, the maximum principal stress and von
Mises stress are summarized in Fig. S5, as normalized by the
averaged axial stress.
To quantify the interfacial shear strength at grips, we design a
test setup with asymmetric grips as illustrate in Fig. 2b. In this
setup, the lengths of grips at two ends are made different so under a
tensile load F, one end slides fully while the other bears elastic
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shear deformation only. Speciﬁcally, the grip length of GO ﬁlms at
one grip end is ~1 mm, while that at the other end is > 10 mm. The
interfacial shear strength ts at the fully sliding end is k1/(1  k1/
k2)/2W, where k1 and k2 are the slopes of load and displacement
curves measured by the testing machine (Fig. 2c).
3. Results and discussion
3.1. Geometry of the specimen
GO ﬁlms are fabricated and characterized as reported in the
previous work [21] (Fig. S1 and S2 in SI see also details in Materials
and Methods). Under uniaxial tension, the GO ﬁlms are stretched
between the grips (Fig. S3, SI). Most of the samples we measured
fail by initializing cracks in the central region, indicating that the
interfacial load transfer between grips and the GO sample is sufﬁcient and the force measured corresponds to the intrinsic stress
level within the GO ﬁlms. However, from optical images of
deformed specimen (Fig. S4, SI), we notice that (1) there is prominent slippage at the interface between the GO ﬁlm and grips, (2)
the deformation in the GO sample, which is visualized through
shining lines on its surface, is uniform in the central region. This
uniform stress distribution is further validated by our ﬁnite
element analysis (FEA) (Fig. S5, SI), which show that the derivation
of stress amplitude from the averaged value, i.e. stress based on the
uniform strain assumption of uniaxial tension, is below 5% for
samples with lateral dimensions of 5 mm (L)  3 mm (W),
30 mm (L)  3 mm (W).
Based on the measurements, we summarize the tensile strength
sm and strain to failure εm (εmn is the nominal strain to failure
measured by the gripping method, while εmg is the strain to failure
measured by the gauge method, see details in Materials and
Methods) in Fig. 1b for samples with different grip separation L.
For brittle materials with high concentration of imperfections, the
weakest-link theory predicts a statistical size dependence of material strength [52]. However, our experimental results here show
that at the length scale we probe in this work, this effect is minor.
From the data collected, we ﬁnd that the tensile strength of GO ﬁlm
does not change with L, suggesting sufﬁcient load transfer into the
samples. However, the maximum strain (strain to failure) εmn
measured by the widely-used gripping method demonstrates
prominent dependence on L. This artifact produced in the gripping
method is reduced as L increases. This result indicates that the
nominal strain to failure εmn recorded by the testing machine
cannot characterize the intrinsic deformation of GO ﬁlms with low
L values. Instead, the interfacial sliding occurring in grips makes
signiﬁcant contribution to the displacement measured between
loaded crossheads. In contrast, the strain to failure εmg measured by
the gauge method and recorded with camera (see Materials and
Methods) corrects this gripping effect, which displays gentle
dependence on L and demonstrates its capability to quantify the
intrinsic mechanical properties of GO samples in uniaxial tensile
tests. Comparing the measured values of nominal strain to failure
εmn and gauge strain to failure εmg, we ﬁnd that εmn measured for
samples with L ¼ 5 mm is 7.96%, which is 266.9% higher than the
intrinsic strain in the GO samples. As L increases to 25 and 35 mm,
εmn is 3.44% and 3.20%, which then converges to the value
εmg measured by the gauge method. It should be noted our GO ﬁlms
of which the sheet is produced by low temperature oxidation [21]
exhibit higher failure strain than that reported in previous studies
(1%) where the conventional procedure was adopted [1].
To quantify the gripping effect, i.e. the contribution of interfacial
sliding to the measured nominal strain εn, we develop a theoretical
model as illustrated in Fig. 1c. The stretch of GO specimen measured
between the grips is εnL, which include the intrinsic elongation εL in
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Fig. 2. (a) Elastic and plastic shear zones in the RPSL model and the interfacial constitutive relations between shear stress and shear displacement. (b) The experimental setup for
mechanical characterization of the shear strength of gripping interface, with two asymmetric gripping ends. (c) A typical load-displacement curve measured for the interfacial
slippage, from which the shear strength is determined to be ts ¼ k1k2/(k2  k1)/2W. The averaged value (the dash line) measured for four different samples at a gripping pressure of
30 psi is 0.248 MPa. (A colour version of this ﬁgure can be viewed online.)

the GO sample and the shear or slippage displacement s at two
griping ends. As a result, εn is

εn ¼ ðεL þ sÞ=L ¼ ε þ s=L

(1)

Fitting our experimental data using Eq. (1) yields s ¼ 0.25 mm
for all samples, which is very close to the value s ¼ 0.23 mm
measured directly from optical images (Fig. S4). In consequence, Eq.
(1) offers an accurate estimation of gripping-end slippage and
intrinsic strain in the GO samples.
To elucidate the gripping effect more explicitly and extract key
interfacial parameters from our experimental results, a rigidplasticity shear-lag model (RPSL) is then proposed following the
experimental setup (Fig. 2a). Although the tensile strain within a
single GO sheet with lateral size of a few microns is spatially nonuniform due to the brick-and-motar topology of GO ﬁlms [53], one
could still assume the whole ﬁlm to be uniform and isotropic in the
loading plane considering the much larger size of samples (a few
millimeters). Then the interfacial mechanical properties at gripping
ends can be extracted from the load transfer or balance between
shear at the interface and tension in the sample.
In our model, mechanical properties of the GO ﬁlm are determined by ﬁtting our experimental data into a linear elastic model
(Fig. S3b, SI). For the sample with a width W of 3 mm and a
thickness t of 9.73 mm, we obtain a tensile stiffness D ¼ 105 N m1
and the maximum tensile load Fm ¼ 2  103 N m1 (per unit width)
the ﬁlm could bear, corresponding to a Young's modulus Y of
10.6 GPa (Y ¼ D/t) and a tensile strength of sm ¼ 206 MPa (sm ¼ Fm/
t) deﬁned through the initial cross-section area, respectively. In our
tests, the thickness decreases by ~18.6% before the ﬁlm breaks, that

is, Young's modulus of the GO ﬁlm is overestimated if we use its
thickness measured after tensile failure in the deﬁnition of Y, and
thus these deﬁnitions based on the nominal stress reasonably
capture the mechanical resistance of GO ﬁlms (Fig. S6, SI).
In the RPSL model, the relation between shear stress t(x) and
displacement d(x) at specimen-grip interfaces is assumed to be
rigid-plastic, i.e.

tðxÞ ¼ K dðxÞ for dðxÞ  ds and tðxÞ ¼ ts for dðxÞ > ds

(2)

Here K is the interfacial shear stiffness and ds is a critical
displacement for the interfacial plastic deformation to be activated
(Fig. 2a). The grips are far thicker than the GO ﬁlm and thus its
displacement can be neglected or considered as a part of the
interfacial shear displacement. Our experimental results show that
under a grip pressure of 30 psi, the shear strength is determined to
be ts ¼ 0.248 MPa through measurements under a test setup with
two asymmetric grips, which is designed speciﬁcally for measuring
the interfacial shear strength (Fig. 2b and c, see Materials and
Methods).
The equilibrium equation of RPSL model (Fig. 2a) for the materials in elastic shear zone (0  x  ls) is

Ddd2 ðxÞ=dx2 ¼ 2K dðxÞ

(3)

By denoting F1 ¼ F  2ts(lg  ls), that is the tensile force in the
specimen measured at the interface between elastic and plastic
shear zones, we have the boundary conditions Ddd(x)/dx ¼ F1 for
x ¼ ls and Ddd(x)/dx ¼ 0 for x ¼ 0. The solution for shear
displacement can then be determined as
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dðxÞ ¼ F1 coshbx=Dbsinhbls ; b ¼ ð2K=DÞ1=2

(4)

Now consider our experimental results in Fig. 1b. By assuming
that the interface between the GO ﬁlm and grips is under elastic
shear (Fig. 1c), we will then have ls ¼ lg and F1 ¼ Fm. With the value
of d(lg) ¼ s/2 ¼ 0.125 mm determined from our experiments
(Fig. 3a), we ﬁnd K ¼ 1.46 GPa m1 from Eq. (4). In this situation, as
the maximum shear displacement d(lg) ¼ 0.125 mm is smaller than
the critical value ts/K ¼ 0.17 mm, we can conﬁrm the assumption of
elastic shear at the interface is valid for our experiments with
F  Fm.
However, taking into account for plastic shear is necessary in
certain circumstances. For example, as a stronger GO ﬁlm or for a
weaker gripping interface is present, plastic shear, namely partial
or full interfacial sliding, may occur, and thus the inelastic behavior
has to be included in the RPSL (Eq. (2)). Speciﬁcally, the equilibrium
equation for the plastic shear zone (ls < x < lg) can be written as
2

2

Ddd ðxÞ=dx ¼ 2ts

(5)

Combined Eq. (5) with the boundary conditions Ddd(x)/dx ¼ F1
for x ¼ ls and Ddd(x)/dx ¼ F for x ¼ lg, the solution for the shear
displacement is

h





i

dðxÞ ¼ ts x2 þ F  2ts lg x þ c D

(6)

The condition of continuity for d(x) at x ¼ ls is then

h





i

dðls Þ ¼ F1 coshbls =Dbsinhbls ¼ ts l2s þ F  2ts lg ls þ c D
¼ ts =K

(7)

From the governing Eqs. (4), (6) and (7) derived for the stress
and strain in elastic and plastic shear zones, we can probe the
slippage of GO ﬁlms at grips and the evolution of gripping interface
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from elastic and plastic shear zones as loads increases. The results
summarized in Fig. 3b show that at F/Fm ¼ 0.25, 1.00 and 1.36, the
shear deformation of gripping interface is fully elastic, and the
length of elastic shear zone, ls, keeps at a constant (ls ¼ lg) and the
shear displacement of GO ﬁlms at grips, s, increases linearly with F.
However, ls decreases and s increases rapidly with F as F/Fm exceeds
the critical value 1.36 when the plastic deformation occurs. At F/
Fm ¼ 2.48, the gripping interface fully develops into plastic shear
and cannot resist further loads. In addition, we also could determine the shear and tensile stress distributions at gripping interfaces and within the whole GO ﬁlm (Fig. 3c). These results clearly
reveal stress and strain evolution in the tensile tests and demonstrate the impact of interfacial slippage on the experimental
extraction of mechanical properties.
3.2. Suggestions for experimental setups
Based on the understandings of the gripping effect, we can now
outline the guiding rules in designing mechanical tests for GO ﬁlms.
Speciﬁcally, the grip length lg is the key adjustable factor. Our
experimental results and RPSL model analysis suggest that a grip
length larger than 10 mm is required to minimize the interfacial
shear displacement to converge below ~0.25 mm (Fig. 4a). The effect of grip length is important but overlooked and scarcely
mentioned in the literature where tensile tests of GO ﬁlms were
reported [16,43]. In practice, the grip length is limited by the size of
GO ﬁlms, and thus 10 mm would be an optimal minimum length for
samples with typical sizes, stiffness and grip interfaces. To reveal
the role of ﬁlm-grip interface in modulating the load transfer and
interfacial slippage, we tune the grip pressure Pg further in the tests.
With the merit of our RPSL model, we are able to quantify the
interfacial shear strength ts corresponding to a speciﬁc value of Pg.
Our measurements show that ts increases with Pg. As Pg increases
beyond 20 psi, the interfacial shear strength converges to a constant value of ~0.25 MPa (Fig. 4b), and higher pressure may destruct

Fig. 3. (a) Fitting of experimental data of nominal strain to failure using Eq. (3). (b) The evolution of elastic, plastic shear displacements, and relative size of the elastic zone at the
gripping interface with increasing load. (c) Distribution of interfacial shear stress and in-ﬁlm tensile stress calculated from the RPSL model, demonstrating the activation of
interfacial sliding as the amplitude of load increases. (A colour version of this ﬁgure can be viewed online.)
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Fig. 4. (a) The shear displacement at the grip end with various grip length. (b) Shear strength of gripping interface measured under various grip pressure.

Fig. 5. (a) A literature survey on the grip separation L and uniaxial stretching rate used in previous mechanical tests [1,18,21,26e49]. (b) The loading-rate dependence of tensile
strength and strain at failure for GO ﬁlms. (A colour version of this ﬁgure can be viewed online.)

the GO sample that is unfavorable. Consequently, 20 psi is suggested as the optimal minimum grip pressure for the tests and is
chosen in this work.
From our literature survey (Fig. 5a), most of previous studies
adopt the strain rate r in the range between 104 and 102 s1. To
clarify the loading-rate dependence, we carried out uniaxial tensile
tests, and the results suggest that the tensile strength sm and strain
to failure εm demonstrate very gentle variation in the range of
r ¼ 5  105  103 s1 (Fig. 5b). However, the rate dependence
becomes signiﬁcant as r increases further, from 103 to the highest
rate 102 s1 we tested. The values of strength and strain to failure
can be overestimated up to 135.2% and 115.1% at a high strain rate of
102 s1 comparing that measured at a low strain rate of 104 s1.
This loading-rate effect originates from the viscoelasticity of GO
ﬁlms manifested by their microstructural changes [54]. As a suggestion for minimizing the loading-rate dependence in practice, we
suggest to adopt a strain rate below 103 s1 as we did in this work.
3.3. Additional remarks on the stress distribution
There are three geometrical parameters for the samples and
mechanical tests, including the width W, aspect ratio a of GO ﬁlms
and the grip separation L. The sample length controls the contribution of gripping slippage to the nominal strain measured in the
tests, while the aspect ratio a ¼ L/W determines the stress distribution that is affected by the gripping boundary condition. In our
previous discussion on experimental data, the same width of 3 mm
was used for all samples considering the fact that the strain distribution is spatially uniform, which, however, could be modiﬁed as
the width changes. According to the Saint-Venant principle [55],

inhomogeneity in the stress and strain distributions could occur for
samples with a low aspect ratio that is deﬁned as the ratio between
grip separation L and width W. To probe this effect, we carried out
FEA for two samples with two different sizes as chosen in our experiments, which are 5 mm (L)  3 mm (W),
30 mm (L)  3 mm (W), respectively (Fig. S6, SI). The maximum
amplitude of derivation in stress from the averaged value is below
5% in the central region of GO ﬁlms, where most material fracture is
observed in the tensile tests.
We then explore the effect of sample width speciﬁcally by
performing more tests. We cut the GO ﬁlms with three different
geometries using a template grid, with widths W ¼ 1, 3 and 6 mm,
respectively (Fig. S7a, SI). Our experimental results show that the
tensile strength and strain to failure measured from the gripping
method are independent on W (Fig. S7c, SI). It should be noted that
the inaccuracy of the cutting process is ~0.08 mm, which leads to a
relative error of 8% for W ¼ 1 mm and 1.3% for W ¼ 6 mm (Fig. S7b,
SI). As a result, the width of GO ﬁlm cannot be too small by
considering this source of error. With the results from our tensile
tests and FEA, we conﬁrm that for the sample widths adopted by
most experiments reported in the literature and this work has a
minor effect on the tensile strength.
4. Conclusions
To conclude, we perform experimental measurements and
theoretical analysis to reveal potential issues in measuring mechanical properties of GO ﬁlms by uniaxial tensile tests. We ﬁnd
that the gripping effect can lead to signiﬁcant overestimation of the
strain measured from the grip separation and thus toughness of GO
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ﬁlms for specimen with low grip separation and grip length, which
has been overlooked in previous studies. A theoretical model is
proposed here to correct the gripping effect, which can also be used
also to extract interfacial mechanical properties between the GO
ﬁlms and the grips. Besides of the geometrical effect, other considerations such as the grip pressure, loading rate are also discussed. Based on these understandings we outlined a practical
guideline to measure intrinsic mechanical properties of GO ﬁlms.
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Supplementary Figures and Figure Captions

1

Fig. S1 − (a) GO films fabricated from a dispersion-evaporation procedure, with gauge
marks under the magnifying glass. (b) The SEM cross-section micrograph of a GO film.

2

Fig. S2 − Structure characterizations of GO sheets: (a) A SEM image of GO sheets on a
deposited on the silicon substrate. (b) The AFM height-profile image of a GO sheet on
mica. (c, d) The XPS spectrum and a typical Raman spectrum of GO sheets.

3

Fig. S3 − (a) The experimental setup for uniaxial tensile tests of GO films. (b) A typical
stress-strain curve measured from the experiments.

4

Fig. S4 − Optical images of the GO films under tension, which demonstrate the
interfacial slippage at gripping ends and spatially uniform deformation of the whole
sample. The shear displacement s/2 is 0.115 mm at the highest load in experiments,
which is measured from the images by tracking the white dot in red circles.

5

Fig. S5 − In-film stress distribution calculated from the FEA, for the central region of GO
samples (80% of the whole length). Analysis was performed for two specimen
geometries, which are specimen #1 (5 mm×3 mm) and specimen #2 (30 mm×3 mm). The
results show that the maximum derivation from averaged stress is below 5%.

6

Fig. S6 − The thickness of GO films measured from the cross-section of specimen before
being loaded, and after fracture occurs.

7

Fig. S7 − (a) Cutted specimens of GO films with widths W of 1, 3 and 6 mm, respectively.
(b) Precise measurements of the sample width from CCD show that there are an
inaccuracy of ~0.08 mm during the cutting process. (c) Tensile strength and strain to
failure measured for samples with different widths. The values are normalized by the data
for the sample with W = ~3 mm.
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