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 Strip bending is a simple and productive method for the mechanical characterization 
of thin-fi lm materials used in micro-electromechanical systems (MEMS) applications.  
This method can yield a stress-strain curve as does a microtensile test, and can also 
yield the elastic modulus and strength.  The strip bending test is much more useful 
than the microtensile test because of the ease of specimen fabrication, alignment, and 
handling.  On the other hand, results obtained by the strip bending test can suffer from 
uncertainties related to specimen shape, and the specimen shape can affect the strain 
estimation and stress concentration of the specimen.  In this study, two types of specimen 
were fabricated using a MEMS process to investigate the effect of specimen shape.  Au 
was chosen as a thin-fi lm material owing to its widespread use in MEMS applications.  
The stress-strain curves of Au thin fi lm were measured using a strip bending apparatus 
equipped with an accurate laser displacement sensor and a load cell of 500 mN capacity.  
The difference caused by the specimen shape was clearly identifi ed in the stress-strain 
curves of the two types of specimen of the same Au thin fi lm.  A carefully designed 
microtensile test was performed to accurately measure the stress-strain curve of the Au 
thin fi lm, and the tensile data was compared with the data obtained by the strip bending 
method.  To understand the mechanics of the strip bending method and the effect of 
specimen shape, fi nite element analysis (FEA) was performed for 3-dimensional models 
of the two types of strip bending specimen.  A desirable test practice of the strip bending 
method was suggested for standardization purposes on the basis of experimental and 
FEA results.
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1. Introduction

 The mechanical properties of materials are basic information for designing products.(1,2)  
For macroscale products, many standard methods of measuring the mechanical properties 
of macroscale specimens have been developed.  As micromachining technology 
improves, microscale products become more popular and the need to characterize 
microscale structures increases.(1)  Since the mechanical properties of microscale 
structures are different from those of bulk-scale structures and are strongly dependent 
on the fabrication process,(2) it is necessary to measure these properties using specimens 
with the same characteristic scales and fabricated by the same process.  The mechanical 
characterization of microscale structures is an exciting topic, and many researchers have 
tried to develop accurate and easy methods for such characterization.(3) 
 The strip bending method is one of the most promising methods for measuring the 
mechanical properties of freestanding thin fi lms since it can yield stress-strain data 
of microscale structures with moderate effort.  The best method for measuring stress-
strain data is the microtensile test, which is a counterpart of the macroscale tensile test 
for microscale structures.  In the microtensile test, the stress and strain distributions are 
uniform along the gauge section of the specimen, which yields excellent stress-strain 
data.  However, accurate microtensile data are diffi cult to obtain using this method owing 
to obstacles such as specimen gripping, alignment, load, and strain measurement.(3,4)  The 
strip bending method can be a good substitute for the diffi cult microtensile test because of 
its usefulness and simplicity,(5–9) and can be attractive to industries for microscale devices 
such as fl exible electronic devices, micro-electromechanical systems (MEMS), and nano-
electromechanical systems (NEMS).  The data obtained by the strip bending method can 
include some errors caused by specimen shape, even with excellent alignment and load-
displacement measurement.  The motivation for this study is our desire to understand the 
errors induced by the specimen shape, to fi nd a method of minimizing such errors, and 
to demonstrate the simplicity and usefulness of the strip bending test, which can provide 
accurate stress-strain data similarly to the microtensile test.
 The objective of this study is to determine the effect of specimen shape when 
performing the strip bending method and to minimize the error caused by specimen 
shape.  To this end, we start by briefl y describing the principle of the strip bending 
method.  Experimental details of the strip bending test are presented including those of 
the fabrication of the specimens, apparatus, and test procedure.  The results obtained 
are presented and compared with the results obtained by the microtensile test and fi nite 
element analysis.  Our fi ndings and explanations are given, and a desirable test practice 
is suggested for the standardization of the strip bending method.  Finally, a summary is 
presented.

2. Strip Bending Method

2.1 Principle of strip bending method
 A schematic view of the strip bending test is shown in Fig. 1(a).  The loading tip 
moves in the z-direction and applies a force to the strip that can be regarded as a bridge 
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connecting two fi xed ends.  The load and corresponding displacement are measured 
simultaneously during the movement.  The stress-strain curve of the strip is estimated 
from the measured load and displacement using the analysis model described in the next 
section.  When the alignment between the strip and the loading tip is poor as shown in 
Fig. 1(b), the analysis model should be corrected to yield a good estimation of stress and 
strain, as will be described in § 2.3.

2.2 Two types of specimen 
 Two types of specimen are considered in this study.  As shown in Fig. 2(a), one is a 
straight strip, and the other is a curved strip.  Since the strain distribution in the straight 
strip is nearly uniform except in the fi xed end region and loading region, it is easier to 
estimate strain for the straight strip than for the curved strip, where the strain distribution 
is nonuniform and complex.  On the other hand, the straight strip is more sensitive to 
stress concentration than the curved strip, and thus leads to an underestimation of the 
strength.  The fabricated specimens are also shown in Fig. 2(b), and their fabrication 
process is described in § 3.1.  It is possible to fabricate many strip specimens (regardless 
of specimen shape) on a single die of substrate, and the strip bending method can be 
easily automated to test each strip specimen sequentially using a motorized specimen 
holder as in refs. 6–8.
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Fig. 1. Schematic of strip bending method.
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Fig. 2. Two types of strip specimen.  (a) Shape and physical dimensions (L = 500 μm, W = 20 
μm, R = 40 μm).  (b) SEM images of fabricated specimens.  (c) A TEM image of a fabricated 
specimen.
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2.3 Analysis of strip bending test
 For a strip with a stringlike behavior, axial stress and strain can be related to load 
and displacement via the following equations without any assumption on its constitutive 
law:(5,6)

 σ = F
2Bhsinθ , (1)

 ε = 
√L2+δ2

L –1 = 
1–cosθ
cosθ

, (2)

where θ = tan−1(δ/L).  Equation (1) is obtained from the static equilibrium of the strip 
under a force F assuming that the strip cannot sustain a bending moment.  Equation (2) 
is obtained by assuming that the axial strain is uniform along the entire length of the 
strip.  Note that the stress concentrations at the fi xed ends and in the middle of the strip 
are neglected under this assumption.  The assumptions required to derive eqs. (1) and (2) 
can lead to errors, and these should be minimized to obtain accurate results from the strip 
bending test.
 When the specimen is misaligned in the direction perpendicular to the loading tip as 
shown in Fig. 1(b), it will deform unsymmetrically.  Since eqs. (1) and (2) are derived 
under the assumption of symmetric deformation, these equations lead to errors when 
the defl ection angles of both sides of the specimen are not identical.  When one can 
simultaneously measure the defl ection angles of both sides of the specimen, eqs. (1) and (2) 
should be modifi ed to eqs. (3) and (4), respectively.  These are reduced to eqs. (1) and (2) 
when θ1 = θ2 and φ = 0. 

 σ = F
Bh(sinθ1+sinθ2)  (3)

 cot(θ1−φ)+cot(θ2−φ)
csc(θ1−φ)+csc(θ2−φ)

ε = −1 (4)

3. Experiments

3.1 Fabrication of specimens
 The fabrication process for the specimens is summarized in Fig. 3.  A 6-inch silicon 
wafer with an oxide layer was used as the substrate, as shown in Fig. 3(a).  A thin fi lm 
(1 μm) of Au was sputter-deposited on the substrate after the deposition of a Cr adhesion 
layer of 10 nm thickness, as shown in Fig. 3(b).  Strip specimens were defi ned and 
patterned by optical lithography, as shown in Fig. 3(c).  Using deep reactive ion etching 
(DRIE), the backside silicon was etched out to release the specimen in freestanding form, 
as shown in Fig. 3(d).  The oxide layer was etched as shown in Fig. 3(e), and then the Cr 
layer was etched, as shown in Fig. 3(f).  The average grain size of the Au thin fi lm was 
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Fig. 3. Fabrication procedure.

determined to be 98.2 nm using transmission electron microscopy (TEM), as shown in 
Fig. 2(c).

3.2 Strip bending apparatus
 The strip bending apparatus was developed in this study and is shown in Fig. 4.  
This apparatus consisted of a specimen holder with a fi ve-axis adjustment stage for 
alignment, a load cell (LTS-50GA, Kyowa) with a 500 mN capacity, a laser displacement 
sensor (LT-9000, Keyence) with a 10 nm resolution, a motorized translation stage with a 
minimum translation resolution of 50 nm, and a wedge-shaped loading tip.  The wedge 
shape was adopted because such a shape enables line contact with a strip specimen.  
A tip made of diamond was used to minimize tip deformation during testing.  The tip 
was machined to a radius of 0.91 μm, as shown in Fig. 4.  The loading tip was attached 
to a motorized translation stage, and moved vertically during the test.  The load and 
displacement of the specimen were simultaneously measured using a load cell and a laser 
displacement sensor, respectively.  A stress-strain curve was derived from these load and 
displacement data using the analysis model described previously.  A laser displacement 
sensor was chosen since it could measure the vertical defl ection of the specimen with a 
resolution of 10 nm at 2 μm intervals along the longitudinal direction of the specimen, 
and the deformed shape of the specimen could be easily identifi ed.  Using this sensor, the 
alignment between the specimen and the loading tip can be checked and adjusted using 
the fi ve-axis stage of the specimen holder, and the defl ection angle θ of the specimen can 
be readily obtained from the deformed shape.

3.3 Test procedure
 It is very important to align the loading tip, displacement sensor, and specimen 
since misalignment among them can cause errors in the estimation of elastic modulus 
and yield strength.  The movement of the loading tip and the defl ection of the specimen 
can be accurately monitored by the laser displacement sensor, and the misalignment is 
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markedly reduced by adjusting the fi ve-axis stage of the specimen holder as follows: (1) 
the laser displacement sensor is carefully aligned perpendicular to the moving axis (z-axis) 
of the loading tip by adjusting the fi xture holding the sensor.  (2) The strip specimen 
bonded to a transparent glass slide is then attached to the specimen holder (see Fig. 4).  
(3) The specimen is aligned to the sensing axis (z-axis) of the laser displacement sensor 
by adjusting the rotations of the specimen holder in the x-, y-, and z-axes.  (4) Finally, the 
specimen holder is moved in the x- and y-axes to align the center of the specimen right 
above the loading tip.
 When the above alignment procedure is completed, the strip specimen is defl ected by 
moving the motorized stage holding the loading tip, and the load-displacement data is 
measured.  The displacement sensor adopted in this study measures the defl ected shape 
by scanning a line on the specimen, and requires approximately 1 s to complete a single 
line scan.  During this period, the specimen should be stationary, making it diffi cult to 
test the strain-rate dependency of materials.  The typical history of the displacement 
of the motorized stage during the test is shown in Fig. 5.  When the defl ection shape 
of a specimen is fully understood, no line scan is necessary and only a single point 
measurement of the defl ection is suffi cient.  In this case, test speed can be greatly 
improved.

Fig. 4. Photograph of strip bending apparatus.
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4. Results and Discussion

4.1 Strip bending test results
 The defl ection shapes of the two types of strip specimen are shown depending on 
the load in Fig. 6.  The corresponding stress-strain curves are obtained from these data 
using eqs. (3) and (4), and are shown in Fig. 7.  All the specimens were initially buckled, 
and this means that the specimens were initially under compressive stress.  The elastic 
modulus of the specimens was determined by fi tting the stress-strain curve from 100 to 
200 MPa.  The stress-strain curves of both types of specimen were similar to each other, 
but the elastic modulus from the curved specimen was slightly higher than that from the 
straight one, as shown in Table 1.
 The measured elastic modulus is lower than that (77.2 GPa) of bulk gold.(12)  This can 
be explained from the difference in microstructure between the present Au thin fi lm and 
bulk gold.  The average grain size of the present Au thin-fi lm specimen is approximately 
98.2 nm, as described in § 3.1.  The small grains can lead to a high volume fraction 
of grain boundary, and can result in low modulus.(13)  For this reason, the present Au 
specimen with nanoscale grains can have lower modulus than bulk Au material with 
microscale grains.  The yield strength (383 MPa) of the present Au specimen is higher 
than that (120 MPa) of the bulk,(12) and this can be explained in terms of grain size 
difference.  Materials with smaller grains are usually stronger than those with larger 
grains, and this can be characterized by the Hall-Petch relation.(14)

4.2 Discussion and comparison with tensile test results 
 The strip bending test can measure the stress-strain curve similarly to the micro-
tensile test.  It is appropriate to perform the microtensile test on a Au freestanding fi lm 
fabricated using the same process as the strip bending specimen.  For this purpose, we 
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Fig. 5. Typical displacement history of strip bending test.
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Fig. 6. Defl ection shapes of (a) straight and (b) curved specimens.

(a)
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fabricated microtensile specimens together with strip bending specimens on a single Si 
wafer; this was easily achieved by designing a mask containing both the microtensile 
specimens and the strip bending specimens.  We have already reported an accurate 
microtensile testing apparatus that incorporates alignment stages, a sensitive load 
cell, a piezoelectric actuator, and a noncontact strain measurement module based on 
digital image correlation.(4)  Using this apparatus, the tensile stress-strain curve of a Au 
freestanding thin fi lm was measured, as shown in Fig. 7.  The stress-strain curves from 
the strip bending test are also plotted in the fi gure for comparison.  Curves from the strip 
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specimens can overlap onto tensile data by shifting along the horizontal axis owing to the 
initial strain in strip specimens.

4.3 Discussion and comparison with fi nite element analysis
 Finite element analysis was performed in order to understand the effect of specimen 
shape on the test results.  Three-dimensional fi nite element models for the two types of 
specimen were developed (see Fig. 8) and their deformation behaviors were simulated 
using a commercial fi nite element package, ABAQUS.(10)  The convergence, verifi cation, 
and other simulation details of the fi nite element analysis will be presented in another 
paper.(11)

 The elastoplastic deformation of the two types of strip specimen was simulated using 
the input parameters (i.e., elastic modulus and fl ow law) measured by micro-tensile 
test, except for Poisson's ratio.  Poisson's ratio was assumed to be 0.42, which is that 
of bulk Au.(12)  As can be seen in Fig. 8, the strain distribution is quite uniform along 

Table 1
Comparison of elastic moduli measured by strip bending and microtensile tests.

Specimen type Elastic modulus (GPa)
Average Standard derivation

Tensile test Dog-bone
(w = 200 μm, t = 1 μm)

60.4 1.5

Strip bending test Straight
(w = 200 μm, t = 1 μm)

63.5 8.8

Curved
(w = 200 μm, t = 1 μm)

73.8 12.1
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Fig. 7. Comparison between strip bending and microtensile test results.
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the whole length of the straight specimen except at the fi xed and loaded ends, while the 
region of uniform strain is much reduced in the curved specimen.  This fi nding indicates 
that the analysis model in § 2.3 is more appropriate for the straight specimen than for 
the curved specimen since the model relies on the assumptions of uniform strain along 
the specimen.  In the simulation, the input value for the elastic modulus parameter was 
60.4 GPa; simulated elastic modulus values were 60.8 GPa for the straight specimen 
and 66.9 GPa for the curved specimen.  The fi nite element analysis predicted that the 
difference in elastic modulus should be negligible for the straight specimen, but not for 
the curved one.  The experimental results of the strip bending test were consistent with 
the simulation results in that elastic modulus values were closer to those measured by 
microtensile testing in straight specimens than in curved specimens.

4.4 Desirable test practice for strip bending method
 As with other test methods, desirable test practices for the strip bending method 
should be established.  The apparatus for strip bending should incorporate suitable 
components.  One of the key components is the adjustment stage for alignment, since 
the test results are sensitive to alignment.  The effect of misalignment on the test results 
is an interesting topic that we deal with in another paper.(10)  The displacement and load 
sensors should have resolutions better than 1/1000 of the maximum defl ection and load.  
Instead of a displacement sensor of a single-point measurement, it is useful to adopt a 
displacement sensor that can measure defl ection distribution for verifi cation purposes 

Fig. 8. Finite element mesh and strain distribution for straight and curved specimens.
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similarly to this study.  For actuating devices, all types of microscale actuator can be 
used as long as a linear movement of the loading tip is guaranteed.  It is desirable to use 
a wedge-shaped tip for loading to apply a line contact load to the strip specimen.  The 
material of the tip should be rigid, and diamond and sapphire are good candidates.  The 
root radius of the tip should be carefully chosen depending on the specimen size.  The 
contact area between the tip and the specimen increases with the tip radius, and this can 
result in errors of the measured properties.  On the basis of the fi nite element simulation 
results,(11) the tip radius should be less than 1/50 of the half-length of the specimen.  The 
lower bound of the tip radius has not been studied yet.
 As shown in the previous sections, the specimen geometry should be carefully 
chosen.  If one wants to measure the elastic modulus of thin fi lms, a straight specimen 
will be benefi cial.  For yield strength measurement, the two types of specimen have 
their respective disadvantages.  The straight specimen suffers from strain and stress 
concentration while the curved one suffers from low accuracy of strain measurement.  
For tensile strength measurement, the curved one will be benefi cial.  Depending on the 
purpose of the test, the specimen shape should be carefully chosen.
 For the testing procedure, the procedure for alignment is critical and one needs to 
minimize the misalignment using the adjustment stage.  Testing speed is another key 
issue in the strip bending test.  A constant speed of the loading tip can be easily achieved 
by controlling the actuator, but a constant speed of the loading tip does not lead to a 
constant strain rate in the strip specimen, as can be seen in eq. (2).  Controlling the 
actuator to obtain a constant strain rate in the specimen appears to be diffi cult, but can be 
realized using a sophisticated control algorithm for the actuator.  This topic is beyond the 
scope of this paper.  We have studied a control algorithm for strain-rate-controlled strip 
bending testing of polymeric thin fi lm and will describe this algorithm and its results in a 
forthcoming paper.

5. Summary

 The strip bending method was applied to the measurement of the stress-strain curves 
of Au thin fi lms fabricated using the MEMS process.  The effect of specimen shape on 
the test results was investigated using experiments and numerical simulation.  The test 
results obtained from two types of strip specimen were compared with those measured 
by the microtensile test.  Straight specimens provided results closer to those of micro-
tensile testing than curved specimens, and fi nite element analysis revealed that this 
difference was due to differing strain distributions between the two types of specimen.  
A desirable test practice of the strip bending method was suggested for standardization 
purposes on the basis of the experimental and FEA results.  This work demonstrated 
experimentally and numerically that the strip bending test could produce stress-strain 
data of freestanding thin fi lms cost-effectively, and that the consistency of its results 
with the tensile test results could be increased by proper design and practice of the strip 
bending test.
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