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A B S T R A C T   

An in situ transmission electron microscopy (TEM) microelectromechanical system (MEMS) device has been 
designed to utilize TEM imaging for measuring stress and strain of thin film micro-specimens while simulta
neously recording the microstructure evolution. Digital image correlation is also used to measure local normal 
strain values by tracking edge features of the specimens. The device performance is compared to that of a similar 
MEMS device that utilizes capacitive sensors for stress and strain measurements, using 100-nm thick Au thin film 
specimens. It is shown that there is a significant improvement in the noise levels from ~1–2 MPa to ~0.2 MPa 
and increased sensitivity with the capability of measuring small stress changes. The device can be used to 
perform both in situ TEM monotonic and transient tests (for activation volume measurements) to investigate the 
active plastic deformation mechanisms.   

1. Introduction 

Alternative deformation mechanisms are activated as grain size de
creases into the ultrafine-grained (UFG) and nanocrystalline (NC) re
gimes of thin films [1–4]. This is accompanied by an increase in strength 
following the Hall-Petch law [5] due to grain boundaries (GBs) serving 
as obstacles to prolonged dislocation glide, along with participating 
directly in deformation through GB migration and GB sliding [6–11]. 
Since the active deformation mechanisms dictate the plastic kinetics, 
understanding these deformation mechanisms is key to designing metals 
with desired mechanical properties. To that end, quantitative charac
terization of the active deformation mechanisms is required. Atomistic 
simulations provide useful information regarding the plastic kinetics of 
individual mechanisms [12–15]; however, they suffer from time- and 
small-scale limitations that make comparing with experimental results 
nontrivial. The temporal and spatial resolution of transmission electron 
microscopy (TEM) provides an avenue to characterize both the micro
structure and mechanical response when combined with in situ nano
mechanical techniques [16]. 

There are a variety of nanomechanical platforms that have been 
utilized for in situ TEM straining experiments, each having their own 
advantages and disadvantages [16–21]. The key difference across 

techniques is the way in which the force and displacement (strain) are 
measured. Push-to-pull (PTP) devices, commonly used to perform in situ 
TEM mechanical experiments, convert the compression motion of a 
nanoindenter into tensile forces on the specimen [20,22–24]. These 
devices require TEM nanoindenter holders that produce the raw force 
and displacement data and suffer from thermal drift of the indenter tip 
which limits the capability to perform transient experiments with 
timescales on the order of 30 s (see Section 2.4 for details). Other plat
forms utilize Micro Electro Mechanical Systems (MEMS) devices to 
electrically-control actuation and sensing [19,25–32]. These devices are 
typically composed of an actuator that provides a displacement (either 
through electrostatic forces or thermal expansion) and a sensor (beams 
of known bending stiffness) that measures the force on the specimen 
[33–37]. Pierron and co-workers have used two capacitive sensors to 
determine the displacements of the actuator and load sensor, which 
allows for the independent measurement of stress and strain [25]. This 
technique was employed to measure the monotonic stress-strain curves 
of thin film specimens as well as true activation volume, while per
forming TEM observations of the evolving microstructure [33–37]. 
However, this technique suffers from a low experimental yield that is 
related to challenges in measuring sub-femtofarad (fF) level signals 
without parasitic noise. Additional techniques integrate MEMS-based 
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actuation while relying on conventional TEM imaging to measure the 
displacement of the force and displacement sensors [38,39]. The 
advantage of these techniques is that the displacement resolution is 
controlled by the resolution of the TEM and does not require calibration 
of the displacement sensors. However, these techniques do not allow for 
high-magnification recording of the microstructure during stress and 
strain measurement. Modern TEM detectors routinely have 16 mega
pixels or more, providing a means to digitally enlarge images post 
collection while retaining feature sharpness and obtain information 
related to microstructure evolution, such as grain growth and/or GB 
migration. 

In this paper, we provide a MEMS design that utilizes TEM imaging 
to reliably measure stress and strain while simultaneously recording the 
microstructure evolution. We compare the performance with our 
capacitive sensing-based MEMS device and show that the noise and 
resolution is improved using the image-based technique. We also 
introduce a digital image correlation technique to measure local normal 
strain values along the specimen’s gauge length, by tracking edge 
features. 

2. Experimental details 

2.1. Principles of operation of MEMS platforms 

The MEMS devices used in this study are shown in Fig. 1. The MEMS 
device shown in Fig. 1(a) is referred to as the ‘capacitive-sensing’ device 
since it utilizes two capacitive sensors (CS1 and CS2) to measure the 
displacement of the thermal actuator (TA) and load sensor (LS) beam. 
This device has been used in Refs [25,26,33,34,36,37] to perform in situ 
TEM straining experiments. The device shown in Fig. 1(b) is the 
‘image-based’ device. Instead of relying on capacitive sensors for 
displacement measurements, it utilizes TEM imaging to record the 
displacement of the actuator and load sensor beam directly. Both devices 
are composed of similar TAs and LS beams. The TAs are composed of ten 
inclined pairs of beams that provide the displacement when a voltage is 
applied across the beams (through resistive heating). A large heat sink is 

provided between the thermal actuator and the specimen gap to limit 
the temperature increase of the specimen [32]. The main differences 
between the devices are that both the capacitive sensors have been 
removed and a stationary beam (SB) is located within the specimen gap. 
The SB is in between the two Si pads of the specimen gap (shown at a 
higher magnification in Fig. 1(c)). The oxide bridge (SiO2 B) serves to 
physically connect the TA to the specimen gap while providing electrical 
isolation (which was previously done by using epoxy glue). 

During operation, the shift in the central shuttle causes a shift in the 
specimen gap (specifically causes a shift in the Si pad labeled ‘A’ in Fig. 1 
(c)). Since this pad is rigidly connected to the TA, this shift is equal to the 
displacement of the actuator XA. If a specimen is mounted on the device, 
a portion of this displacement is transmitted to the LS beam via the 
specimen. Since the Si pad ‘B’ is rigidly connected to the LS beam, the 
displacement of ‘B’ is equal to the displacement of the LS (XLS). 
Measuring XA and XLS independently requires a stationary reference 
point, which is provided by the SB that is located in between specimen 
gap pad ‘A’ and ‘B’. The schematic shown in Fig. 1(d) illustrates how the 
measurements are determined. At Vin = 0, there is no applied voltage 
and the initial distance between the SB and the top and bottom specimen 
pads are indicated by the brown arrows and labelled 1 and 2, respec
tively. After a voltage is applied (Vin = V), pad ‘A’ is shifted by XA and 
pad ‘B’ and the load sensor by XLS. Measuring these simultaneously re
quires a fixed object to be able to separate the total increase in the 
specimen gap into the two components (XA and XLS). To do this, the gap 
sizes indicated by the dashed brown arrows are compared to the original 
gap sizes (solid brown arrows labelled 1 and 2) to determine XA and XLS. 
An adequate TEM magnification is chosen to ensure that the gap 1 and 
gap 2 are both in view. The video and/or images taken are analysed in 
real-time using a Python code integrated into the TEM Gatan videoing 
software or processed post-mortem using MATLAB. In either case, the 
programs determine the size (distance) of Gap 1 and Gap 2 for every 
frame by identifying the edges of Gap 1 and Gap 2 to produce 4 lines 
(one for each edge). As the video/experiment progresses, the program 
records the locations and alignment of these lines. The tilt angle between 
the edges and the imaging window is appropriately considered in the 
calculation of gap sizes. The values of XA and XLS are thus determined by 
considering how much the gap sizes (distance between lines) change 
throughout the experiment with respect to the original gap size. 

Both devices are wire bonded to a chip carrier designed for the 7-lead 
Hummingbird Scientific electrical biasing TEM holder. The experiments 
are performed in a ThermoFisher Tecnai F30 TEM operating at 300 kV. 

2.2. Stress and strain measurements 

Once the displacements of the actuator and load sensor are deter
mined, the displacement of the specimen XS can be calculated by XS =

XA − XLS. Similarly, the force can be calculated by considering the 
known stiffness KLS of the load sensor beams following F = KLSXLS. 
Stress and strain are then calculated by considering the specimen ge
ometry. The gauge length (l) is estimated by measuring the free-standing 
portion from SEM images taken before or after the experiment and the 
gauge width (w) is estimated prior to the experiment from TEM images. 
The specimen thickness (t) is pre-defined per the fabrication recipe. The 
(engineering) stress (σ) and strain (ε) are calculated following: 

σ =
F
tw

(1)  

ε =
XS

l
(2) 

In most cases, the calculated stress values are modified slightly by 
pre-stress that is present [33]. The specimens are clamped onto the 
specimen gap using UV curable glue. The glue shrinks during curing 
which can lead to tensile forces on the specimen prior to the experiment. 
The pre-stress values typically range from 10 to 200 MPa and is 

Fig. 1. SEM images of MEMS devices. (a) Capacitive-sensing MEMS with 
capacitive sensors (CS1 and CS2) labeled and (b) image-based MEMS devices. 
The thermal actuator (TA), and load sensor beams (LS) are common to both. 
The image-based MEMS contains an SiO2 bridge (SiO2 B) and stationary beam 
(SB). The specimen gap in (b) is outlined and shown in more detail in (c). The 
displacement of the actuator XA and load sensor XLS are indicated. (d) sche
matic of the image-based MEMS operation. 
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estimated by determining the distance the LS beam is deflected before 
and after curing of the glue. This can be done by comparing the ‘equi
librium’ distance between the SB and LS beam (prior to any specimen 
placement) and the initial gap prior to starting an experiment. The dif
ference between these two distances is due to the pre-stress and is used 
to measure its value. 

2.3. Local strain measurements 

Our previous finite element modelling of the sample and glue (used 
for clamping) assembly highlighted inaccurate elastic strain measure
ments based on Eq. (2). The inaccuracy results from finite deformation 
in the fillet region of the specimens, as well as possible presence of glue 
underneath portion of the gauge section [26]. These finite deformations 
of the specimen outside of the gauge section result in calculated effective 
elastic moduli of Au samples to were 20 to 40% lower than the actual 
value. To obtain accurate elastic strain measurements, we employ a 
simple digital image correlation (DIC) technique that relies on tracking 
edge features of the specimens. The initial step in our methodology in
volves employing a cross-correlation algorithm to stabilize the video. 
This algorithm calculates the positional offset relative to the first image 
after binarization, offering a more consistent basis for image analysis. 
Subsequently, we perform cropping of the images to concentrate on the 
regions of interest. (i.e. the gauge section of the specimen). We then 
apply the Harris corner detection algorithm, a method for identifying 
corner features along the edges of the specimens. The Harris algorithm 
excels in detecting significant changes in all directions within an image 
segment and provides an added benefit of being resilient to contrast 
changes. Following that, we filter and normalize tracked centers that 
consistently appear across multiple frames. This careful filtration step 
such as setting threshold of maximum distance detected between two 
consecutive frames ensures only the most relevant data points are 
retained for strain computation. The strain is then computed using the 
Δx/Local Distance. Fig. 2 highlights the tracking of several features 
during a monotonic test to failure. 

2.4. Activation volume measurements 

Both of the devices can be used to perform both monotonic tensile 
tests and transient tests such as repeated stress-relaxation experiments. 
This is useful as true activation volume, which is used to describe 
deformation mechanisms [15,33,34,40–43], can be measured by per
forming multiple stress-relaxation segments. With this technique, a 
stress-relaxation segment is performed by keeping the actuator 
displacement XA constant (i.e. holding a constant Vin). This implies that 
during a relaxation: 

XA = XS + XLS = constant (3) 

As plastic deformation occurs during a relaxation segment, the 
plastic strain increases (XS increases) which results in a decrease in XLS 

and thus a measured decrease in stress. During a relaxation segment, the 
plastic strain rate can be determined following: 

ε̇p = − σ̇
/

M (4)  

where σ̇ is stress rate obtained by fitting the stress relaxation data with 
logarithmic fit and M is the machine-specimen stiffness [25,44]. The 
true activation volume V∗ is defined using the following equation. 

V∗ =
̅̅̅
3

√
kT

ln
(
ε̇i2

/
ε̇f 1

)

Δσ12
(5) 

In the above equation, ε̇f1 and ε̇i2 are the final and initial strain rates 
for the first and second relaxation segment, respectively and Δσ12 is the 
stress increase during reloading (the 

̅̅̅
3

√
term is from converting the 

shear stress/strains to normal stress/strains following σ =
̅̅̅
3

√
τ). Finally, 

V∗ can be experimentally calculated by combining Eqn. (4) and (5) 
which yields: 

V∗ =
̅̅̅
3

√
kT

ln
(
σ̇i2

/
σ̇f 1

)

Δσ12
(6) 

Using Eqn. (6) eliminates the dependency of V∗ on the strain rate and 
instead implies that the accuracy of V∗ depends on the stress rate, which 
is independent of gauge length and is more accurately determined using 
these MEMS devices. 

2.5. Thin film specimen and MEMS fabrication 

The specimens tested in this study are UFG Au films fabricated in a 
cleanroom using an optical lithography process and deposited using 
electron-beam evaporation to a final thickness of 100 nm. XeF2 etch of 
the Si substrate reveals free-stranding microtensile specimens. The as- 
deposited films have an average grain size of 142 ± 68 nm. Some 
specimens were then annealed to 700 ◦C for 5 min and have an average 
grain size of 768 ± 260 nm. The specimens are placed onto the MEMS 
devices (using micromanipulators under a light microscope) across the 
specimen gap and clamped using UV curable glue (shown in Fig. 1(b)). 

The MEMS devices are fabricated with the SOIMUMPs process from 
MEMSCAP, using a 25 μm-thick structural Si layer, and a 2 μm-thick 
oxide layer. To ensure the specimen does not contact the stationary 
beam, a Focused Ion Beam (FIB) is used to mill away 2–3 μm from the top 
of the stationary beam. Hence, the top surface of the stationary beam is 
2–3 μm below the top surface of the two Si pads onto which the specimen 
is glued, thereby preventing any contact between the specimen and the 
stationary beam. 

3. Results and discussion 

3.1. In situ TEM stress and strain measurements based on image analysis 

An example of an in situ TEM monotonic experiment using the 
‘image-based’ approach is shown in Fig. 3. The stress-strain curve is 
shown in Fig. 3(a). Snapshots taken from the continuous video recording 

Fig. 2. – Post-test local strain measurement technique, relying on edge feature 
tracking. The TEM image (taken prior to the start of the test) shows two points 
along the sidewall of the specimen that were tracked throughout the duration of 
the test. The location of these two points during the test is also shown on 
this image. 
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during the experiments are shown in Fig. 3(b)-(f). In all of the frames, 
the stationary beam is visible to serve as the reference point. As a voltage 
is applied, the top Si pad is displaced by XA and by being connected via 
the specimen, the bottom Si pad is displaced by XLS. The progression of 
these displacements is easily visualized by noting the distance between 
the position of either pad and the red and green dotted line and labelled 
in Fig. 3(e). 

3.2. Local strain measurements 

Fig. 4(a) shows a comparison of the stress vs nominal strain and 
stress vs local strain (based on the procedure described in 2.3) for the 
test shown in Fig. 3 on an annealed Au specimen. In addition, Figs. 5(a)- 
(c) show the results of three tests on as-deposited Au specimens, also 
comparing nominal vs local strain. For each stress-strain curve, an 
elastic modulus value, E, is calculated based on a linear fit for stress 
values up to 250 MPa. For the four tests, the E values obtained using 
nominal strain (which is an effective E value, based on finite 

compliances of the fillet region and of portions of the gauge section that 
are also glued [26]), are 46 to 66 % lower than the E values calculated 
based on local strain measurements (which range from 75 to 100 GPa for 
the four tests). The average E value (based on local strain measurements) 
is 86 GPa, and is consistent with bulk values of Au (80 GPa) that is ex
pected for a 〈111〉 out-of-plane texture [33]. The measured effective E 
values are also consistent with prior FEM work that predicted a decrease 
compared to 80 GPa ranging from 16 to 42 %. The FEM work assumed 
an elastic modulus value of the epoxy glue of 3 GPa. A lower value for 
the actual epoxy used in the experiments could easily explain why our 
measurements show larger discrepancies between nominal and local 
strain values. 

These results show that the local strain measurement technique en
ables accurate elastic strain measurements that were not possible with 
the capacitive sensing technique. Fig. 4(b) and Figs. 5(d)–(f) show the 
corresponding stress vs plastic strain (calculated as the total strain minus 
the elastic strain (stress divided by E)) for both nominal and local strain 
values. In all cases, there is a good match between the nominal and local 

Fig. 3. In situ monotonic tensile test using the image-based MEMS technique. (a) stress-strain curve determined from XA and XLS, (b)-(d) TEM images captured 
throughout the experiment. The time stamp and far-field stress and strain levels are provided. (e) XA and XLS are indicated. (f) after specimen failure occurred. 
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curves up to the onset of necking (defining the ultimate tensile strength). 
Past necking, the discrepancy between the curves results from the actual 
locations of strain localization (within or outside the tracked points used 
for local strain measurements). The vertical lines at a plastic strain of 
0.2 % and 1 % can be used to measure yield strengths corresponding to 
these plastic strain values. 

3.3. Comparing with capacitive sensing technique 

The performance of the capacitive sensing and image analysis were 
compared using the following approach. A test was performed with a 
capacitive sensing MEMS while simultaneously using the TEM to video 
CS2 throughout the experiment (CS2 is connected to the LS beam so the 
displacement of CS2 is equal to the deflection of the LS beam). This al
lows for the comparison of XLS determined from capacitive sensing 
measurements with the XLS determined manually from the CS2 video 
(similar to how XLS is measured in the image-based MEMS). The result of 
a monotonic experiment is shown in Fig. 6 with the overlaid data from 
both methods for measuring stress. This shows a reasonable match be
tween the image-based and capacitive sensing-based data. The match 
indicates that the electrical sensing calibration procedure [26,33], 
which is performed prior to any test to calibrate the capacitive readout 
sensor, works. However, there appears to be minor variations (up to 50 
MPa in stress) after specimen yielding occurs and during specimen 
failure, which likely indicates that the assumption of a constant cali
bration factor during is test is not strictly valid. Hence, the image 
analysis, which does not rely on any calibration (pixel size is known), 
provides more accurate results. In addition, the noise in the image-based 
data is less than the electrical sensing-based (including fewer outliers), 
which is another advantage of this sensing technique. 

Comparing the performance during transient experiments is impor
tant since stress-relaxation experiments can be used to characterize rate- 
governing deformation mechanisms via activation volume measure
ments. Similar to Fig. 6, this is done by using the capacitive sensing 
MEMS while videoing CS2 with the TEM throughout the experiment. 
However, now the loading is paused by holding a constant voltage Vin. 
The specimen deforms via time-dependant plastic deformation which 
leads to stress-relaxation (stress decrease) during the paused relaxation 
segment. Fig. 7(a) is the full stress vs. time curve for the experiment with 
both the data from capacitive sensing (black) and image-based (orange). 
At the beginning of the experiment, the image-based and capacitive 
sensing match up well in terms of the magnitude of the far-field stress 
levels. However, after 400-seconds the data begins to deviate with the 

image-based results reaching slightly higher stress levels, which is 
similar to what is observed in Fig. 6. Fig. 7(b) is the XLS vs. time data for 
the same experiment. 

During this experiment, eight relaxation segments were performed 
prior to specimen failure (the specimen fails during the eighth segment). 
The first three segments occurred at stress levels of 174–183 MPa. At this 
(low) stress level, there is limited plastic deformation occurring and thus 
only a small amount of stress relaxation (|Δσ|). This can be seen in Fig. 8 
(a) which shows the data from the 3rd relaxation segment. The image- 
based data (orange) shows minimal stress-relaxation with only |Δσ| ~ 
1 MPa (corresponding to a 3-nm decrease in XLS). Conversely, the large 
noise in the capacitive sensing data (black) yields inconclusive results. 
This indicates that the image-based technique has an increased sensi
tivity and is capable of detecting smaller changes in stress levels. 

After the 3rd relaxation segment, the stress is increased to a higher 
level and multiple relaxations are performed again at σ ~ 310–340 MPa 
(relaxations 4–6 in Fig. 7(a)). The larger stress level promotes plastic 
deformation which increases the stress-relaxation |Δσ|. This can be seen 
for relaxation segments #4, #6, and #7 in Fig. 8(b)–(d). In all cases, the 
amount of stress-relaxation increases as the relaxations progress. The 
image-based data achieve slightly larger relaxation levels which could 
once again be contributed to errors in the capacitive sensing calibration 
constant for the capacitive sensing data. Each dataset is fitted with a 
logarithmic fit (solid lines) which is necessary to measure V∗ following 
Eqn. (6). The R2 values for each fit can be used to estimate the signal-to- 
noise ratio (SNR). Previous work has shown that a SNR > 5 requires 
logarithmic fits with R2 > 0.9, which is used as a criterion for accurate 
V∗ measurements [33]. For all of the relaxations in this experiment, the 
R2 values are larger for the image-based data than for the capacitive 
sensing, revealing that the capacitive MEMS suffers from increased noise 
levels. The decreased noise levels in the image-based technique indicates 
increased throughput of V∗ measurements since R2 > 0.9 is the chosen 
criterion. For example, all of these relaxation segments (#4–8) achieved 
R2 > 0.9 using the image-based data, whereas only two relaxations met 
this criterion for the capacitive sensing data. The calculated apparent 
(Va) and true (V∗) activation volume values for Relax #4, #5 and #6 are 
shown in Table 1. There is a larger spread in the V∗ values from the 
capacitive sensing which is likely attributed to the high noise levels (low 
R2). 

Fig. 4. (a) Comparison of the stress vs nominal strain and stress vs local strain curves for an annealed Au monotonic test (also shown in Fig. 3) (b) Corresponding 
stress vs plastic strain curves. 
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Fig. 5. (a)-(c) Comparison of the stress vs nominal strain and stress vs local strain curves for three as-deposited Au monotonic tests (d)-(f) Corresponding stress vs 
plastic strain curves. 
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3.4. Discussion 

These results demonstrate that there is an improvement in the 
quality and throughput of successful tests by implementing the image- 
based approach to determine stress and strain during an in situ TEM 
straining experiment. While the capacitive sensing-based MEMS is a 
useful tool for characterizing the microstructure simultaneous to quan
tifying the mechanical properties [25,26,33,36], it suffers from a low 
experimental yield, mainly due to parasitic noise and long-term drift 
that can prevent accurate measurements of the sub fF-level capacitance 
signals. Comparing both techniques (Fig. 6 and Fig. 8) demonstrates that 
the image-based approach significantly improves the precision by 
reducing the noise levels. The capacitive sensing has a typical noise level 
of 0.1–0.2 fF in capacitance which translates to ~ 1–2 MPa in stress [33] 
(based on the stiffness of the load sensor beams, KLS, and the 
cross-section area of the specimens; see Eq.(1)). The image-based 
sensing has noise levels of ~ 0.2 nm, measured as the standard 

deviation of the change in gap during a video under no applied voltage. 
This noise level corresponds to noise levels of ~0.2 MPa, also based on 
KLS and the cross-section area of the specimens. Similarly, the 
image-based approach offers increased accuracy in the displacement 
measurements, which also implies it is capable of measuring small stress 
changes. This is very useful when studying materials that are less 
strain-rate sensitive than the current thin films, such as irradiated films 
that have limited plastic deformation/stress-relaxation [35]. 

Although measuring displacements using TEM imaging for stress/ 
strain calculation has been previously demonstrated [38], the present 
MEMS device offers some advantages. The SB is positioned at the same 
location as the specimen itself which limits the required movement of 
the TEM stage as well as minimizes the magnification required to image 
the full specimen gap. This ensures that the magnification remains high 
enough to observe some microstructural details while simultaneously 
recording the required displacements. If higher magnification is desired 
for detailed analysis, the magnification can be adjusted to alternate 
between low enough to image the full specimen gap and high enough to 
image the desired features such as individual GBs and dislocations. 
There are also potential capabilities of the image-based MEMS that will 
be explored in the future. For example, running a current through the SB 
could locally increase the temperature of the specimen and facilitate 
conducting mechanical tests at elevated temperatures. This would pro
vide a means to experimentally estimate activation energy and probe the 
temperature dependence of V∗ [41], both of which would help elucidate 
the rate-controlling deformation mechanisms. 

4. Conclusions 

In situ TEM straining experiments were conducted using a MEMS 
device that utilizes the TEM to record and measure the displacements 
required to determine the stress and strain of the specimen. This is 
accomplished by designing the device with a stationary beam to serve as 
the necessary reference point. This device is capable of conducting both 
monotonic and stress-relaxation experiments. The performance is 
compared to that of a similar MEMS device that utilizes capacitive 
sensors to measure the displacement of the actuator and load sensor. It is 
shown that implementing the image-based approach provides a signif
icant improvement in the noise levels and precision of the measure
ments. As such, the image-based MEMS is a promising technique for 
characterizing the plastic deformation mechanisms of thin films. 

Fig. 6. Comparing electrical- and image-based sensing results under monotonic 
loading conditions for an UFG Au specimen. 

Fig. 7. Comparing capacitive sensing and image-based results during stress-relaxation experiment on UFG Au thin film. (a) Stress vs. time and XLS vs. time (b) data 
for a full experiment until specimen failure. The seven relaxation segments are labeled in (a). 
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