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Abstract. This paper presents a design and a method for fabricating and testing fully compliant, bistable
threshold accelerometers made from a carbon-infiltrated carbon nanotube framework. Two different configu-
rations based on differences in compliant beam angles are presented. Both configurations were tested under
constant accelerations produced by mounting them on a spinning disk and under impulse accelerations by
mounting them to the end of a swinging pendulum with a stop at the lowest point of the pendulum path. Tests
were also performed to observe the potential effects of stress relaxation in the carbon nanotube material. This
was done by placing the accelerometers in their second stable position (nonfabricated position) and then testing
them after a period of 24 h. Results show that in eight of the twelve tests there was no significant change due
to stress relaxation. In the other four tests, the change was relatively small, especially when compared to stress
relaxation effects in other materials such as plastics. Measurements indicate that the accelerometers show very
high repeatability individually. However, we also observed that there is significant variation in switching ac-
celeration between accelerometers with identical geometric parameters. This may be due to random variation
occurring during the fabrication process.

1 Introduction

Recent developments in the field of microelectromechanical
systems (MEMS) based accelerometers have proven highly
useful in many applications. Laptop computers are often
monitored by accelerometers to protect hard drives in the
event of a drop or severe jolt (Yuan et al., 2010). Airbag
systems in most automobiles are deployed when a capaci-
tive accelerometer detects an impact above a given threshold
(Zhao et al., 2007). Many shipping companies are interested
in tracking the delivery of packages to detect any severe im-
pacts that may occur during transit (Sun et al., 1997). And
recently, earthquake early warning systems have been imple-
mented using threshold accelerometer networks described by
Zollo et al.(2010).

However, most of these applications utilize accelerome-
ters that require power to operate as the circuits that they
are integrated into continually gather and process data. By
creating a bistable accelerometer that responds to a particu-
lar acceleration threshold, no power is required. One design,

developed bySelvakumar et al.(2001), incorporates a low-
power circuit to interface with their threshold accelerome-
ters and communicates only in the event of an acceleration
beyond the designed threshold, thus conserving power. Ex-
periments performed byTodd et al.(2008) show that simi-
lar types of accelerometers can be used in conjunction with
passive RFID technology to relay information to an exter-
nal reader. For example, accelerometers could easily be used
to detect threshold levels of impact experienced by athletes
in many sports. One study which measured the accelera-
tions experienced by collegiate football players revealed that
40 % of impacts that were measured were greater than 20 g’s
(Rowson et al., 2009). This type of technology would allow
coaches or staff to take preventative action when impacts are
detected that may be unsafe.

The intent of our work was to successfully fabricate and
test a bistable accelerometer made of carbon-infiltrated car-
bon nanotube (CI-CNT) material. The accelerometer is ca-
pable of accurately responding to threshold levels of accel-
eration in a single direction in a repeatable manner. Other
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threshold accelerometer designs have been demonstrated by
Ma et al. (2003) and Churaman et al.(2008), which use a
proof mass between flexural members and is modeled as a
mass-spring system. However, these models are not bistable;
rather, they create an electrical contact upon reaching the
threshold acceleration. A cantilever design has also been pre-
sented byLoke et al.(1991), Genberg and Pecht(1989), and
Edmans et al.(1997), which fixes a proof mass on one end
with sensing elements beneath the cantilever beam to de-
tect deflection indicating a certain acceleration. All of these
examples use micromachining techniques for accelerometer
fabrication but do not use CI-CNT material like those de-
scribed in this paper.

The use of CI-CNT material proves highly advantageous
in many MEMS applications because of its exceptionally
high strain fracture characteristics. Many MEMS rely on
compliant motion for their functionality.Fazio et al.(2011)
measured the maximum strain of CI-CNT structures and
compared it to that of other typical MEMS materials. One
common material used in MEMS fabrication is polysilicon,
which is capable of enduring approximately 0.7 % strain be-
fore fracture. In comparison, they found that the CI-CNT ma-
terial was able to withstand greater than 2 % strain prior to
fracture.

In addition to favorable material properties for compli-
ant motion, CI-CNT accelerometers can be produced much
smaller than those that have been produced previously us-
ing plastics or metals, such as those described byHansen
et al. (2007). For example, the plastic mechanisms reported
by Hansen et al.(2007) had a leg length of 6.1 mm, while
the metal mechanisms reported byTodd et al.(2010) had
a minimum length of 20.5 mm. By comparison, the leg
length used in this paper is 1 mm. Moreover, the designs
presented here were fabricated using low-cost film masks
with a minimum resolution of about 15µm. Using a higher-
resolution mask would allow further size reduction of at least
5 times. In addition, because CI-CNT structures are fabri-
cated through traditional microfabrication techniques, high
resolution is achieved in compliant elements of the sensor,
resulting in higher accuracy in sensing the expected accelera-
tions. These structures also have very high aspect-ratios mak-
ing them very robust as demonstrated byFazio et al.(2011)
andHutchison et al.(2010).

Lastly, inherent to bistable mechanisms is the fact that they
can be interpreted as a binary output. They are either in one
position or the other, not somewhere in between. A thresh-
old accelerometer is designed to retain its state after it has
been switched. By design, the force required to move from
the initial state to the switched state is much higher than the
force needed to move from the second position back to the
fabricated position. Therefore, in most applications the sen-
sor would be set to the second position until a threshold level
of acceleration is experienced. At this point the sensor would
switch back to the fabricated position allowing a user or elec-
tronic interface to detect this change.

Figure 1. Bistable accelerometer design showing parameters that
affect bistability and force required for switching.

This paper explores the design, fabrication, and testing of
bistable threshold accelerometers fabricated using the high-
strain method demonstrated byFazio et al.(2011). The de-
sign is based on that presented byTodd et al.(2010). We
show that the combination of the design and fabrication
method results in threshold accelerometers with relatively
small size, low stress relaxation, and high repeatability.

2 Methods

2.1 Design

Figure1 shows a top view of the accelerometer design. As
shown, the accelerometers consist of a proof mass and a mid-
dle section connected by the flexural beams. The center sec-
tion is designed to be fixed by placing it on two electrical
header pins. The proof mass is able to move vertically as
the flexural beams buckle into the second stable position (or
vice-versa). We designed two accelerometer configurations
with six flexural beams, three on either side of the center
section. In theory, only two beams are needed to produce
bistability in the mechanism; however, by incorporating at
least four beams into the accelerometer, the design provides
greater torsional stiffness and is less prone to rotation about
any axis. We chose to use six beams to provide for greater
robustness.

To model and analyze the bistable accelerometers we used
an elliptic integral solution derived byTodd et al.(2010). The
solution provides an analytical calculation of forces and dis-
placement of bistable mechanisms utilizing long, thin flexu-
ral beams. The force required to induce buckling in the flex-
ure is dependent on flexure thickness,t, flexure length,L,
flexure angle,θ, material density,ρ and modulus of elastic-
ity, E. Using these parameters and the elliptic integral solu-
tion, we designed two different accelerometer configurations.
Flexure angle,θ, varied between the two configurations, one
in which θ=8◦ and the other whereθ=14◦. Flexure length,
L, and flexure thickness,t, were designed to be the same in
both configurations with values of 1 mm and 15µm, respec-
tively. The area of the proof mass also varied slightly be-
tween the designs withA=97.5 mm2 andA=97.7 mm2 for
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Figure 2. Force vs. displacement curve for a single flexural
beam angled at 8◦. (a) First stable position (fabricated position).
(b) Switching force from position 1 to position 2. (c) Unstable equi-
librium point. (d) Switching force from position 2 to position 1.
(e)Second stable position.

the 8 and 14◦ designs, respectively. Because mass and re-
quired force both increase linearly with structure height (out-
of-page direction for Fig.1), the switching acceleration does
not change with a change in structure height according to the
relation

a = F/m, (1)

wherea is the calculated switching acceleration,F is the to-
tal force, in Newtons, required for buckling in all six flexures,
andm is the proof mass. Therefore, this dimension was dis-
regarded in the design. However, for sake of consistency, the
accelerometers were grown to approximately 500µm when
fabrication took place.

We assumed that the density would be constant in all ac-
celerometers with a value ofρ=2.4 g cm−3, based on prelim-
inary testing. This value was used throughout the design of
the accelerometers. However, measurements taken after fab-
rication suggest that there may be significant variability in the
CNT material density due to random variation in the growth
and infiltration process. The consequences of this variability
are discussed further in Sect. 4.

Figures2 and 3 show the analytical force-displacement
curve for a single flexural beam from the 8 and 14◦ configu-
rations, respectively. The displacement information was used
to appropriately design the space between the fixed portion
and the proof mass to prevent contact during switching.

The accelerometers were designed to be manually
switched into the second stable position. From the second
stable position, an acceleration of sufficient magnitude ap-
plied along the switching direction would cause the mecha-
nism to switch back to the first stable position. Because the
switching force required to switch back again to the second
stable state is much higher than that required to switch from
position 1 to position 2, the accelerometer would then tend to
remain in its first stable state until its state is read. Hence, the
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Figure 3. Force vs. displacement curve for a single flexural
beam angled at 14◦. (a) First stable position (fabricated position).
(b) Switching force from position 1 to position 2.(c) Unstable equi-
librium point. (d) Switching force from position 2 to position 1.
(e)Second stable position.

maximum force values for switching between the two stable
points were also used in the design. Both configurations were
designed to have approximately a 3 : 1 ratio of the absolute
force required to switch from state 1 to state 2 and the abso-
lute force to switch from state 2 back to state 1. Following
reading, the accelerometer may be manually reset.

In other bistable mechanisms it may be advantageous to
utilize a design in which switching forces required between
stable states are equal.Lassooij et al.(2012) developed a stat-
ically balanced bistable gripper. Their design demonstrates
this characteristic in which the unstable equilibrium point is
positioned equidistant from either stable position.

2.2 Fabrication

The wafer preparation, nanotube growth, and infiltration pro-
cesses that we used are similar to those described byFazio
et al. (2011) andHutchison et al.(2010). An illustration of
this process is given in Fig.4.

Accelerometer fabrication begins by lithographically pat-
terning the designs on a silicon wafer covered in alumina
(Fig. 4a and b). Iron is then deposited on the patterned wafer
via thermal deposition to a thickness of 4 nm (Fig.4c). The
iron layer serves as the nanotube growth catalyst and the alu-
mina layer prevents the iron from diffusing into the silicon
during growth. After iron deposition the patterned photore-
sist is removed and the wafer is cut into smaller sections
ready for nanotube growth and infiltration (Fig.4d).

Growth and infiltration are performed in a one inch quartz
tube in order to control the flow of gases. Nanotube growth
accelerometers takes place in a furnace at 750◦C. While the
furnace is ramping up to temperature, hydrogen gas (H2)
flows at a rate of 232 sccm in order to reduce the iron oxide
that forms between photolithography and growth steps. Once
the furnace reaches 750◦C, hydrogen and ethylene (C2H4)
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Figure 4. (a) Alumina is deposited (30 nm) via PECVD to prevent
iron diffusion into the silicon.(b) A positive photoresist is spun onto
the wafer and lithographically patterned.(c) Iron is deposited by
thermal evaporation to a thickness of 4 nm.(d) The remaining pho-
toresist is removed along with the iron on top of it.(e) Carbon nan-
otubes grow on the patterned iron via chemical vapor deposition.
(f) The nanotube forest is filled with amorphous carbon.(g) The
final structure is then removed from the substrate for testing.

flow simultaneously at a rate of 232 and 246.8 sccm, re-
spectively, resulting in carbon nanotube growth (Fig.4e).
After four minutes, the gas flow is stopped and the temper-
ature setting is increased to 900◦C for infiltration. During
the ramp up time, argon (Ar) flows at a rate of 249.5 sccm.
Argon is used because it will not react negatively with the
carbon nanotube structures while the temperature increases.
At 900◦C, hydrogen and ethylene flow at the same rates
used during growth for 25 min. This infiltrates the carbon
nanotubes with a film of vapor-deposited carbon (Fig.4f).
The furnace is then turned off and cooled to room temper-
ature and the accelerometers are removed. At this point the
accelerometers must be removed from the silicon substrate.
This is done using oxygen plasma etching followed by a wet-
etch in KOH solution until the structures are freed from the
silicon (Fig. 4g). They are then rinsed in water and dried.
Fabricated samples are shown in both positions in Fig.5.

2.3 Testing

In order to test the functionality and accuracy of the ac-
celerometers, two types of experiments were designed. One
test measured the response of the accelerometer to a constant
acceleration and the other test measured the response when
an impulse acceleration was applied. These tests allowed us
to measure the required switching accelerations for each ac-
celerometer. In addition to the threshold measurements, we
were also interested in measuring any changes that may oc-
cur due to stress relaxation as a result of retaining the ac-
celerometer in the second (non-fabricated) position for an
extended time.

2.3.1 Constant acceleration testing

A centrifuge was used to apply a constant acceleration. The
accelerometers were individually tested on a stage that was
mounted on a rotating disk. The stage consists of two electri-
cal header pins that interface with the square holes shown in
Figs.1 and5. The accelerometers were enclosed by the plas-
tic pieces seen in Figs.6 and7 in order to avoid any adverse
affects of wind while the disk is spinning. The centripetal ac-
celeration experienced by the accelerometer was calculated
using the equation

a = r

(
2πω
60

)2

, (2)

wherea is the acceleration in m s−2, r is the radius of rotation
in meters, andω is the speed of rotation in rpm. The radius
of rotation isr =0.1 m.

A total of six accelerometers were tested – three of each
configuration. Each accelerometer was tested five times. This
was done by manually switching the accelerometer from the
fabricated state to the second stable state using a linear mi-
crometer stage, then mounting it on the testing stage. The
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Figure 5. (a) 14◦ accelerometer design in its fabricated position.
(b) Accelerometer switched to its second stable position.

speed was increased incrementally in steps of approximately
2 rpm until the accelerometer snapped back to state 1. The
switching acceleration, calculated from Eq. (1), was recorded
and the process was repeated.

At the end of the fifth test, the accelerometer was again
switched into state 2 and left in this position for a period of
24 h. At the end of 24 h the accelerometer was tested five
more times in the same way as the previous five tests. This
was done to measure any effects of stress relaxation. In some
cases, flexural beams would break during handling of the
accelerometers between tests. In this case, the data for that
accelerometer were saved but not included in the statistical
analysis (except in one case in which the accelerometer broke
on the last test; nine tests were deemed to still have statistical
value). These partial data sets can be found in Appendix A.

2.3.2 Impulse acceleration testing

To test the accelerometers under impulse conditions, the
same plastic stage with electrical header pins was used, but
was mounted to a pendulum shown in Fig.8. The impulse

Figure 6. Test setup for applying constant centripetal accelerations.

Figure 7. Disk and accelerometer stage used to test switching
accelerations.

was generated by placing a stop at the lowest point of the
pendulum path. A small, single-axis accelerometer (PCB
Piezotronics, Model #352B10) was mounted to the stage in
order to measure the accelerations produced in the direction
of motion of the proof mass. The pendulum was released
from a starting position and the drop angle was increased
in small increments until switching occurred. LabVIEW was
used to record and store data during this time. The acceler-
ations where switching took place could then be determined
from the data. In order to accurately track the duration, am-
plitude, and overall shape of the impulse curve, sampling oc-
curred at 10 kHz.

This type of testing is representative of many situations in
which an accelerometer may be used. For example, dropping
a package, a collision of two football helmets, and an au-
tomobile accident all produce impulse accelerations. How-
ever, depending on the materials involved and their elastic
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Figure 8. Pendulum and stage used to test switching accelerations
under impact conditions.(a) Markers at the top of the pendulum
provide an indication of drop angle.(b) This image shows the test
stage where the bistable accelerometers are mounted, along with the
single-axis accelerometer to measure impact accelerations.

Table 1. Threshold acceleration test results for 8◦ configuration,
reported in g’s.

Centrifuge test Impact test

Sample 1 2 3 1 4 5

Test 1 7.79 9.40 7.27 9.90 16.27 15.75
2 7.79 9.21 7.16 10.17 16.21 16.89
3 7.50 9.21 7.10 8.92 16.17 16.59
4 7.67 9.27 7.16 9.65 15.33 14.85
5 7.67 9.27 7.16 10.22 16.42 15.89

After 24 h in state 2

Test 1 7.67 9.27 7.33 9.36 15.65 15.71
2 7.79 9.27 7.16 8.77 15.08 16.30
3 7.79 9.27 7.16 8.80 17.03 15.16
4 7.79 9.27 7.27 8.87 16.36 16.48
5 7.91 9.27 7.27 8.25 16.36 15.94

properties, the duration of the impulse will vary. For very
rigid materials, the impulse will be sharp and nearly infinitely
short in time. For a softer material, the impulse may be
smaller in amplitude but have a longer duration. These differ-
ences will affect the performance of the threshold accelerom-
eters because in order for switching to occur, not only must
the threshold acceleration be reached, but it must be sus-
tained for a sufficient amount of time for the proof mass to
shift to the second stable state.

In these tests, a piece of one-inch foam was placed be-
tween the rigid stop on the test setup and the swinging stage
on the pendulum. This provided impulses that were 35–45 ms
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Figure 9. Mean threshold accelerations for each sample, shown for
the first set of tests and for the second set, after remaining for 24 h
in the second stable state.

Table 2. Sample means and standard deviations for all 8◦ configu-
ration tests, reported in g’s.

Centrifuge tests

Sample 1 2 3
Mean 7.69 9.27 7.17
±Std. Dev. 0.107 0.071 0.056

After 24 h in state 2

Mean 7.79 9.27 7.23
±Std. Dev. 0.075 0 0.068

Impact tests

Sample 1 4 5
Mean 9.77 16.08 15.99
±Std. Dev. 0.473 0.385 0.712

After 24 h in state 2

Mean 8.81 16.10 15.92
±Std. Dev. 0.353 0.670 0.465

in duration for the 8◦ configuration and 15–25 ms for the 14◦

configuration.

3 Results

The results presented here are organized according to flex-
ure beam angle. Tables 1–3 correspond to results for the 8◦

mechanism and Tables 4–6 correspond to results for the 14◦

mechanism. In addition, the mean data from Tables 2 and 5
is shown in the bar chart in Fig.9 for visual comparison. The
“Sample” numbers in each table provide a label for a partic-
ular accelerometer. In some cases, an accelerometer that was
used in the centrifuge testing remained unbroken and was
used for impact testing as well. For example, Sample 1 in
Tables 1–3 appear in both centrifuge and impact test results,
indicating that it is the same accelerometer.

The measurements shown in Tables 1 and 4 represent the
switching acceleration recorded under constant acceleration
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Table 3. p values from pairedt test of the means for 8◦

configurations.

Centrifuge tests

Sample 1 2 3
p value 0.2325 0.9972 0.0327

Impact tests

Sample 1 4 5
p value 0.0420 0.9712 0.8868

Table 4. Threshold acceleration test results for 14◦ configuration,
reported in g’s.

Centrifuge test Impact test

Sample 1 2 3 1 2 4

Test 1 25.86 33.94 28.06 30.58 39.51 52.87
2 25.54 34.43 27.28 29.27 38.40 56.13
3 25.86 34.31 27.28 27.05 39.08 53.98
4 25.86 34.43 27.28 29.71 39.53 52.47
5 25.86 34.68 27.28 28.37 38.87 53.89

After 24 h in state 2

Test 1 25.54 34.68 23.12 28.63 38.66 52.76
2 25.54 34.68 23.12 28.14 34.83 54.64
3 25.86 34.68 23.12 27.13 37.97 53.54
4 25.76 34.93 23.29 27.16 37.31 52.37
5 25.54 34.68 Broke 28.45 38.60 53.65

conditions on the centrifuge. All results are reported in g’s
(1 g=9.81 m s−2). Tables 2 and 5 present the mean and stan-
dard deviation for each set of measurements, before and after
the 24 h period.

In order to determine whether there was a statistically sig-
nificant change in switching acceleration due to stress relax-
ation, we calculated the p-values from a pairedt test on the
sample means of each set. We based our analysis of these re-
sults on a 95 % confidence interval such that any set with a
p value less than five percent was interpreted as one where a
change did occur between testing periods. These calculations
are presented in Tables 3 and 6.

4 Discussion

The results from these tests suggest that on an individual ba-
sis, each accelerometer exhibits very high repeatability. In
every test under constant acceleration, the standard devia-
tion was significantly less than 1 g. For impulse acceleration
testing, some test sets exhibited a standard deviation slightly
larger than 1 g. This may be attributed to the fact that testing
on the pendulum offers less precision and repeatability than
the centrifuge.

Table 5. Sample means and standard deviations for all 14◦ config-
uration tests, reported in g’s.

Centrifuge tests

Sample 1 2 3
Mean 25.80 34.36 27.44
±Std. Dev. 0.129 0.243 0.311

After 24 h in state 2

Mean 25.65 34.73 23.16
±Std. Dev. 0.136 0.100 0.072

Impact tests

Sample 1 2 4
Mean 29.00 39.08 53.57
±Std. Dev. 1.206 0.423 1.271

After 24 h in state 2

Mean 27.90 37.47 53.39
±Std. Dev. 0.638 1.410 0.786

Table 6. p values from pairedt test of the means for 14◦

configurations.

Centrifuge tests

Sample 1 2 3
p value 0.1078 0.0397 0.0003

Impact tests

Sample 1 2 4
p value 0.1078 0.0517 0.1420

However, the results also show that among accelerometers
of the same configuration, there can be very high variabil-
ity, particularly among the 14◦ configuration accelerometers.
This variability can likely be attributed to variations in den-
sity and flexural beam thickness from the intended design pa-
rameters. For example, growth parameters remained constant
for the fabrication of all accelerometers. However, fabrica-
tion took place over a period of three to four months because
the process requires a significant amount of time from start
to finish and growth batches are limited in size. Over this pe-
riod of time, the controls that regulate the flow of gases to the
furnace tend to drift. Additionally, gas supply tanks are oc-
casionally replaced and the composition of the gas can vary
somewhat. Both of these variations can have an effect on both
density and beam thickness. This will affect the switching ac-
celeration,as, based on the proportional relations

as ∝ ρ (3)

as ∝ t3 (4)

that govern the force required for switching. Each of these
variations is being investigated to find ways to reduce the
level of uncertainty during growth.
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From Tables 3 and 6 we learned that only four of the tests
showed a change in average switching acceleration before
and after 24 h in state 2, while the other eight showed no sta-
tistically significant change. (Here, we consider apvalue less
than 0.05 to be statistically significant.) Additionally, those
accelerometers that did show a change, the change in switch-
ing acceleration was greater than 1 g in only one accelerom-
eter (14◦ Configuration, Sample 3). This is a positive indica-
tion that even though a slight change may occur due to stress
relaxation, the change is quite small relative to the threshold
switching acceleration.

5 Conclusions

We developed two bistable threshold accelerometer designs
and fabricated them using carbon-infiltrated carbon nanotube
material. Both designs were tested under constant accelera-
tion and impulse acceleration conditions. During testing, we
included a 24 h wait period in order to measure stress relax-
ation effects that occur when the accelerometers are in the
second stable position for extended periods of time. Results
indicate that the accelerometers have very high repeatabil-
ity individually. Also, our analysis shows that most samples
experienced no statistically significant change due to stress
relaxation. The accelerometers that did exhibit a change af-
ter the 24 h period showed less than 20 % error relative to the
mean initial switching acceleration.

In the future, we intend to investigate different methods of
fabrication that may lead to more consistent accelerometers
and more reliable testing. For example, as was mentioned
previously, handling the accelerometers proved to be a chal-
lenge. By developing a process that leaves the accelerome-
ter attached to the silicon substrate so that it is not removed,
there will be less risk of breaking during testing. This ad-
vantage also lends itself to a better interface between elec-
tronic circuits or RF transmitters that can send information
to a RF reader regarding the state of the accelerometer. This
has been demonstrated previously utilizing surface micro-
machining techniques with materials other than carbon nan-
otubes such as plastic, nickel, or silicon dioxide as shown by
Todd et al.(2008), Loke et al.(1991), andMcNamara and
Gianchandani(2004).

Appendix A

Partial data sets from broken accelerometers

Table A1. Accelerometers that broke during handling/testing.

Switching accelerations reported in g’s∗

Sample X1 X2 X3 X4

Test 1 40.65 19.63 41.05 42.28
2 40.51 19.81 40.78 42.14
3 40.38 20.38 26.95 41.87
4 40.51 20.19 25.76 42.01
5 40.24 19.81 25.43 41.73

After 24 h in state 2

1 41.05 – – –
2 40.78 – – –
3 – – – –
4 – – – –
5 – – – –

∗ All samples are 14◦ designs and occurred during
centrifuge testing.
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