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This paper presents a design and a method for fabricating and testing fully compliant, bistable
threshold accelerometers made from a carbon-infiltrated carbon nanotube frameworkff&emtdconfigu-
rations based on fierences 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 potentitd@s 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 cheinge due
to stress relaxation. In the other four tests, the change was relatively small, especially when compared to stress
relaxation éects 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.

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
Recent developments in the field of microelectromechanicabeyond the designed threshold, thus Conser\/ing power. Ex-
systems (MEMS) based accelerometers have proven highlgeriments performed byodd et al.(2008 show that simi-
useful in many applications. Laptop computers are oftenjar types of accelerometers can be used in conjunction with
monitored by accelerometers to protect hard drives in thepassive RFID technology to relay information to an exter-
event of a drop or severe jolgan et al, 2010. Airbag  nal reader. For example, accelerometers could easily be used
systems in most automobiles are deployed when a capacio detect threshold levels of impact experienced by athletes
tive accelerometer detects an impact above a given thresholigh many sports. One study which measured the accelera-
(Zhao et al, 2007). Many shipping companies are interested tjons experienced by collegiate football players revealed that
in tracking the delivery of packages to detect any severe im40 9% of impacts that were measured were greater than 20 g's
pacts that may occur during transgun et al. 1997. And  (Rowson et a].2009. This type of technology would allow
recently, earthquake early warning systems have been implecoaches or sfato take preventative action when impacts are
mented using threshold accelerometer networks described byetected that may be unsafe.
Zollo et al.(2010. The intent of our work was to successfully fabricate and

However, most of these applications utilize accelerome-test a bistable accelerometer made of carbon-infiltrated car-

ters that require power to operate as the circuits that theyhon nanotube (CI-CNT) material. The accelerometer is ca-
are integrated into continually gather and process data. Byable of accurately responding to threshold levels of accel-

creating a bistable accelerometer that responds to a partiCleration in a single direction in a repeatable manner. Other
lar acceleration threshold, no power is required. One design,



threshold accelerometer designs have been demonstrated t
Ma et al. (2003 and Churaman et al(2008, which use a
proof mass between flexural members and is modeled as ¢
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 by oke et al.(1991), Genberg and Peclit989, 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
exar_nplgs use micromachining techniquesf for_ accelerometer Bistable accelerometer design showing parameters that
fabrmatpn b_ut do not use CI-CNT material like those de- jgo.¢ bistability and force required for switching.
scribed in this paper.

The use of CI-CNT material proves highly advantageous

in many MEMS applications because of its exceptionally  This paper explores the design, fabrication, and testing of
high strain fracture characteristics. Many MEMS rely on pjstable threshold accelerometers fabricated using the high-
compliant motion for their functionalityrazio et al.(201J) strain method demonstrated Bazio et al.(2011). The de-
measured the maximum strain of CI-CNT structures andsign is based on that presented Tydd et al.(2010. We
compared it to that of other typical MEMS materials. One show that the combination of the design and fabrication
common material used in MEMS fabrication is polysilicon, method results in threshold accelerometers with relatively

which is capable of enduring approximately 0.7 % strain be-small size, low stress relaxation, and high repeatability.
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 ug-igure 1 shows a top view of the accelerometer design. As
ing plastics or metals, such as those describedHhgsen  shown, the accelerometers consist of a proof mass and a mid-
et al. (2007). For example, the plastic mechanisms reporteddle section connected by the flexural beams. The center sec-
by Hansen et al(2007 had a leg length of 6.1 mm, while tion is designed to be fixed by placing it on two electrical
the metal mechanisms reported Bgdd et al.(2010 had header pins. The proof mass is able to move vertically as
a minimum length of 20.5mm. By comparison, the leg the flexural beams buckle into the second stable position (or
length used in this paper is 1 mm. Moreover, the designsvice-versa). We designed two accelerometer configurations
presented here were fabricated using low-cost film masksvith six flexural beams, three on either side of the center
with a minimum resolution of about 1Bn. Using a higher-  section. In theory, only two beams are needed to produce
resolution mask would allow further size reduction of at leastbistability in the mechanism; however, by incorporating at
5 times. In addition, because CI-CNT structures are fabri-least four beams into the accelerometer, the design provides
cated through traditional microfabrication techniques, highgreater torsional dtiness and is less prone to rotation about
resolution is achieved in compliant elements of the sensorany axis. We chose to use six beams to provide for greater
resulting in higher accuracy in sensing the expected acceleraobustness.
tions. These structures also have very high aspect-ratios mak- To model and analyze the bistable accelerometers we used
ing them very robust as demonstratedHagzio et al.(201]) an elliptic integral solution derived byodd et al(2010. The
andHutchison et al(2010. solution provides an analytical calculation of forces and dis-

Lastly, inherent to bistable mechanisms is the fact that theyplacement of bistable mechanisms utilizing long, thin flexu-
can be interpreted as a binary output. They are either in oneal beams. The force required to induce buckling in the flex-
position or the other, not somewhere in between. A threshure is dependent on flexure thicknegsflexure lengthL,
old accelerometer is designed to retain its state after it haflexure anglep, material densityp and modulus of elastic-
been switched. By design, the force required to move fromity, E. Using these parameters and the elliptic integral solu-
the initial state to the switched state is much higher than theion, we designed two éierent accelerometer configurations.
force needed to move from the second position back to thd=lexure angleg, varied between the two configurations, one
fabricated position. Therefore, in most applications the senin which 8 =8° and the other wheré=14°. Flexure length,
sor would be set to the second position until a threshold leveL, and flexure thickness, were designed to be the same in
of acceleration is experienced. At this point the sensor wouldboth configurations with values of 1 mm andi8, respec-
switch back to the fabricated position allowing a user or elec-tively. The area of the proof mass also varied slightly be-
tronic interface to detect this change. tween the designs with=97.5mnf and A=97.7 mn? for

Proof Mass
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beam angled at°8 (a) First stable position (fabricated position). beam angled at t4(a) First stable position (fabricated position).
(b) Switching force from position 1 to position 2. (c) Unstable equi- (b) Switching force from position 1 to position @&) Unstable equi-
librium point. (d) Switching force from position 2 to position 1. librium point. (d) Switching force from position 2 to position 1.
(e) Second stable position. (e) Second stable position.

the 8 and 14 designs, respectively. Because mass and remaximum force values for switching between the two stable
quired force both increase linearly with structure height (out-points were also used in the design. Both configurations were
of-page direction for Figl), the switching acceleration does designed to have approximately a 3:1 ratio of the absolute
not change with a change in structure height according to thgorce required to switch from state 1 to state 2 and the abso-
relation 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

wherea is the calculated switching accelerati¢nis the to- .
tal force, in Newtons, required for buckling in all six flexures, _stable states are equihssoojj et al(2012) develaped a stat-

andmis the proof mass. Therefore, this dimension was diS_|caIIy balanced bistable gripper. Their design demonstrates

regarded in the design. However, for sake of consistency, théhis_qharacteris:tif: in which th_e unstable equilli_brium point is
accelerometers were grown to approximately G@0when positioned equidistant from either stable position.
fabrication took place.
We assumed that the density would be constant in all ac-
celerometers with a value pf= 2.4 g cn1®, based on prelim-
inary testing. This value was used throughout the design ofThe wafer preparation, nanotube growth, and infiltration pro-
the accelerometers. However, measurements taken after falbesses that we used are similar to those describdeabip
rication suggest that there may be significant variability in theet al. (2011) andHutchison et al(2010. An illustration of
CNT material density due to random variation in the growth this process is given in Fid.
and infiltration process. The consequences of this variability Accelerometer fabrication begins by lithographically pat-
are discussed further in Sect. 4. terning the designs on a silicon wafer covered in alumina
Figures2 and 3 show the analytical force-displacement (Fig.4a and b). Iron is then deposited on the patterned wafer
curve for a single flexural beam from the 8 and tdnfigu-  via thermal deposition to a thickness of 4 nm (Fg). The
rations, respectively. The displacement information was usedron layer serves as the nanotube growth catalyst and the alu-
to appropriately design the space between the fixed portiomina layer prevents the iron fromftlising into the silicon
and the proof mass to prevent contact during switching. during growth. After iron deposition the patterned photore-
The accelerometers were designed to be manuallsist is removed and the wafer is cut into smaller sections
switched into the second stable position. From the secondeady for nanotube growth and infiltration (Figyl).
stable position, an acceleration offiscient magnitude ap- Growth and infiltration are performed in a one inch quartz
plied along the switching direction would cause the mecha-tube in order to control the flow of gases. Nanotube growth
nism to switch back to the first stable position. Because theaccelerometers takes place in a furnace atZs®While the
switching force required to switch back again to the secondfurnace is ramping up to temperature, hydrogen gag (H
stable state is much higher than that required to switch fronflows at a rate of 232 sccm in order to reduce the iron oxide
position 1 to position 2, the accelerometer would then tend tahat forms between photolithography and growth steps. Once
remain in its first stable state until its state is read. Hence, théhe furnace reaches 750, hydrogen and ethylene §8,)

a=F/m 1)
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(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 patterne@) Iron is deposited by
thermal evaporation to a thickness of 4 r(ah). The remaining pho-
toresist is removed along with the iron on top of(@) Carbon nan-
otubes grow on the patterned iron via chemical vapor depositionconfiguration. Each accelerometer was tested five times. This
(f) The nanotube forest is filled with amorphous carb(@).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 (Fg).
After four minutes, the gas flow is stopped and the temper-
ature setting is increased to 90D for infiltration. During

the ramp up time, argon (Ar) flows at a rate of 249.5sccm.
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.

The furnace is then turnedfoand 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%:ig.

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.

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 and>5. The accelerometers were enclosed by the plas-
tic pieces seen in Figé.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

2nw)\?
a= r(ﬁ) y (2)

wherea s the acceleration in nT$, r is the radius of rotation
in meters, andv 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

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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(a) 14 accelerometer design in its fabricated position.
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speed was increased incrementally in steps of approximately Disk and accelerometer stage used to test switching
2rpm until the accelerometer snapped back to state 1. Thaccelerations.

switching acceleration, calculated from Eq. (1), was recorded

and the process was repeated.

At the end of the fifth test, the accelerometer was againwas generated by placing a stop at the lowest point of the
switched into state 2 and left in this position for a period of pendulum path. A small, single-axis accelerometer (PCB
24h. At the end of 24 h the accelerometer was tested fivgpiezotronics, Model #352B10) was mounted to the stage in
more times in the same way as the previous five tests. Thigrder to measure the accelerations produced in the direction
was done to measure anffexts of stress relaxation. In some of motion of the proof mass. The pendulum was released
cases, flexural beams would break during handling of thefrom a starting position and the drop angle was increased
accelerometers between tests. In this case, the data for that small increments until switching occurred. LabVIEW was
accelerometer were saved but not included in the statisticalised to record and store data during this time. The acceler-
analysis (except in one case in which the accelerometer brokgtions where switching took place could then be determined
on the last test; nine tests were deemed to still have statisticgtom the data. In order to accurately track the duration, am-
value). These partial data sets can be found in Appendix A. 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
To test the accelerometers under impulse conditions, th@ package, a collision of two football helmets, and an au-
same plastic stage with electrical header pins was used, bubmobile accident all produce impulse accelerations. How-
was mounted to a pendulum shown in F&3.The impulse  ever, depending on the materials involved and their elastic
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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 addhfigu-
ration tests, reported in g's.

Figure 8. Pendulum and stage used to test switching accelerations

under impact conditionqga) Markers at the top of the pendulum Centrifuge tests

provide an indication of drop angléh) This image shows the test Sample 1 2 3
stage where the bistable accelerometers are mounted, along with the Mean 7.69 927 7.17
single-axis accelerometer to measure impact accelerations. +Std. Dev. 0.107 0.071 0.056
After 24 h in state 2
Table 1. Threshold acceleration test results for @nfiguration, Mean 779 927 723
reported in g's. +Std. Dev. 0.075 0 0.068
Centrifuge test Impact test Impact tests
Sample 1 2 3 1 4 5 Sample 1 4 °
Mean 9.77 16.08 15.99
Test1 779 940 7.27 9.90 16.27 15.75 +Std. Dev. 0.473 0.385 0.712
2 7.79 921 7.16 10.17 16.21 16.89 After 24 h in state 2
3 750 9.21 7.10 8.92 16.17 16.59
4 767 927 716 965 1533 14.85 Mean 881 1610 1592
5 767 927 716 1022 1642 1589 *+Std. Dev. 0353 0.670 0.465
After 24 h in state 2
Testl 7.67 927 733 9.36 1565 1571  nduration for the 8 configuration and 15-25 ms for the®14
2 779 927 7.6 877 1508 1630  configuration.
3 7.79 927 7.16 8.80 17.03 15.16
4 779 927 7127 8.87 16.36 16.48
5 791 927 727 825 1636 1594 5 ool

The results presented here are organized according to flex-
properties, the duration of the impulse will vary. For very ure beam angle. Tables 1-3 correspond to results for¢the 8
rigid materials, the impulse will be sharp and nearly infinitely mechanism and Tables 4—6 correspond to results for the 14
short in time. For a softer material, the impulse may bemechanism. In addition, the mean data from Tables 2 and 5
smaller in amplitude but have a longer duration. Theffiedi  is shown in the bar chart in Fi§.for visual comparison. The
ences will &ect the performance of the threshold accelerom-“Sample” numbers in each table provide a label for a partic-
eters because in order for switching to occur, not only mustular accelerometer. In some cases, an accelerometer that was
the threshold acceleration be reached, but it must be susised in the centrifuge testing remained unbroken and was
tained for a sfficient amount of time for the proof mass to used for impact testing as well. For example, Sample 1 in
shift to the second stable state. Tables 1-3 appear in both centrifuge and impact test results,

In these tests, a piece of one-inch foam was placed beindicating that it is the same accelerometer.

tween the rigid stop on the test setup and the swinging stage The measurements shown in Tables 1 and 4 represent the
on the pendulum. This provided impulses that were 35-45 mswitching acceleration recorded under constant acceleration

Mech. Sci., 4, 397-405, 2013 www.mech-sci.net/4/397/2013/



p values from pairedt test of the means for °8 Sample means and standard deviations for &llcbhfig-

configurations. uration tests, reported in g's.
Centrifuge tests Centrifuge tests
Sample 1 2 3 Sample 1 2 3
pvalue 0.2325 0.9972 0.0327 Mean 2580 34.36 27.44
Impact tests +Std. Dev. 0.129 0.243 0.311
P After 24 hin state 2
Sample 1 4 5
pvalue 0.0420 009712 0.8868 i"g‘;"g Dey %Sffé ?(’)4;)% %36172

Impact tests

Threshold acceleration test results for énfiguration,

reported in g’s. Sample 1 2 4

Mean 29.00 39.08 53.57
+Std. Dev. 1.206 0423 1.271

Centrifuge test Impact test )
After 24 h in state 2
Sample 1 2 3 1 2 4
Mean 2790 37.47 53.39
Test 1 25.86 33.94 28.06 30.58 39,51 52.87 +Std. Dev. 0.638 1.410 0.786
2 25.54 3443 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 2971 3953 5247 p values from pairedt test of the means for 24
5 25.86 34.68 27.28 28.37 38.87 53.89 configurations.
After 24 h in state 2 Centrifuge tests
Test 1 25.54 34.68 23.12 28.63 38.66 52.76 Sample 1 5 3
2 2554 34.68 23.12 28.14 34.83 54.64
3 25.86 34.68 23.12 27.13 37.97 5354 pvalue 01078 0.0397 0.0003
4 25.76 3493 23.29 27.16 37.31 52.37 Impact tests
5 25.54 34.68 Broke 28.45 38.60 53.65
Sample 1 2 4

pvalue 0.1078 0.0517 0.1420

conditions on the centrifuge. All results are reported in g's

(1g= 9'8.1 m s?). Tables 2 and 5 present the mean and stan- However, the results also show that among accelerometers
dard deV|at|<_Jn for each set of measurements, before and aftef '« 1o configuration, there can be very high variabil-
the 24 h period. . - . ity, particularly among the T4configuration accelerometers.

. I_n order to det_erm|r_1e vyhether there_was a statistically S19°This variability can likely be attributed to variations in den-
nnjcant change in switching acceleration du_e to stress relaX'sity and flexural beam thickness from the intended design pa-
ation, we calculated the p-values from a palteds_t on the rameters. For example, growth parameters remained constant
sample means of eagh set. We based our analysis of thgse 'f5r the fabrication of all accelerometers. However, fabrica-
sults on a 95% cqnﬂdence '”ter""’?' such that any set with Rion took place over a period of three to four months because
pvalue less than five percent was interpreted as one where e process requires a significant amount of time from start
change did oceur between testing periods. These calculatio% finish and growth batches are limited in size. Over this pe-
are presented in Tables 3 and 6. 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 haveféateon both
The results from these tests suggest that on an individual badensity and beam thickness. This wilfect the switching ac-
sis, each accelerometer exhibits very high repeatability. Incg|erationa, based on the proportional relations
every test under constant acceleration, the standard devia-
tion was significantly less than 1 g. For impulse accelerationas o« p 3)
testing, some test sets exhibited a standard deviation slightly, « t3 4)
larger than 1 g. This may be attributed to the fact that testing

on the pendulum fbers less precision and repeatability than that govern the force required for switching. Each of these
the centrifuge. variations is being investigated to find ways to reduce the

level of uncertainty during growth.



From Tables 3 and 6 we learned that only four of the testsAppendix A
showed a change in average switching acceleration before
and after 24 h in state 2, while the other eight showed no stapartial data sets from broken accelerometers
tistically significant change. (Here, we considgraalue less
than 0.05 to be statistically significant.) Additionally, those Table Al. Accelerometers that broke during handfitegting.
accelerometers that did show a change, the change in switch-
ing acceleration was greater than 1 g in only one accelerom- Switching accelerations reported ing's
eter (14 Configuration, Sample 3). This is a positive indica- Sample X1 X2 X3 X4
tion that even though a slight change may occur due to stress
relaxation, the change is quite small relative to the threshold

Test 1 40.65 19.63 41.05 42.28

S . 2 40.51 19.81 40.78 42.14
switching acceleration. 3 4038 20.38 26.95 4187
4 40.51 20.19 25.76 42.01
5 40.24 19.81 25.43 41.73
We developed two bistable threshold accelerometer designs After 24 hin state 2
and fabricated them using carbon-infiltrated carbon nanotube 1 41.05 - - -
material. Both designs were tested under constant accelera- 2 40.78 - - -
tion and impulse acceleration conditions. During testing, we 3 - - - -
included a 24 h wait period in order to measure stress relax- 4 - - - -
ation dfects that occur when the accelerometers are in the 5 B B B -
second stable position for extended periods of time. Results * All samples are 1%designs and occurred during
indicate that the accelerometers have very high repeatabil- centrifuge testing.

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- The authors would like to thank

ter the 24 h period showed less than 20 % error relative to th&€vin Cole, Equipment Manager for the Department of Me-
chanical Engineering at Brigham Young University, for his time

mean initial SWItChlng accele.ratlon.' . and expertise which were invaluable in setting up the controls for
In the future, we intend to investigatefdirent methods of o experiments.

fabrication that may lead to more consistent accelerometers

and more reliable testing. For example, as was mentioneggdited by: Y. Li

previously, handling the accelerometers proved to be a chalReviewed by: two anonymous referees
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 Churaman, W. A,, Currano, L., Gee, D and Zakar, E.. Three-axis
MEMS threshold accelerometer switch for enhanced power con-

to a RF reader regarding the S.tate of th? gccelerometer: This servation of MEMS sensors, vol. 54, Acireale, Sicily, Italy, 384—
has been demonstrated previously utilizing surface micro- 5g9 50g.
machining techniques with materials other than carbon nanEdmar',sl D. M., Gutierrez, A. O., Cormeau, C., Maby, E. W., and
OtubeS SUCh as p|aStiC, niCke|, or SiliCOI’l dioxide as ShOWI’l by Kaufman, H.: Micromachined accelerometer with a movable-
Todd et al.(2008, Loke et al.(1991), andMcNamara and gate-transistor sensing element, Proc. SPIE, 314-324, 1997.
Gianchandan{2004). Fazio, W. C., Lund, J. M., Wood, T. S., Jensen, B. D., Davis, R. C.,
and Vanfleet, R. R.: Material properties of carbon-infiltrated car-
bon nanotube-templated structures for microfabrication of com-
pliant mechanisms, in: ASME IMECE 2011, vol. 11, Denver,
CO, USA, 481-490, 2011.
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