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11 Abstract: This work focuses on the design improvement of a tri-axial piezoresistive accelerometer
12 specifically designed for head injuries monitoring where medium-G impacts are common, for
13 example in sports such as racing cars or American Football. The device requires the highest
14 sensitivity achievable with a single proof mass approach, and a very low error (<1%) as the accuracy
15 for these types of applications is paramount. The optimization method differs from previous work
16 as it is based on the progressive increment of the sensor mass moment of inertia (MMI) in all three
17 axes. The work numerically demonstrates that an increment of MMI determines an increment of
18 device sensitivity with a simultaneous reduction of cross-talk in the particular axis under study. The
19 final device shows a sensitivity increase of about 80% in the Z-axis and a reduction of cross-talk of
20 18% respect to state-of-art sensors available in the literature. Sensor design, modelling and
21 optimization are presented, concluding the work with results, discussion and conclusion.

22 Keywords: piezoresistive accelerometer; sensor design; biomechanical device; head injuries
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25 1. Introduction

26 One way of converting acceleration in an electrical signal is to deploy the piezoresistive effect.
27  When the proof mass of an accelerometer is affected by inertial forces due to an external acceleration
28  the strain/stress on the piezoresistors determines displacement that consequently produce a change
29  inits resistance value proportionally to the acceleration applied to the device. Therefore, the voltage
30  output will change accordingly and will represent, by less than a constant of proportionality, a
31  measure of the acceleration.

32 Currently, when designing an acceleration sensor, the main struggle for designers is to find the
33 right trade-off between sensor sensitivity and size, because the sensitivity significantly drops with
34 size. Today’s technology limits the size of an accelerometer below 1 square millimeter for the extreme
35  lossinsensitivity [1, 2]. Clearly when miniaturization is an objective of the design, sensitivity become
36  the main issue, because a reduced sensitivity will severely affect the device accuracy due to a low
37  signal to noise ratio. In order to address this sensitivity problem a simple but not effective solution is
38  to introduce an amplifier at the output level. This results into adding a further signal noise that
39  certainly deteriorates the accuracy of the measurement.

40 This work aims at the design optimization of the mechanical structure of a piezoresistive
41  accelerometer specifically designed for high performance traumatic brain injuries (TBI)
42 measurements. The challenges faced in this particular design are miniaturization combined with high
43 sensitivity and lowest possible cross-sensitivity (error from other axes of measurement). Notice that
44 all the other sensor specifications, such as resolution, noise, temperature drift, etc. which are related
45  to the electrical piezoresistors design, are not covered in this work as only the device mechanical
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46  structure is studied here. The piezoresistors deployed for the sensor performance calculations are
47  conventional micrometer devices.

48 When a head injury occurs, especially in helmeted sports such as race car accident, TBI are very
49  common. In the past decade considerable research effort has been made in order to prevent and
50  monitor the severity of head injuries, especially in motorsport. Many accidents and also deaths of
51  race drivers occurred without any type of monitoring in the past, therefore, links between
52 accelerations of specific body parts and injury could not be thoroughly made.

53 In the late 90s a first solution was introduced in the form of instrumented helmets mounting
54 sensors measuring crash severity with the help of accelerometers. However, this solution was found
55  not very appropriate because these instrumented helmets may not accurately measure the actual
56  acceleration experienced by the head due to helmet-to-head fit and helmet liner properties [3-9].
57  Therefore, it was very difficult to estimate the acceleration forces passed to the head, because the
58  helmets are designed to minimize the amount of acceleration experienced by the head, and in this
59  way the acceleration measured by this technology may not reflect the acceleration of the head [10-
60  12].

61 Further studies in this area suggest that for an accurate detection of head acceleration it is crucial
62  the coupling between head and sensor, therefore the instrumented helmet solution has been soon
63  replaced in the new century by a mouthpiece accelerometer in the football [13] and by an
64  accelerometer attached to an earpiece and not to the helmet in the motorsport [14, 15]. These novel
65  solutions allowed a direct and therefore more accurate assessment of the head acceleration.

66 In 2003 a version of these type of earpieces with an integrate acceleration sensor, called the
67  Delphi Earpiece Sensor System (DESS) [16], was introduced for the first time in the Indy Racing
68  League and Championship Auto Race Teams (CART). In 2006, a group of research at the Wayne State
69  University leaded by Begeman [17] reported that these earplugs mounted in post mortem human
70 specimens (PMHS) showed in the output signal a progressive phase lag from 50 to 100 Hz vibration
71 when compared to skull measurement (rigidly mounted head accelerometers).

72 Furthermore, in 2009, Salzar et al. [18] explored a solution in order to try to avoid the issue found
73 by Begeman earlier by developing a smaller tri-axial device meant to be placed inside the ear canal
74 portion of the earpiece. The sensor showed improved coupling to the head over the DESS that was
75  perceived too bulky [19]. Salzar adds that to further enhance the accuracy of the measurements it is
76 advisable to improve the positioning technique and the mounting material, basically a stiffer material
77 is recommended [18]. However, the sensor accuracy and miniaturization obtained by Salzar is not
78  yet acceptable for this type of in-situ ear measurements. It is expected that an acceptable sensor error
79  should be below 1% combined with a miniaturization below 2x2 mm?2.

80 In 2013, an attempt was made to improve earplug sensor sensitivity and miniaturization by
81  integrating silicon nanowires as nanoscale piezoresistors. However, the manufacturing limitations
82  harboured successful fabrication of a proof of concept [20], [21]. Finally, in 2014, a patent was
83  published on a novel optimization method based on variation of the sensor mass moment of inertia
84  [22],[23].

85 This work attempts a further improvement of the patented work [23] on earplug sensor
86  technology by investigating a way of enhancing sensor performances and miniaturization by specific
87  increments of the sensor mass moment of inertia (MMI), with the objective of achieving the most
88  accurate response in case of medium-G impact crashes (<500G) not yet achieved in the state-of-art
89  sensor design. The data gathered with a more accurate sensor would benefit all the stakeholders
90  involved in the motorsport community and industry, for example by helping to design better drivers’
91 car safety restraints systems, like shoulder harnesses, helmets, seat belts and head and neck restraints
92 commonly used in all forms of racing.

93
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94 2. Method
95  2.1. Piezoresistance
96 The piezoresistive effect is expressed by a matrix where each of the six fractional resistivity

97  changes relates to each of the six stress components [1]. Kanda [2] general equation of the fractional
98  resistivity change is as in equation (1) and mathematically this produce a matrix of 36 coefficients [1]:

4
% = Y5101 * 0 1)
99 where w is a fixed voltage and current orientation and A the stress orientation.
100 The coefficient are called piezoresistance coefficients, mw, (w, A =1 to 6), and are expressed in
101  Pa
102 Typically, each piezoresistor has two contacts that are made by masked-ion implantation

103 method and located on the beam, which is a very thin surface layer [3]. Thus, for the purpose of
104 calculation only two piezoresistive coefficients are relevant, i.e. w11 and 7"12.In the particular case that
105 the stress is parallel with the direction of electric field and current density it is used 7'y, that is called
106  the longitudinal piezoresistance coefficient, denoted by mu. Likewise, in case the applied stress is
107  perpendicular to the electric field and current density it is used 71, therefore called transverse
108  piezoresistance coefficient, .. The shearing stress is neglected since it is much smaller than the others.
109 Mason [4] expressed these two coefficients through three fundamental piezoresistance
110 coefficients mu1, Tz, 744, and directional cosines (1, m, n) for arbitrary crystal orientation by the general
111  simplification for longitudinal (ru = 7'11) and transversal (1 = 7’12) piezoresistive coefficient by:

myy = gy — 2, (mf + 1§nf + mfng) 2)
My = My — Me(113 + mfm3 + nin3) (©)
(My =T11 — My —Tyy) and oy =75 4)
112 Thanks to the theory and equations above, the resistance change becomes a function of the beam

113 stress. This is true because in the real situation the piezoresistors are located on the thin beam surface,
114 therefore at the surface plane the material is stressed mainly in two directions. Given the assumption
115  that the mechanical stresses are constant over the piezoresistors, the fractional resistance change is

116  givenby:

% = gy + 0,7 (5)
117 where 01 and ot are longitudinal and transversal stress.
118 It is worth noting that the equation (5) is only useable for uniform stress fields or if the
119 piezoresistor dimensions are small compared to the beam size [1, 5].
120 Single crystal germanium and silicon are the first materials extensively used as piezoresistors

121  since their diamond lattice crystal structure. In 1954 Smith [6] tested these semiconductor crystals
122 and for the first time a large piezoresistive effect was reported observing that this phenomenon is
123 theoretically explained by the study undertaken by Bardeen and Shockley [7], and later Herring [8,
124 9]. The work of Smith allowed the measurement of piezoresistive coefficients for (100)-silicon wafer
125  along the <100> and <110> crystal orientations. Shear piezoresistive coefficients were indirectly
126  calculated whereas longitudinal and transverse coefficients were measured directly. In particular,
127 Smith with these measurements fully determined the piezoresistive tensor at a resistivity of 7.8 Q-cm
128  at low p-Si concentration considering also the crystal symmetry. Finally, he found the p-type
129  longitudinal piezoresistive coefficient in the [110]-direction at light boron concentrations (=1.7x1015
130 cm?) to be fairly constant at 72x10-! Pa'. Kanda later presented his results graphically [2].

131 From their findings it can be asserted that p-type piezoresistors have to be oriented along the
132 <110> directions to measure stress in (100)-wafers and thus the piezoresistors should be either lined
133 up or perpendicular to the wafer primary flat [10]. These piezoresistors orientations are used in this
134 work, moreover, for calculation of sensor performance the piezoresistive coefficient used is the one
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135  found by Smith [6] for p-type silicon (Table 1. Piezoresistivity components for single-crystal silicon
136 under certain doping values.).

137 In reality the piezoresistive coefficients of single-crystal silicon are variable and dependent on
138  the type of dopant [11], the doping concentration [11,12], and the temperature of the
139 wafer substrate [2, 11]. As a consequence, designers need to take into account temperature and
140  doping concentrations at the design stage because many components of the 7t matrix (71, 702 and 7ta4)
141  are affected in different ways. In particular, when the temperature and doping concentration
142 increases the value of the piezoresistive coefficient decreases, and this behavior has been observed
143 for both p- and n-type silicon. Under certain typical doping concentration and dopant types the
144 values of 1, T2 and s for single-crystalline silicon have been experimentally determined. Table 1.
145  Piezoresistivity components for single-crystal silicon under certain doping values. below lists typical
146 values for selected doping concentrations.

147 Table 1. Piezoresistivity components for single-crystal silicon under certain doping values.
Piezoresistive coefficient n-type p-type
(1011 Pa) (resistivity = 11.7 Qcm) (resistivity = 7.8 Qcm)

U1 -102.2 6.6

T2 53.4 -1.1

Tl -13.6 138.1
148
149 However, generally speaking there are circumstances where all 36 coefficients in the matrix [7]

150  may be nonzero [61] when referring to a Cartesian system of arbitrary orientation relative to the
151  crystallographic axes. For silicon, if the x-, y-, and z-axes are not in line with <100> directions the
152 matrix components change.

153 Instead, in specific conditions, where the piezoresistors points in <100>, <110> or <111> directions
154 [50, 62] the effective longitudinal and transverse piezoresistive coefficients can be summarizes as in
155  Table2.
156 Table 2. Formula for transverse and longitudinal piezoresistive coefficient for various
157 commonly encountered resistor configurations.
Direction Direction of Configuration Piezoresistive
of Strain Current Coefficient
<100> <100> Longitudinal et
<100> <010> Transversal T2
<110> <110> Longitudinal (Tt + T2+ TT44) /2
<110> <110> Transversal (Tt+TT12-T144) /2
<111> <111> Longitudinal (Tt1+2 1112+ T144) /2
158
159 Replacing the results in Table 1. Piezoresistivity components for single-crystal silicon under

160  certain doping values. into the formulas of the piezoresistive coefficients in Error! Reference source
161  not found. an estimation of the fractional resistance change given in equation (5) for p-type and n-
162 type piezoresistors in the <110> and <100> direction is achievable. For example, for n-type
163 piezoresistors in the <100> direction with a resistivity of 11.7 Q-cm the fractional resistance change is
164 as follows:

AR M1 Ot 6
- 01 + 0,1y, = —0;102.2 + 0,534 = oymyq — atT =T (al - ?) (®)
165 As it can be seen from eq. (6) the fractional resistance change is only a function of the longitudinal

166  piezoresistive coefficient and when the transversal stress is doubled, the longitudinal stress it is zero.
167  Therefore this results shows the suitability of the n-type piezoresistors in the <100> direction for
168  measuring acceleration when the main stress component is the longitudinal stress as in uniaxial stress
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169  applications. Clearly the p-type piezoresistors in the same direction with a resistivity of 7.8 Q-cm are
170 not suitable for measurements given the very low piezoresistive coefficients.

171 Comparing the n-type piezoresistors in the <110> direction with a longitudinal coefficient of -
172 31.2x10"' Pa! and a transversal coefficient of -17.6x101 Pa‘l, it is concluded that this configuration is
173 generally not preferred for measurements on the <100> direction.

174 Instead in the <110> direction p-type piezoresistors with a resistivity of 7.8 ()-cm show a
175  fractional resistance change as:

AR My Tya _ Tlag (7)
RO % T

176 where compared to the 14, 7111 and 72 are considered zero due to their very low value.

177 This is the preferred configuration used in this study mainly because p-type piezoresistors in

178  the <110> direction is a convenient crystallographic orientation from a fabrication standpoint [13],
179 moreover boron is the most common used dopant. In a (100)-oriented wafer the p-type piezoresistors
180  in the <110> direction are perpendicular to each other, therefore it is possible from a design point of
181  view to fabricate the piezoresistors in the X- and Y-axis pointing to the <110> direction and detect the
182 in-plane acceleration by simple Wheatstone Bridges circuits.

183 2.2. Design, Modelling and Optimization

184 This section aims at the design, modelling and optimization of a 3-axial single square millimeter
185  bio-mechanic piezoresistive accelerometer available from the literature as state-of-art device [14, 15]
186  and presents mass moment of inertia results. This chosen device as starting point of the optimization
187  processis a three-axial accelerometer with one single mass available for all axes of measurement and
188 itis characterized by a cylindrical proof mass suspended by four octagonal beams fixed to an external
189  frame (Figure 1) [14], [15]. As accurate measuring of head accelerations is an important aspect in
190  predicting head injury, it is important that the measuring sensor be well-coupled to the head [16].
191  Therefore, the main requirements of this application are miniaturization (= 1.5x1.5 mm?) and
192 medium-G measurement range (<500G) to allow the accelerometer incorporation into an earpiece.
193 Bandwidth specification of the device is not relevant in this study has it can be adjusted by changing
194 the device size accordingly. Typically, the frequency response of a miniature device like the one
195  under study is of 1 kHz, a smaller device will determine a higher bandwidth of frequency. In reality
196  for the particular application under study where high speed impacts are common, long duration
197  transient are usually measured, therefore very low signal frequencies are expected in the order of 0-
198 0.5 Hz. These low frequencies responses down to DC (i.e. they respond to steady-state accelerations)
199  are specifically detected using a piezoresistor pick-off technology. At frequencies close to 0 Hz,
200  piezoelectric accelerometers cannot, when high accuracy is required, measure the acceleration that
201  an object is subject to [17].

202 In order to fulfil these requirements high sensitivity is a paramount feature due to the small
203 dimension of the device under study. Moreover minimizing the cross-axis sensitivity is also very
204  important such that the acceleration measured on one axis is not mixed with errors coming from the
205  other axes. As a rule of thumb cross-talks needs to be below 1% of the main signal coming out from
206  the axis under stress in order to have an accurate measurement.

207
208
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209
210 Figure 1. State-of-art mechanical structure of a three-axial accelerometer available in the
211 literature [14, 15].
212 The optimization methodology adopted in order to increase sensor sensitivity and minimized

213 cross-sensitivity is based on the hypothesis that an increment of sensor MMI will positively affect the
214 sensor sensitivity and negatively influence the sensor cross sensitivity therefore overall improving
215  sensor performance. The state-of-art sensor has been obtained from different optimization method
216  based on MMI change as well [22, 23]. In this study the MMI will be increased progressively passing
217  from a circular proof mass shape (Figure 1) to a cross shape, that, at each of the three iteration of
218  optimization, increases the angle of curvature of the proof mass corners, until it becomes a complete
219 cross as shown in Figure 2. The proof mass shape change from Circle to Cross 1 (top-right in Figure
220  2), and then to Cross 2 (bottom-right) and finally to Cross 3 (bottom-left).

221

222

223 Figure 2. Mechanical structures top views. Optimization process that increases the MMI at

224 each step of evolution and therefore hypothetically there would be an increase in the
225 sensitivity and a reduction in cross sensitivity.

226 Hypothetically, this optimization would particularly increase the sensor sensitivity and

227  minimized the cross-talk as the optimization reduced the distribution of mass on the biaxial area (XY-
228  axis) but increases on the single axial area (X or Y-axis), therefore increasing the MMI at each step of
229  the shape evolution.

230 Figure 3 shows the percentage increment of the MMI of each new shape in the X or Y-axis and
231  in the Z-axis compared to the state-of-art shape (circle proof mass) available in the literature. As it
232 can be seen, in order for the shapes to be comparable the proof mass volume of the pair of shape

233 under study needs to be the same value.
234
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Percentage Increment MMI (%)
XY mZ
171.73 18052
10691 111.53
1542 15.89 I I
| |
Cross 1 Cross 2 Cross 3
235
236 Figure 3. Percentage increment of MMI respect to state-of-art device. The shape Cross 3 offers the
237 highest percentage increment of MMI.
238  2.3. Measurement Circuit
239 Wheatstone Bridge [18] is formed by four resistors connected in a quadrangle. The excitation

240  that could be voltage or current is connected across one diagonal, whereas in the other diagonal there
241  is a voltage detector. Basically the detector measures the voltage output difference of two dividers
242 connected to the excitation [3]. There are different configuration of the bridge circuit, but the best one
243 that minimize the nonlinearities and presents higher sensitivity is the full-bridge configuration which
244 is also adopted in this study. In this configuration the voltage output is simply the excitation voltage
245  times the fractional resistance change, as in (8).

AR
Vout = Vin * (?) (8)
246 In this work four piezoresistors are used for the full-bridge for the X- or Y-axis and eight

247  piezoresistors are used for the Z-axis, therefore a total of 16 piezoresistors are used and placed in
248  strategic locations on the top surface of the device mechanical structure (Figure -(a)). In particular
249  these piezoresistors are placed where the highest stress is located by the stress simulation analysis in
250  order to maximize sensor sensitivity. These regions are identified by finite element stress distribution
251  analysis.

252 In Figure 4-(b) the three Wheatstone Bridges, specifically designed to maximize sensor
253  sensitivity, are presented one for each axis that measure the output voltage drop. The bridges have
254  some advantages, in fact, by using similar resistors the balanced configuration allows for temperature
255  drift cancellation. Moreover, thanks to the particular sensor design used, which is the highly
256  symmetric geometry, self-cancellation of part of the cross-axis acceleration is possible. That is why
257  the piezoresistors are placed symmetrically one another.

258
L ground L ground
(b)
259 Figure 4. Measurement Circuit design: (a) Piezoresistors location on the top surface of the device. A
260 total of 16 piezoresistors are used, four for X-axis, four for Y-axis and eight for Z-axis; (b) Ax-, Ay-

261 and Az-Wheatstone Bridge measurement circuit.
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262 2.4. Electrical Sensitivity and Cross-Axis Sensitivity

263 In this work electrical sensitivity and cross-axis sensitivity have been selected as the mechanical
264  structural parameters in order to measure the device performance. In the design of the micro-electro-
265  mechanical device they give us information of accuracy and error in the measurements.

266 The accelerometer electrical sensitivity S is the ratio between the output voltage and the applied
267  acceleration, as in (9). When there are in-plane acceleration (X- or Y-axis), the stress along the beams
268  is perpendicular to the direction of the applied acceleration and represents the highest value respect
269  to the stress distributed on the beam but parallel to the direction of the acceleration. Therefore, the
270  piezoresistors to measure the acceleration on the X direction (Ax) are arranged on the Y-oriented
271 beams, and vice versa. For example, for the Ax-bridge in the case of X-axis acceleration, the electrical
272 sensitivity is [19]:

Spx = Say =T = e T, )
273 where Vo is the output voltage, Vin is the bias voltage applied to the piezoresistor (5V), and %
274  is the fractional resistance change of Ax-bridge that is equal to [1, 5]:
% =m 0] + 1, * (0 + 0f) (10)
275 where 7 and 7 are longitudinal and transverse piezoresistive coefficients respectively

276  and g7, o, d#, are respectively longitudinal stress in the Y-axis in case of acceleration along the X-
277  axis, and transverse stress in the X- and Z-axis directions. The (10) is only valid for uniform stress
278  fields or if the piezoresistor dimensions are small compared to the beam size [20].

279 Since the common approximation, where T = -7, is valid in the <110> silicon crystallographic
280  direction, the fractional resistance change becomes:

= m % [0} — (oF + 0f)] (11)
281 The electrical sensitivity in the other directions is similarly calculated. The longitudinal

282  piezoresistive coefficient at room temperature used for the piezoresistor is 72x10-1 Pa-! as reported by
283  Smith [6].

284 Due to the sensor mechanical structure and fabrication errors that affect its symmetry, plus the
285  not perfect piezoresistors symmetrical locations on the top surface and the inherent nonlinearities of
286 the measurement circuit, there is an error of measurement related to these factors, called cross-
287  sensitivity. Its sensitivity is calculated in percentage and it is the absolute value of the fraction of the
288  voltage output of each axis other than the one under stress and the axis under stress. For example,
289  the cross-axis sensitivities under the X-axis acceleration Sisy_ay)s and Scax_az are detected,
290  respectively, in the output of the Ay, Az-bridge for the piezoresistors as follows:

Vouty
S(Ax—Ay)% = S(Ay—Ax)% = VoutAz % (12)
Vouty,
Stax-azv% = —Vout:x % (13)
291  3.Results
292 3.1. Performance Calculation
293 Devices performance calculations are based on an extensive stress analysis carried out by Finite

294  Element Method with solver available on ANSYS software package version 14.5. The number of
295 nodes used for the meshing of shapes is about 250,000, moreover, the structures are fixed on the
296  bottom frame and the load applied is an acceleration of 500G for each axis. Equation (7) correlates the
297  stresses to the fractional resistance change. Data of stresses are then extracted from the simulation
298  and sensitivity and cross sensitivity are eventually calculated.
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299 In order to get the stresses values from the correct locations, a measurement circuit is developed
300  with sixteen piezoresistors located where the highest stresses are detected to maximize the sensor
301  electrical sensitivity (see Figure -(a)).

302 Sensitivity and cross-axis sensitivity have been calculated for the new shapes under study and
303 compared to the state-of-art device shape. In Error! Reference source not found.5 the percentage
304  sensitivity increment results for each new shape compared to the state-of-art device are presented.

305

Percentage Sensitivity Increment (%)

WX, Y-axis M Z-axis
76.46
15.09
s 10.61

Cross 1 Cross 2 Cross 3
306
307 Figure 5. Sensitivity increment of new shapes in percentage. Highest increment is for the Z-axis
308 sensitivity of shape Cross 3 (80%), overall the sensitivity increases progressively from shape Cross 1
309 to Cross 3, demonstrating the effect of MMI.
310 The progressive increment of sensitivity from shape Cross 1 to Cross 3 respect to state-of-art

311  circle shape is down to the progressive increment of the MMI, therefore the study hypothesis is
312 confirmed.

313 For example for shape Cross 3, an increment in the Z-axis of MMI of 180% determines a
314  correspondent increment of sensitivity on the same axis of 76%.

315 Cross sensitivity of new shapes is expected also to reduce respect to circle shape as the
316  distribution of masses around the corners in the cross shapes is reduced.

317 Figure presents the results of cross sensitivity of each new shape compared to state-of-art circle

318  one. In the results there are three different values for circle shape as for each comparison the circle
319  proof mass volume needed to be adjusted to the same volume of the new shape for simplicity of
320  comparison. However, since the cross-axis sensitivity is given in percentage all shapes can be
321  compared accordingly.

322
Cross-Axis Sensitivity (%)
Cross3 N -18.1%
Circle I
Cross 2 I 34, 99,
Circle I e ——
Cross 1 _—_30.1%
Circle I
0 0.2 0.4 0.6 0.8 1 1.2
M Cross-X, -Y M Cross-Z
323

324 Figure 6. Cross-axis sensitivity reduction comparison of each new shape.
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325 Lowest value of cross sensitivity as expected is of the new shape Cross 3, where the combined
326  cross-X, or -Y, and -Z is of just 0.4%, well below the target of 1% for each axis.
327 4. Discussion
328 Comparing the optimized device performance to commercial devices, the only available three-

329  axis medium-G accelerometer in the market, at the time of writing, are the analog 3x3mm?2 ADXL377
330  from Analog Devices Inc. specifically designed for concussion and head trauma detection with a
331  range of +200G (used currently in IndyCar races) and the digital 3x3mm?2 H3LIS331DL from
332 STMicroelectronics with a maximum range of +400G (used currently in Formula 1). The performance
333 comparison is presented in the Table 1.

334
335 Table 1. Performance comparison with commercial devices.

Parameter Cross3  ADXL377  H3LIS331DL

(this work)
Measurement Range 500 1200 400
(®)
Sensitivity (mV/G) 0.22 6.50 -
Cross-sensitivity (7%FS) <+1 +14 2

Size (mm?) 1.5x1.5 3%3 3x3
336
337
338 The Cross 3 shape developed in this study is a 1.5x1.5 mm? device, therefore the sensitivity

339  results reduced compared to the Analog Devices accelerometer that is 3x3mma2. For a proper ear-plug
340  device a 2x2mm? size is desirable as a bigger device would slip off the ear [21]. Moreover, the
341  sensitivity of the ADXL377 is much higher of the device of this work as the signal output is amplified
342 by internal circuitry, while the device developed in this work is not amplified at all.

343 Furthermore, the Cross 3 presents a higher measurement range because race car crash can reach
344  impacts of more than 300G forces. Finally Cross 3 shape presents the lower cross-sensitivity of all
345 three accelerometers, therefore is the most suitable device for biomechanical measurements. Notice
346  that ST device sensitivity is not comparable as the device is digital. For this device the cross-sensitivity
347  is 2% for a range of +70G, therefore for impacts of +200G the error could reach peaks three times
348  higher (=t6%). Clearly this STMicroelectronics device is not suitable for biomechanical measurements
349  asaccurate measurements are necessary in case of head injuries and restraints systems design.

350 5. Conclusions

351 This work demonstrates the hypothesis that an increment of the MMI is a viable optimization
352  method for a single mass mechanical structure of a piezoresistive accelerometer where high
353  performance is a must, such as in biomechanical or biomedical applications. Examples are heart wall
354  motion measurement for cardiac artificial pacemakers [22], hearing aid systems [23], and head injury
355  monitoring of military soldiers in case of blast.

356 The increment of sensitivity of cross shapes respect to state-of-art circular shape reaches 76% in
357 the Z-axis and 18% in the X- or Y-axis, moreover, the optimization method used allows for a
358  simultaneously reduction of cross-axis sensitivity for the same shape of 18.1%. These results permit
359  a higher accuracy of measurements respect to state-of-art devices in case high sensitivity and low
360  error are paramount as in the head injuries monitoring. Future work will be to manufacture the
361  optimal shape and test the performance under specified loading condition.
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