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Two Specific Applications for 3-Axis Magnetic Fields

Among many industrial applications, we provide two specific applications that can more clearly
show the practical applications of our sensor. First, a three-axis current sensor for evaluating the
integrity of concentric neutrals in underground power distribution cables [1]: The application
proposes the use of the three-axis anisotropic magnetoresistive (AMR) sensor in order to sense the
three-axis magnetic field of underground power distribution cables. From the measured three-axis
magnetic-field information, the individual concentric neutral can be accurately determined in order
to predict whether it is intact or broken. Therefore, this current-sensing system is a very suitable
application for our sensor. Second, a motion-tracking application using an AC magnetic field sensing
system [2]: In the AC magnetic-sensing system, a reference transducer (not moving) emits the
reference AC magnetic field, and a sensing transducer (moving) receives the AC magnetic field.
By analyzing the three-axis AC magnetic field signals received by the sensing transducer, the relative
position between the sensing transducer and the reference transducer can be obtained. Both
transducers are composed of three orthogonal coils that emit or receive AC magnetic fields.
The sensing transducer has the same function as our three-axis AC magnetic sensor; thus,
this motion-tracking system is also a very suitable application for our sensor. Finally, according to
developing trend of smart sensing technology, the above-mentioned applications can be further
integrated into a wireless transmission module in order to become a wireless sensor module.
However, the wireless sensor module is sometimes located in hard-to-reach areas [3] and, thus, has
power supply problems [4]. To solve this problem, both the self-powering and the energy-harvesting
functions of our magnetic sensor are good solutions. Our sensor’s features (i.e., self-powered,
three-axis, AC, and magnetic field sensing) exactly match the needs of the above-mentioned wireless
sensing applications. Hence, the above-mentioned applications are also very suitable for our sensor.
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Noise and Temperature Analyses

We have to mention that there is no comparison of noise and temperature analyses in Table 2,
because the analyses were not necessary for the magnetic-force-based magnetic sensors. The reason
for this is described below. We conducted a literature review regarding noise and temperature
analyses of magnetic-force-based magnetic sensors (as our sensor falls in this category). First of all,
we found that some magnetoelectric magnetic sensors [56] consist of a similar
piezoelectric/magnetic-material configuration as our sensor. These sensors use the direct
magnetoelectric effect to convert applied magnetic fields to mechanical strain, and, eventually, to
piezoelectric voltage outputs. Because these sensors are strain-mediated, the voltage outputs of these
sensors are very small. Because of this, influences caused by noise and temperature must be analyzed.
However, while the configuration of these sensors and our sensor are similar, the principle of these
sensors and our sensor are different. Our sensor uses magnetic-force-interaction to convert applied
magnetic fields to mechanical beam deflection, and eventually to piezoelectric voltage outputs.
Because our sensor is deflection mediated, the voltage outputs of our sensor are large (larger and
easier to distinguish than noise). Because of this, influences caused by the noise and temperature do
not need to be analyzed. Moreover, we found that there were no noise and temperature analyses in
the literature of representative magnetic-force-interaction magnetic sensors [7-9] (in which the
material configuration and operation principles were the same as those of our sensor). This is because
the magnetic-force-based magnetic sensors use movable cantilever beams in order to convert
magnetic fields to large mechanical beam deflections, and, consequently, to large piezoelectric
voltage outputs (i.e., the same as our sensor). Therefore, we can conclude that the output signals of
the magnetic-force-interaction magnetic sensors (including our sensor) are less likely to be influenced
by noise and temperature. Thus, we did not analyze noise and temperature issues; this information
is not provided in Table 2.
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Mechanical-Decouple Issue

We noticed that the two functions (sensing and harvesting) of our sensor cannot be mechanically
decoupled, as both functions rely on one magnetic/mechanical moveable structure (i.e., the magnet
being physically attached to the cantilevers). This cannot avoid interference between the applied
magnetic field and the vibrations. Moreover, researchers recently reported that some magnetic-force-
interaction-based magnetic sensors possess dual-functions (i.e., having magnetic sensing and energy
harvesting functions) [10-19]. These sensors use a single mechanical-mechanism for both magnetic
sensing and energy harvesting functions, as does our sensor; however, in these articles of below
sensors, researchers also did not investigate (and also did not have any comment on) the interference
between the magnetic field and the vibrations. Thus, we believe that these sensors are in the same
condition as ours. That is, the sensors cannot avoid interference between the magnetic field and the
vibrations, and, consequently, the interference cannot be mechanically decoupled. Nevertheless,
these articles still claim that their sensors have both magnetic sensing and energy harvesting
functions. Because of this, we propose a “non-mechanical” switching approach (such as an electrical
switching approach) for users to switch between both mechanical-coupled functions. Finally, in
contrast to our approach, some researchers proposed another practical approach in which they
physically/mechanically separate each function of each individual device in one sensing system (i.e.,
the sensing system uses one individual magnetic sensor for magnetic sensing and one individual
energy harvester for energy harvesting in order to achieve both functionalities) [20]. Therefore, the
sensing system can have two functions, while decoupling the interference between the two functions.
This approach significantly increases the device volume and also requires a great deal of effort for
additional integration/assembly/packaging processes for system integration. That is to say that the
disadvantage of this approach is the advantage of our approach. Although our approach has
interference issues (it cannot be mechanically decoupled), our approach has many advantages from
system integration/assembly/packaging perspectives. This indicates that our approach is an
important alternative for developing sensors that have magnetic sensing and vibration energy
harvesting functions.
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Power Budget Analysis

In our testing setup, we used a lock-in amplifier to distinguish voltage signals from
electromagnetic induction noise. However, using lock-in amplifier consumes lots of energy and thus
the result of the power budget analysis will be worse. Therefore, we conduct the power budget
analysis of our sensor by estimating lock-in amplifier's power consumption. The analysis method is
based on the power budget section of our previous published article [21]. The details of the power
budget analysis are described in following paragraphs.

Due to the similar configuration of our sensor and our previous work [22], the power output of
the energy-harvesting elements of our sensor should be estimated by using the connect-in-series
approach [22]. When the PZT sheets are connected in series, the corresponding optimum load
resistance is changed accordingly. Therefore, the power output of the connect-in-series PZT sheets is
not directly the sum of the power output of each PZT sheet, but is a proportional relation to the sum
of the power output of each PZT sheet. According to our previous work, when the two connect-in-
series PZT sheets under in-plane vibration (Sine-wave, 100 Hz, 3.5 g), the optimum load resistance
rise from 578 kQ to 834 k), and the connect-in-series voltage output is 0.86 times of the sum of each
voltage output. Based on the proportional relation, the connect-in-series voltage output of our sensor is
estimated as increased from 439 mV to 742 mV. According to our previous work, when the four connect-
in-series PZT sheets under out-of-plane vibration, the optimum load resistance rise from 375 kQ to
909 kQ), and the connect-in-series voltage output is 1.23 times of the sum of each voltage output. Based
on the proportional relation, the estimated connect-in-series voltage output of our sensor is increased
from 138 mV to 646 mV. Furthermore, according to the above estimated connect-in-series voltage
outputs and the equation P = V2/R [22], the connect-in-series power output of our sensor is estimated.
Through this estimation, the estimated voltage output and power output of two connect-in-series PZT
sheets of our sensor under the in-plane vibration (Sine-wave, 100 Hz, 3.5 g) is 742 mV and 0.660 pW.
The estimated voltage output and power output of four connect-in-series PZT sheets of our sensor
under the out-of-plane vibration (Sine-wave, 140 Hz, 3.8 g) is 646 mV and 0.459 uW.

Regarding to the energy required by the sensor read-out electronics, because we use a standard
lock-in amplifier, the energy consumption is not optimal. Thus, to estimate the optimal energy
consumption, we compare potential cases using: a standard lock-in amplifier [23], a commercially
available lock-in amplification IC [24], and a CMOS low-power lock-in amplifier [25]. Note: the
specifications of these lock-in amplifiers match our sensor’s requirements (i.e., frequency: 20-250 Hz.
dynamic reserve: at least 20 dB). However, the power consumption of both standard and
commercially available lock-in amplifiers are much larger than that of our sensor. Thus, our sensor
cannot directly power these lock-in amplifiers. The power consumption of the CMOS low-power
lock-in amplifier is about 417 uW. However, the power output of our sensor under the in-plane and
out-of-plane vibration is 0.660 pW and 0.459 uW, respectively. Thus, we have to use the energy
storage approach [26] to accumulate/store the harnessed energy of the energy-harvesting elements of
our sensor in order to drive the CMOS lock-in amplifier as the sensor’s read-out electronics. The
details of the energy storage approach for our sensor are described as follows. First, we switch the
program-controlled switches to enable/activate the piezoelectric/vibrational energy-harvesting
function, and then accumulate/store energy for about 15 minutes (about 908 seconds). After this, we
switch the program-controlled switches to the magnetic sensing function, and then use the
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accumulated/stored energy to drive the sensor read-out electronics to read an output signal.

However, we know this is a rough estimation of the power budget of our sensor. In practical, a smart

power management should be conducted to optimize the power budget, but we are not able to
perform the power management for optimization. Thus, we only can provide the rough power
budget analysis of our sensor (as mentioned above), which is shown in Table S1. In the future, we
will use shielded cables for experiments to enable the use of the oscilloscopes (instead of the lock-in
amplifier). This will significantly reduce the power consumption of the sensor read-out electronics.

Table S1. The power budget analysis of our sensor.

Energy Harvesting
. . X-axis (in-plane) vibration: Z-axis (out-of-plane) vibration:
Input Vibration Sine—v(vavlz, 100) Hz,35¢g Sine(z—wave,};40 I‘;Z, 38g
Output Single PZT Two ?ZTS . Single PZT Four ,PZTS .
connect-in-series connect-in-series
Ro (kQY) 578 834 % 375 909 *
Vims (mV) 439 742% 138 646 *
Pavg (UW) 0.333 0.660 * 0.051 0.459 *
Power Consumption of Sensor Read-Out Electronics
Lock-in Amplifier Stanford Research Systems, Analog Devices, CMOS Low-Power
SR830 [23] ADG630 [24] Lock-In Amplifier [25]
Frequency 1 mHz to 102 kHz Up to 1kHz Up to 128 kHz
Dynamic Reserve >100 dB 110 dB 24.7-42 dB
Power 40 W 20 mW 417 uW
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22.

23.

24.

25.

26.

Note: Ro: the optimum load resistance; Vrms: root-mean-square voltage output; Pavg: average power
output; * Value estimated from data of our sensor.
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