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ABSTRACT Energy harvesting (EH) is the process of capturing and storing energy from external sources
or the ambient environment. The EH devices have found various emerging applications, particularly,
in healthcare sector. Kinetic-based micro energy-harvesting is a promising technology that could prolong
the lifetime of batteries in small wearable or implantable devices. In this paper, using a mathematical
model of a Coulomb-force parametric generator, we analyze the dependency of the output power on the
electrostatic force in this micro-harvester. We propose a low complexity strategy to adaptively change the
electrostatic force in order to maximize the harvested power. Simulation results using the human acceleration
measurements confirm the effectiveness of the proposed strategy.

INDEX TERMS Micro energy-harvester, wearable sensors, optimization, Coulomb-force parametric

generator.

I. INTRODUCTION
Wearable and implantable medical sensors (and actuators)
have become a promising interdisciplinary research area in
the Internet-of-Things technology for healthcare [1], [2],
[3], [4], [5]. With wireless communication capability, these
devices will enable an attractive set of applications for
remote monitoring of physiological signals such as tem-
perature, respiration, heart rate, glucose, and blood pres-
sure [6], [7]. Increasing functionality and complexity along
with the desired miniaturization have drawn the attention of
researchers to the limited source of power in these devices [8].
Frequent recharge or battery replacement is simply not feasi-
ble in many applications and could negatively impact their
market adoption. As such, any technology that can prolong
the operational lifetime of these devices will undoubtedly
contribute toward their commercial success.

The process of capturing and storing energy from exter-
nal sources or the ambient environment is referred to as
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energy harvesting (EH). There are a few sources from which
we can harvest energy for wearable or implantable medical
sensors. Examples of these sources are ambient light, body
heat, and the general movement of the human body [3],
[9], [10], [11]. Kinetic energy harvested from the human
body motion is the most convenient solution for wearable
devices [12], [13], [14]. Authors in [13] designed a low-
power kinetic energy harvesting and power management cir-
cuit along with a hardware-software context-aware algorithm
that reduces quiescent losses and energy storage requirements
significantly. As a result, full energy neutrality is allowed
even in energy-dry periods. A coaxial wrist-worn energy
harvester is proposed in [15] to efficiently capture the biome-
chanical energy of arm swinging to self-power IoT sen-
sors. The authors used the Lagrangian approach and mirror
image method to drive an analytical model for predicting the
system dynamics and power generation performance. They
also fabricated a miniature prototype containing five pairs
of neodymium iron boron magnets and ten series coils to
validate the performance of the proposed energy harvester
under real walking excitations. In [16], the authors developed
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FIGURE 1. Generic electromechanical block diagram of an inertial
microgenerator.

a closed-form expression for a flexible joint-bending piezo-
electric energy harvester placed on the knee joint with rel-
atively low modeling error. The developed model is also
validated with a novel piezoelectric energy harvester proto-
type. A simultaneous energy harvesting and gait recognition
architecture has also been developed in [17]. In this archi-
tecture, a preprocessing algorithm is proposed to minimize
the piezoelectric energy harvester signal distortions caused
by energy storage. In addition, a classifier based on long
short-term memory (LSTM) deep neural network is proposed
in [17] to accurately capture useful information from noisy
piezoelectric energy harvester data. In [18], a self-powered
health monitoring system has been proposed to collect the
movement energy when users walk or run. The proposed
system is installed on the shoes and uses a rectifier module to
charge the rechargeable lithium battery. Miniaturized energy-
harvesting devices, also known as micro-generators, typically
consist of a mass-spring-damper (MSD), transducer, and a
power-processing circuit, as depicted in Fig. 1 [19], [20].
Movements of the human body are captured by the MSD
module and converted into mechanical power. The transducer
converts this mechanical power into electrical energy. The
power-processing circuitry matches the electrical power gen-
erated by the transducer with the load [19], [20].

Kinetic-based microgenerators either utilize the direct
application of force on the device or make use of the inertial
ambient forces acting on a proof mass. A generic model of
an MSD system is shown in Fig. 2 [21]. In this model, the
displacement of the mass from its rest position relative to the
frame is denoted by z(#). The absolute motion of the frame is
¥(¢) and that of the proof mass is x(¢) = y(¢) + z(¢). The proof
mass is able to move between the upper and lower bounds,
i.e. +/— Z;, and is attached to a spring-like structure that
is denoted with k. Energy is converted when work is done
against the transducer’s damping force, which opposes the
relative motion [21], [22]. The MSD designs that employ
a spring (or a spring-like feature) are mainly suitable for
applications where the environment causes the system to
constantly vibrate [23]. However, the human body motion
is typically not a vibrating source of motion. As a result,
a microgenerator that can efficiently capture energy from
human motion should have a non-resonating design.
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FIGURE 2. Generic model of inertial microgenerator MSD [21].

One such non-resonating microgenerator architecture is
the Coulomb-force parametric generator (CFPG) [21], [22],
[24], [25]. The MSD component in this architecture is non-
linear in nature. The proof mass does not vibrate up and
down as if anchored on a spring-like structure. Instead, the
transducer’s damping force, a constant Coulombic electro-
static holding force, keeps the proof mass to an end-stop
limit of 4+/— Z;. The proof mass is held against one end-
stop until the external acceleration exceeds the holding force
threshold [26]. No power is generated while the proof mass
is stuck on either end; instead, power is generated when the
proof mass makes a full flight from one end-stop to the other.

Another advantage of the CFPG design is its transduc-
tion method. It utilizes electrostatic force rather than making
use of electromagnetic or piezoelectric forces. Any of these
forces can be used to generate electrical power by converting
mechanical energy into an electrical form. However, on the
micro-scale, the electrostatic force becomes more significant
and suitable for electric power generation [22]. This means
that the transduction method in CFPG allows for further
miniaturization of the micro-harvester, a highly desirable
feature for wearable or implantable sensors.

The authors in [27] highlighted the significant impact of
the electrostatic force on the magnitude of the harvested
power for various human activities. In [28], an adaptive max-
imization problem was formulated to exploit the dependency
of the optimal holding force on the input acceleration wave-
form in order to achieve a gain in the micro-generator output
power. To the best of our knowledge, the idea of adapting
the electrostatic force is relatively new and was first intro-
duced in [29]. Other existing works in the literature related to
CFPG do not consider this adaptation possibility for wearable
or implant sensors. The authors in [29] investigated several
methodologies, such as least square and machine learning to
obtain a near-optimal solution to the maximization problem
and adapt the electrostatic force based on the acceleration
waveform.

Despite the achieved gain in the harvested power, the com-
plexity of the methodologies used in solving the optimization
problem is a major concern. High-complexity algorithms
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would consume more energy, reducing the overall net gain
in the generated energy. As such, our objective in this paper
is to focus on a low-complexity approach that can be used
to adapt the electrostatic force based on the input accelera-
tion. Following an in-depth analysis and observation of the
generated power for several artificially generated acceleration
waveforms, we propose a computationally simple strategy to
efficiently maximize the output power in a CFPG. The com-
plexity of the proposed scheme in this paper is much lower
compared to the methodologies proposed in [29]. The results
are also verified with actual acceleration measurements from
the human body motion.

The remainder of this paper is organized as follows.
Section II analyzes the harvested power for step and square
acceleration waveforms and highlights the relationships
between the input parameters (i.e., amplitude and frequency),
the electrostatic holding force, and the instantaneous gen-
erated power. In Section III, we propose a low-complexity
strategy to adaptively change the electrostatic holding force
in order to maximize the average generated power. The
performance of the proposed strategy is investigated in
Section I'V. Finally, conclusions and future plans are dis-
cussed in Section V.

Il. ANALYSIS OF THE GENERATED POWER FOR SIMPLE
INPUT EXCITATIONS

The following nonlinear differential equation captures the
dynamics of the MSD module in a CFPG micro energy-
harvester [28]:

my(t) = —mx(t) — F(t) x relay (x(t)) €))]

In the above equation, m represents the proof mass, y(¢) is
the motion of the generator frame with respect to the inertial
frame, (y(¢) is the second derivative of y(#) and indicates the
input acceleration), X(¢) is the proof mass acceleration, F
represents the Coulomb force (also referred to as electrostatic
holding force or more generally the MSD’s damping force),
x(¢) is the absolute motion of the proof mass, and relay(.)
represents a hysteresis function that switches between +1 and
— 1. The mechanical power generated by the MSD component
can be obtained as follows:

P(t) = F(t) x (1) 2)

where F(t) is the holding force and x(¢) represents the veloc-
ity of the proof mass.

The Simulink! implementation of this model is shown in
Fig. 3. The model accurately represents scenarios where the
input acceleration does not cause a full end-to-end flight of
the proof mass. In those cases, the instantaneous output power
will have equal positive and negative components (reactive
power); therefore, a zero average power will be generated.
This complies with the stated physical requirements in [25].

1Simulink is a product of MathWorks, Inc. Simulink has been used in this
research to foster research and understanding. Such identification does not
imply recommendation or endorsement by the National Institute of Standards
and Technology.
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FIGURE 3. Simulink model of CFPG MSD system.

On the other hand, if the amplitude of the input acceleration
is sufficient enough to move the proof mass to the other end-
point, then positive energy will be generated.

In this section, using the Simulink model of the MSD,
we study the average generated power for simple acceleration
waveforms such as step function, square and sinusoidal
waves. One important objective here is to underline the sig-
nificant impact of the electrostatic force F' on the gener-
ated power. The results in this paper have been obtained
assuming an MSD with the following specifications: proof
mass = 0.965 g, and the distance between the two end-
stops = 5 mm. We conjecture that the general conclusions
expressed here are independent of the MSD specifications.

A. STEP FUNCTION

Consider a step function with an amplitude 4 m/s? as the input
acceleration waveform to a CFPG. The total duration of the
waveform is assumed to be 10 seconds. Fig. 4 demonstrates
the impact of the electrostatic force on the output mechanical
power from the MSD module. As observed, the average
generated power increases monotonically by increasing the
electrostatic force up to a certain threshold and then drops to
zero. This threshold changes by changing the amplitude of the
step function. Let the optimal electrostatic force for the step
function with amplitude a be denoted by Fp(au(?)). In gen-
eral, this optimal value is a linear function of the amplitude of
the step function, as shown in Fig. 5. Therefore, we will have
Fopi(au(t)) = G(lal)u(t), where G(.) represents the linear
function noted above, and |.| represents the absolute value
function. For the example in Fig. 4, we have F,,, (4u(t)) =
3.85u(t) mN. Choosing this function for the holding force
will yield maximum power for a given step function.

B. SQUARE WAVE

Consider a square wave as the acceleration input to a CFPG.
The amplitude and duration of the square wave are also
assumed to be 5 m/s? and 10 seconds, respectively. The main
harmonic frequency of the square wave (hereafter simply
referred to as frequency) is considered to be 1 Hz. In this
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FIGURE 5. Optimal value of holding force for a step function with varying
amplitude.

subsection, we study the impact of the frequency, amplitude,
and holding force on the generated power for this input accel-
eration waveform. Fig. 6 displays the average output power
versus input amplitude when the frequency is kept constant
and F = 4 mN. As observed, there exists a threshold for the
input amplitude, below which there is no generated power.
However, above that threshold, the amount of the average
generated power is constant. A similar characteristic can also
be observed for other combinations of constant frequency
and holding force. This behavior is expected since, for weak
input excitations (i.e. low amplitudes), the holding force will
prevent the proof mass from moving. At some point, the input
acceleration overcomes the holding force, and the proof mass
would be able to oscillate freely between the frame end-
points, hence, generating power. The constant value of the
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FIGURE 7. Average power vs acceleration frequency for holding force =
4 mN and acceleration input amplitude = 5 m/s2.

generated power is due to the constant frequency of the square
wave.

Fig. 7 displays the average output power versus frequency
when the input acceleration amplitude is kept constant and
holding force = 4 mN. The average generated power mono-
tonically increases with increasing frequency up to a cer-
tain value, after which it drops to zero. Higher frequencies
translate to a faster oscillation of the proof mass, resulting
in higher generated power. However, beyond a certain value,
the frequency would be too high for the proof mass to make
complete end-to-end flights, and as a result, no power will be
generated.

Next, we investigate the effect of the electrostatic force
on the average power when the square wave amplitude and
frequency are kept constant. Fig. 8 displays the average out-
put power versus F when the amplitude is 5 m/s> and the
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FIGURE 8. Average power vs holding force for square wave with
frequency = 1 Hz and amplitude = 5 m/s2.

frequency is 1 Hz. As observed, the average power increases
linearly with F but drops to zero beyond a certain value. The
peak average power in this example is 47.44 uW. An elec-
trostatic force stronger than this value will simply prevent the
proof mass from moving, resulting in zero output power [25].
This behavior also occurs regardless of the specific values of
the amplitude and frequency of the input acceleration.

The results in Fig. 8§ also point to the existence of an opti-
mal value for the electrostatic force F for any given square
wave excitation. This observation is highlighted in Fig. 9,
where the optimal value of F for a given input acceleration
frequency and amplitude is displayed. The maximal amount
of the generated average power corresponding to these opti-
mal values is shown in Fig. 10. The existence of an optimal
value for F' and its dependency on the characteristics of the
acceleration waveform confirm that the holding force can
be a design parameter in a CFPG device [28]. By carefully
adapting F to the variations of the input acceleration, the
energy harvesting capability of the device can be greatly
improved.

C. SINUSOIDAL WAVE
Now consider an acceleration input in the following form:

36 = 6S?n(6nt) 0<t<5 3)
3Sin(4wt) 5<t<10

Fig. 11 depicts the average generated power versus differ-
ent values of the holding force. As observed, the average
generated power increases by increasing the holding force
up to 2.2 mN, then sharply drops and again increases by
increasing the electrostatic force up to 4.3 mN. The average
power sharply drops to zero after increasing the holding force
beyond 4.3 mN. At that point, the holding force becomes too
strong, preventing the proof mass from moving, and hence,
resulting in zero output power.
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Fig. 12 shows the proof mass position and generated power
when the holding force is equal to 2.2 mN. Since the holding
force is not too large, the proof mass can make a full flight
in both time intervals [0, 5) and [5, 10], where the amplitude
of the sinusoidal input is 6 m/s> and 3 m/s?, respectively.
Therefore, power is generated in both time intervals [0, 5) and
[5, 10] when F = 2.2 mN.

By increasing holding force beyond 2.2 mN, the generated
power in the time interval [0, 5) increases; however, the proof
mass cannot make a full flight during the time interval [5, 10].
The generated power and proof mass position for the constant
optimal holding force F = 4.3 mN is shown in Fig. 13.
Although the proof mass cannot move during the time interval
[5, 10], the generated power in the time interval [0, 5) is large
enough to make F = 4.3 mN the optimal constant holding
force for the entire interval [0, 10].

Figs. 12 and 13 again demonstrate how judicious adap-
tation of F to variations in input acceleration can result in
higher average harvested power. In this example, choosing
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FIGURE 12. Generated power and proof mass position for acceleration
input given in Eq. (3) when F = 2.2 mN.

F = 43 mN and F = 2.2 mN for the time intervals
[0, 5) and [5, 10], respectively, results in higher output power
compared to the case when an optimal constant electrostatic
force is used for the entire duration of the input waveform
(i.e. [0, 10].

The examples provided in this section not only provide
some valuable insight into the impact of the electrostatic
force, as well as the acceleration waveform amplitude and
frequency on the harvested power, but they also lead us to an
intuitive and simple scheme to adapt F in a CFPG device.
Since any acceleration waveform can be approximated by
a sequence of weighted and delayed step functions, in the
next section, we propose a low-complexity methodology to
adaptively change the holding force based on the input accel-
eration waveform.
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FIGURE 13. Generated power and proof mass position for acceleration
input given in Eq. (3) when holding force is optimal (i.e., F = 4.3 mN).

Ill. A LOW COMPLEXITY ADAPTIVE STRATEGY

In this section, we develop a strategy to adaptively adjust the
electrostatic force such that the generated power increases.
Consider the acceleration waveform y(¢) during the time
interval [0, T']. Divide this time interval into n equal subinter-
vals of length é, i.e., [k§, (k+1)8], k e n:= {0, 1,...,n—1}.
We assume that there is the capability to adjust the elec-
trostatic force at the beginning of each subinterval in order
to maximize the average output power of the MSD. Let Fj
denote the constant value of the electrostatic force during
the time interval [k§, (k 4+ 1)§]. As indicated in Eq. (2), the
output power during this time interval is directly proportional
to Fy. Therefore, the power maximization problem can be

formulated as follows:
1= ks
[— > / Fy x )'c(t)dt] 4)
k

argmax
Fo.FroFa 8L T 25 ks
where § and Fy, k = 0,1,...,n — 1, are design param-

eters, and x(¢) represents the velocity of the proof mass.
The inequalities Fy > 0 and § > O are the constraints
of the above-mentioned optimization problem. Aside from
an exhaustive search, identifying a methodology that can
determine the optimal values 6* and F;} in Eq. (4) is quite
challenging. In this paper, we first simplify the problem by
assuming that § is a given constant. Then, using our observa-
tions with the simple acceleration waveform discussed in the
previous section, we propose a low-complexity methodology
that can serve as an approximate solution to Eq. (4). To this
end, we first approximate the input acceleration y(¢) with the
waveform y(t) as a summation of weighted and delayed step
functions. Define y; as the input acceleration y(¢) at t = k§.
Then, we will have:
n—1

YO =) =D yilu(t — k&) —u(t — k+ O] (5)

k=0
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FIGURE 14. Acceleration waveform and its approximation.

Fig. 14 demonstrates a sample acceleration waveform and its
approximation according to Eq. (5) with § = 0.02 s.

With y(¢) expressed as a sequence of weighted step func-
tions, we can use the results obtained in Section II to estimate
the optimal value for the electrostatic force as follows:

n—1
Fopr (1)) = Fopz(ZYk[u(t — k) —u(t — (k+ 1)§)] (6)
k=0
Eq. (6) can be further simplified to:

n—1
Fopr (3(1)) ~ Z G(lyrDlu(t — k8) — u(t — (k + D] (7)
k=0
Note that the results for a single step function assumed
that the proof mass is initially resting at an end-stop. Here,
we propose to use Eq. (7) as an approximate solution to the
maximization problem expressed by Eq. (4). In other words,
if F de denotes an adaptive strategy to update the value of
F), at each time instant k6, k£ € n, then we claim that the
following equation:

Fi% = G(lye)) (8)

provides a low complexity scheme to adjust the electrostatic
force for input acceleration waveform y(¢) at each time instant
k8, k € n. Fig. 15 demonstrates the adaptive electrostatic
force based on Eq. (8) corresponding to the input waveform
shown in Fig. 14.

The flowchart in Fig. 16 describes the details of the pro-
posed strategy. In this flowchart, H* represents the solution of
Eq. (4), and 6* is the optimal value of the adaptation interval.

Remark 1: When § = T, solving the maximization prob-
lem in Eq. (4) results in the optimal constant value for the
electrostatic force, hereafter denoted by Fj,,. It is to be
noted that finding Fj,, is not realistic, as in most practical
situations, knowledge of the entire waveform is not available
or predictable beforehand. In the next section, we compare
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FIGURE 16. Flowchart of the proposed method.

the harvested power under our proposed adaptive scheme
with several constant values of the electrostatic force F€.
We have also considered Fj,, for performance evaluation
purposes, although obtaining its value is not practically fea-
sible. In general, the gain of any adaptive scheme should be
measured against a constant electrostatic force which may not

necessarily be optimal.

IV. SIMULATION RESULTS
In this section, the effectiveness of the proposed adaptive
strategy is investigated using acceleration data measured from
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several human activities.” The data is obtained by using an
X16-mini USB triaxial accelerometer.® Note that, in practice,
the micro-harvester will be integrated with a wearable or
implantable sensor. Usually, the location of the sensor on
the human body is not a design parameter, and is mainly
determined by the nature of the sensing application. With a
small dimension of 51x25x13 mm, this accelerometer can
be easily placed on different parts of the body to perform
various measurements. The measurement samples are time-
stamped and stored in a CSV file in an onboard memory
for later retrieval. Although the frequency of typical human
motion is typically less than 5 Hz, note that some actions like
heel strike and muscle vibration with a sudden movement
could produce higher frequency acceleration on the device
that is attached to the surface of the body. The accelerometer
has adjustable sampling rates from 12 Hz to 800 Hz. A sam-
pling rate of 100 Hz has been used in our measurements.

Extensive experiments using this accelerometer have been
done to generate a dataset of various acceleration waveforms
corresponding to several human activities at various intensity
levels and different placements of the accelerometer. Note
that if the final sensor position is known, the optimum orien-
tation of the micro-harvester inside the sensor should be along
the direction of the most body movement, i.e., the highest
acceleration.

Example 1: Fig. 17 shows a sample 100-second acceler-
ation waveform during light jogging with the accelerometer
located on an individual’s wrist. Given the description under
Remark 1, and assuming § = T = 100 s, we obtain the
optimal value of the constant electrostatic force to be Fp,, =
3.5 mN. As mentioned earlier, this value is obtained through
an exhaustive search and assuming that the knowledge of the
entire acceleration waveform is known to the micro-harvester.
Using Eq. (8), we can also determine the sequence of adap-
tive electrostatic force F,?dp, k =0,1,2,....,5000 when
8 =0.02s.

Figs. 18 and 19 display the instantaneous power generated
under the adaptive strategy and optimal constant holding
force, respectively. There are two observations when compar-
ing these figures. First, the number and intensity of negative
spikes are far less using the adaptive strategy. As described
earlier, these spikes are due to incomplete flights by the proof
mass, resulting in no generated power. Second (although this
may not be quite visible), there are also far fewer instances
of zero instantaneous power with the adaptive strategy. These
instances correspond to conditions when the proof mass can-
not move due to excessive holding force. The combination
of these two observations translates to higher average power
under the adaptive strategy compared to the optimal constant

2The experiments were conducted according to the research ethics regu-
lations under the approval number 30013664 at Concordia University and
ITL-2021-0273 at NIST.

3X16 mini accelerometer is a product of Gulf Coast Data Concepts,
LLC. Commercial products mentioned in this paper are merely intended
to foster research and understanding. Such identification does not imply
recommendation or endorsement by the National Institute of Standards and
Technology.
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FIGURE 17. Acceleration waveform resulting from jogging with the

accelerometer on the wrist.
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FIGURE 18. Instantaneous output power under the adaptive holding
force strategy.

holding force, even though the optimal constant force cannot
be realistically obtained in practical scenarios. The numerical
accuracy of the generated power, harvested energy, and elec-
trostatic force are 0.01 uW, 0.1 ©J, and 0.1 mN, respectively.

The performance of the adaptive strategy should also be
compared with that of the non-optimal constant holding force
to determine the more realistic gain of the strategy. For this
purpose, we also consider two other values of constant elec-
trostatic force to evaluate the energy harvesting capability
of the CFPG with our proposed adaptive scheme. Fig. 20
shows the output energy of the MSD unit with constant
holding forces F¢ =2 mN, F¢ = 4.5 mN, the optimal con-
stant force Fj;,, = 3.5 mN, and the proposed adaptive force.
As observed, the harvested energy under the adaptive scheme
is considerably higher compared to all cases with a constant
holding force. Even compared to the practically unobtainable
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FIGURE 19. Instantaneous output power under the optimal constant
electrostatic force.
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FIGURE 20. Harvested energy under the adaptive holding force strategy,
optimal constant electrostatic force, F¢ =2 mN and F¢ = 4.5 mN.

optimal constant force (Fp,,), a gain of 42% can be achieved
by using our proposed strategy for the light jogging example
waveform.

Example 2: Figs. 21 and 22 show the acceleration wave-
forms for random body movements when the accelerometer
is placed on the chest and wrist, respectively. The optimal
constant electrostatic force for these waveforms are Fj,, =
1 mN and Fg,, = 2.9 mN, respectively. Considering an
adaptation interval of § = 0.02, Figs. 23 and 24 display the
harvested energy under the adaptive holding force strategy,
the optimal constant force and constant forces F¢ = 0.5 mN,
F¢ = 1.5 mN. As observed, the harvested energy with
the acceleration data from the chest is 652.0 nJ, 263.7 ulJ,
211.8 uJ and 141.2 wJ under the adaptive strategy, optimal
constant holding force, and constant forces F¢ = 0.5 mN and
F¢ = 1.5 mN respectively. This indicates 147%, 207%, and

VOLUME 11, 2023

Acceleration (m/s 2)

12 . . . . . . . . .
0 10 20 30 40 50 60 70 80 90 100

Time (s)

FIGURE 21. Acceleration waveform corresponding to random body
movements with the accelerometer placed on the chest.
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FIGURE 22. Acceleration waveform corresponding to random body
movements with the accelerometer placed on the wrist.

362% increases in the harvested energy using the proposed
adaptive strategy compared to the harvested energy using
optimal constant force, constant forces F¢ = 0.5 mN and
F¢ = 1.5 mN, respectively. Similarly, with the acceleration
data obtained from the wrist motion, the harvested energy
under the adaptive strategy is 790.9 uJ, 24%, 212%, and 65%
more than the 635.5 uJ, 253.3 ©J, and 480.5 ©J harvested
under the optimal constant electrostatic forces F¢ = 0.5 mN
and F¢ = 1.5 mN, respectively. These results indicate a
noticeable gain in our proposed adaptive strategy for the
harvested energy from the kinetic motion of the human body.

Figs. 25 and 26 display the instantaneous power generated
under the adaptive strategy and optimal constant holding
force for the chest acceleration data. Similar to the results for
the light jogging motion, there are fewer instances of zero
instantaneous power with the adaptive strategy. In addition,
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FIGURE 23. Harvested energy under the adaptive holding force strategy,
optimal constant electrostatic force, F¢ = 0.5 mN and F¢ = 1.5 mN with
the acceleration data from the chest.
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FIGURE 24. Harvested energy under the adaptive holding force strategy,
optimal constant electrostatic force, F¢ = 0.5 mN and F¢ = 1.5 mN with
the acceleration data from the wrist.

the generated instantaneous power with the adaptive strategy
is visibly higher than when constant holding force is used.
As aresult, higher average power under the adaptive strategy
is obtained.

Remark 2: Note that the X16-mini triaxial accelerometer
measures the acceleration in all three x, y, and z directions.
These directions are relative to the accelerometer and are
not according to a universal body coordinate system. The
average generated power in different directions depends on
the placement of the accelerometer and the intensity of the
human activity. Table 1 shows the average generated power
corresponding to several human activities at various intensity
levels and different placements of the accelerometer. In this
table, Py'¢ (F(;’dp ), Py (F;dp ) and PS¢ (ngp ) represent the
average generated power in directions x, y and z, respectively.
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FIGURE 26. Instantaneous output power under the optimal constant
electrostatic force with acceleration waveform from the chest.

A. IMPACT OF THE ADAPTATION INTERVAL
As mentioned in Section III, the adaptation interval § is a
design parameter and should be chosen properly. Using the
acceleration waveform shown in Fig. 21, Fig. 27 displays
the average generated power for different values of § under
the adaptive holding force strategy. Fig. 28 demonstrates the
average generated power for different values of the constant
electrostatic forces. Comparing these results indicates that for
adaptation intervals less than § &~ 0.2 s, the average generated
power under the adaptive strategy is more than when the
optimal constant electrostatic force is used.

To further investigate the impact of the adaptation interval
6 on the average generated power and gain some insight
into the proper values for §, extensive simulations on accel-
eration waveforms obtained from different human activities
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TABLE 1. Average generated power in x, y, and z directions for different activities.

Body Part | Activity | Level [ Pe9(Fy™) (uW) | P2v9(Fy™) (uW) | P29 (F3™) (uW)
Arm sit-ups slow 0.40 0.21 5.79
Arm sit-ups | medium 0.37 0.42 8.42
Arm sit-ups | intense 0.87 0.11 11.00
Arm jogging slow 0.36 0.16 3.87
Arm jogging | medium 0.38 0.75 7.38
Arm jogging | intense 0.29 0.10 17.70
Leg sit-ups slow 1.34 0.82 4.19
Leg sit-ups | medium 0.49 247 5.83
Leg sit-ups | intense 0.33 2.72 9.95
Leg jogging slow 0.38 4.20 15.80
Leg jogging | medium 0.35 9.97 26.50
Leg jogging | intense 0.16 45.1 64.4

Chest sit-ups slow 0.43 2.05 10.20
Chest sit-ups | medium 0.45 2.50 14.00
Chest sit-ups | intense 0.40 5.84 18.20
Chest jogging slow 0.47 3.08 0.49
Chest jogging | medium 0.41 1.94 0.60
Chest jogging | intense 4.05 5.52 15.40
Wrist sit-ups slow 0.33 0.19 1.69
Wrist sit-ups | medium 1.15 0.51 2.79
Wrist sit-ups | intense 1.02 0.26 5.72
Wrist jogging slow 8.09 0.13 1.89
Wrist jogging | medium 17.10 0.12 11.30
Wrist jogging | intense 44.50 0.19 50.10

(o}

(9]

Average Power ( W)
w B

N

-

0 | | | | |
0 0.1 02 03 04 05 06 07 08 09 1

Adaptation Interval (s)

FIGURE 27. Average generated power vs adaptation interval § under
adaptive holding force strategy for random body movements of Fig. 21.

have been performed. Acceleration data were collected for
sit-ups and jogging from a volunteer who was wearing the
accelerometer on his arm, leg, chest, and wrist for several
minutes. To consider the changes in amplitude and frequency
of the acceleration waveform, data for each activity was
collected with different intensity levels, i.e., slow, moderate
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FIGURE 28. Average generated power for different constant electrostatic
forces for random body movements of Fig. 21.

and intense. We applied the adaptive strategy to the collected
data for different values of § ranging from 0.01 s to 1 s
(with the step size of 0.01 s) and compared its performance
with the optimal constant holding force. Assuming an adap-
tation interval of size §, let the piecewise constant electro-

static force under the adaptive strategy be denoted by F ;dp .
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TABLE 2. Optimal adaptation interval and optimal average generated power for different activities.

Body | Activity | Level B () | 0* () | P(FS) (uW) | P(Fg,) (uW) | PIGP | PIRP | PIg”
Part ’
Arm | sit-ups slow [0.01,0.09] | 0.01 10.46 6.69 56.3% 1589% | 547.7%
Arm | sit-ups | medium | [0.01,011] | 0.01 16.91 7.97 1123% | 2284% | 648.7%
Arm | sit-ups | intense | [0.01,0.10] | 0.01 19.68 10.09 95.1% 207.8% 177.2%
Arm | jogging slow [0.01,0.12] | 0.06 4.45 1.92 131.4% | 235.1% | 228.6%
Arm | jogging | medium | [0.02,0.11] | 0.05 9.68 4.22 129.5% 163.1% | 219.6%
Arm | jogging | intense | [0.02,0.10] | 0.05 7.59 3.16 140.2% 224.5% 170.6%
Leg sit-ups slow [0.01,0.72] | 0.35 7.07 2.95 139.8% | 273.9% | 258.7%
Leg sit-ups | medium | [0.01,0.12] | 0.04 8.06 6.30 27.9% 127.5% 93.7%
Leg sit-ups | intense | [0.01,0.04] | 0.04 9.53 7.42 28.4% 135.0% 225.5%
Leg | jogging slow [0.02,0.04] | 0.02 27.39 22.41 22.2% 59.4% 53.0%
Leg | jogging | medium | [0.03,0.04] | 0.03 48.83 42.74 14.2% 56.3% 38.7%
Leg | jogging | intense | [0.02,0.03] | 0.03 121.30 117.64 3.1% 44.6% 20.0%
Chest | sit-ups slow [0.01,0.49] | 0.01 20.73 7.70 1694% | 318.4% | 449.0%
Chest | sit-ups | medium | [0.01,0.45] | 0.01 24.27 9.15 1653% | 318.0% | 961.8%
Chest | sit-ups | intense | [0.01,0.12] | 0.01 27.28 11.41 139.1% | 296.1% | 307.2%
Chest | jogging slow [0.03,0.05] | 0.04 3.63 3.16 14.8% 65.8% 22.2%
Chest | jogging | medium | [0.10,0.10] | 0.10 0.28 0.27 3.2% 129.7% | 2753.6%
Chest | jogging | intense | [0.04,0.06] | 0.05 3.59 3.06 17.8% 45.3% 42.8%
Wrist | sit-ups slow [0.03,0.04] | 0.03 2.84 28.4% 60.0% 96.7%
Wrist | sit-ups | medium | [0.02,0.09] | 0.04 5.40 3.26 65.5% 112.5% 95.6%
Wrist | sit-ups intense | [0.02,0.11] | 0.03 4.84 2.81 72.3% 144.0% 83.9%
Wrist | jogging slow [0.01,0.12] | 0.01 5.51 291 89.5% 197.1% 464.3%
Wrist | jogging | medium | [0.01,0.07] | 0.02 25.48 17.81 43.0% 155.0% 74.7%
Wrist | jogging | intense | [0.01,0.02] | 0.01 62.70 56.34 11.3% 89.4% 597.7%

Consider the average generated power under this strategy to
be P(F gdp ). The maximum average generated power can then
be denoted by P(F “*d 7). Also, let the average generated power
under optimal constant holding force be denoted by P(Fj,,).
In addition, consider [8]* to be the interval of § in which
P(F(;ldp ) > P(F ,fpt). Define the performance improvement
of the adaptive strategy compared to the optimal constant
holding force strategy by the following equation.

d|
Ly _ PO = PG,

Fop P(FS,,)

Table 2 summarizes the results for acceleration measure-
ment scenarios mentioned earlier and different adaptation
intervals. The performance improvement for [§]* is highly
dependent on the type, intensity and location of the micro-
generator on the body. On average, a performance improve-
ment of 71.7% is observed compared to the case when the
optimal holding force is used. However, as explained in
Remark 1, finding Fy,, is not practical since knowledge
of the entire acceleration waveform is required in advance.
To gain a better sense of realistic values of the achievable
performance improvement, we need to compare the average
harvested power obtained using the adaptive strategy with
the resulting average power using a constant (non-optimal)
holding force. For example, let two constant forces F{ and F5

x 100 )
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be chosen 50% lower and 50% higher than Fj;,,, respectively.
In addition, let the performance improvement of the adaptive
strategy cgmpared to thgse constant holding forces be denoted
by PIZP®" and PILP

As observed in Table 2, a much higher performance
improvement is achieved for these realistic scenarios. The
average performance gain using our proposed adaptive strat-
egy is 160.2% and 359.6% higher than when F{ and Fj
are used as the constant holding forces, respectively. Similar
values of performance improvements can be observed as long
as the adaptation interval is chosen to be relatively small.
Although we have provided information on the impact of
adaptation frequency (or equivalently interval), it is conceiv-
able that this frequency itself can also be adapted based on
the intensity of human activity. This could avoid unnecessary
adaptation operations, lowering energy consumption by the
adaptive module and leading to an even higher gain in the har-
vested power. Detailed studies on the relation between the
average generated power and adaptation interval are under-
way and will be provided in future work.

Remark 3: Building the prototype of the micro-harvester
device requires additional expertise and overcoming specific
practical challenges. We hope the prototype development and
physical evaluation of its performance would be possible as
we continue this research. In the meantime, we are optimistic
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about the accuracy of simulations since the fundamental
physics of the CFPG operation has been carefully considered
in the mathematical model.

V. CONCLUSION AND FUTURE WORK

Limited source of power is one of the major challenges in
developing miniaturized medical wearable or implantable
sensors with more functionality. This power is typically
provided by small batteries. Integration of micro energy-
harvesters with these sensors could be a promising approach
to prolonging their battery lifetime. Considering the sig-
nificant impact of the electrostatic force on the harvested
power in a CFPG, we have proposed a simple methodol-
ogy to adapt the holding force based on the input accel-
eration waveform. Simulation results for various human
activities confirm the noticeable increase in the harvested
power that can be achieved using this strategy. Other sophis-
ticated adaptive schemes that may lead to higher output
power have also been proposed for this purpose [29]. How-
ever, the complexity of such adaptive schemes is extremely
important as this additional module in the CFPG architec-
ture would itself require power to operate. This required
power reduces the overall achievable gain in the harvested
power compared to the case with a constant electrostatic
force.

Although the computational complexity of the adaptive
holding force strategy developed in this work is relatively
low, further research to estimate its required power for a
given adaptation interval (8) is needed. In this paper, a fixed
adaptation interval has been assumed to simplify the general
optimization problem stated in Eq. (4). It is conceivable that
joint holding force-adaptation interval optimization could
result in higher gains. The authors plan to investigate these
issues in the future.
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