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ABSTRACT

Empirical acceleration measurements are collected at 4 body
locations from 20 subjects during normal daily activities.
The measured acceleration is converted to the harvestable
power assuming a velocity-damped resonant generator. Based
on the calculated harvestable power, a simple Markovian
model with two power levels and three states is developed.

Categories and Subject Descriptors
1.6 [Simulation and Modeling]: Probability and Statis-
tics

General Terms
Measurement

1. INTRODUCTION

Body sensor networks [24] are envisioned to have numerous
applications including health monitoring [3,10,17]. One of
the key challenges in the design and implementation of body
sensor networks is the energy supply of the nodes. This
is because the nodes are expected to be inexpensive and
small and, thus, have extremely limited energy storage [11].
Although a plethora of energy conserving techniques have
been developed in the broader context of wireless sensor
networks [7,9,21], the energy problem remains one of great
significance for body sensor networks.

Energy harvesting is a promising approach to address the
energy supply problem. To overcome the limitation of en-
ergy supply, sensors can harvest energy from the ambient
sources [18] such as solar [1], wind [20], vibration [23], and
thermal gradient [14]. Intrinsically the more attractive am-
bient sources are dynamic and random. Hence, although
harvesting energy from the environment is a promising solu-
tion, it also poses a serious challenge in the design of energy
usage policies and the resulting performance of the system.
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For a systematic approach to the design and analysis of en-
ergy harvesting sensor nodes, the stochastic nature of the
energy source must be represented with a stochastic model.
This can be easily seen in parallel to channel and traffic
models, widely used in the analysis and design of wireless
communication systems. For instance, without a proper en-
ergy model one needs to ignore the possibility that sensor
nodes might harvest more energy in the future and the ex-
cess energy has to be discarded when the energy storage is
full. Such an approach will clearly lead to over-designed
systems. Moreover, the performance of systems involving
energy harvesters cannot properly be studied without a sta-
tistical model that properly describes the harvested energy.

Some existing literature utilize historical measurements of
ambient energy sources to verify their designed systems and
optimize desired metrics [5] [12]. For example, [12] employs
the historical records of solar insolation data through their
designed system and measures the probability of battery be-
ing empty. This process is repeated many times until an
optimal set of design parameters is obtained. Clearly, the
design process using historical harvesting data is inefficient
and does not provide a useful understanding of the charac-
teristics of harvestable energy sources. Furthermore, it does
not lend itself to any analytical approach.

In absence of such models, the existing works have had to
resort to simply assuming a model for the harvested en-
ergy. For simplicity and tractability reasons, these assumed
models are often Markovian [4,13,19,25]. For instance, us-
ing a Markovian model, in [19] and [25] the interaction be-
tween harvesting source, load, the queueing of unprocessed
events, and energy storage is studied. The probability of
running out of energy and the average queueing delay on an
energy-harvesting sensor node are derived. The analytical
analysis is further utilized to guide a near-optimal design
of sensor nodes, in terms of the capacity of energy storage
and harvesting devices as well as the event queue capacity.
With a similar idea, [4] models energy harvesting sensors
with simpler Markov chain and studies the statistical prop-
erties of energy harvesting sensor nodes. In [13], a single-hop
data transmission between energy-harvesting sensor nodes
is modeled by a Markov decision process. The model uses
an on-off binary decision scheme to decide transmit or drop
data packets.

Despite the apparent popularity of Markovian assumption,
to the best of our knowledge, there are no Markovian models



(a) Alive Heart and Activity Monitor [2]

(b) Subjects wear four accelerometers

Figure 1: A subject wear four Alive Heart and Ac-
tivity Monitors [2] on left wrist, right wrist, left an-
kle, and waist.

available that have been developed based on empirical mea-
surements. In [22] the harvested power is measured at differ-
ent body locations, and the parameters of the harvester are
optimized. However, the dynamics of the harvested power
are not explored. In [6] the optimal number of Markovian
states is determined by minimizing the Bayesian informa-
tion criterion. However, an actual model is not provided.
In this paper, we develop a simple three-state Markovian
model for harvested power from human motion. We develop
our model based on empirical data, obtained from wearable
accelerometers at four body locations.

2. HARVESTED ENERGY

2.1 Measurements

The acceleration of human motion is measured using the
Alive Heart and Activity Monitor [2] shown in Fig. 1(a).
The empirical data is collected for 20 subjects while they
perform unscripted regular daily activities. The subject pool
consists of 10 male and 10 female subjects, with ages rang-
ing from 18 to 43, heights from 1.50 to 1.99 m, and weights
from 45 to 95 kg. As illustrated in Fig. 1(b), subjects wore
four devices on four locations on their body: left wrist, right
wrist, left ankle, and waist, continuously for 2 days. They
were instructed to wear the devices constantly, except dur-
ing sleep and activities that may harm the device, such as
taking a shower or swimming. Due to unexpected hardware
malfunctions occasionally the data was not recorded. Con-
sequently, overall 70 valid recordings were collected.

At each location the acceleration is measured in three di-
mensions. The alignment of the axes are shown in Fig. 1(b).
The device used records samples of the acceleration at a fixed
sampling rate of 75 samples per second. The samples have
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Figure 2: Model of a VDRG energy harvester.

a resolution of 8 bits and are limited to +2.7g = £2.7 x 9.81
m/s? [2].

2.2 Conversion of Acceleration to Power

To remove the high-frequency noise, the measured accelera-
tion signals are passed through a second-order Butterworth
low-pass filter with cut-off frequency 35 Hz. Moreover, the
gravity appears as a constant vector added to the measured
acceleration signal. Thus, the denoised acceleration signal
is filtered by a third-order Butterworth high-pass filter with
cut-off frequency 0.4 Hz. This is the same approach used
in [22].

Typical harvesting devices only harvest the energy along one
particular direction [24]. Hence we consider the acceleration
in each direction separately. The three orthogonal acceler-
ation signals are converted to the harvestable energy inde-
pendently. To simplify the notation, we denote the scalar
acceleration, in the direction of one particular axis, after de-
noising and removing the gravity, by a(¢) in the following
analysis.

We assume a velocity-damped resonant generator (VDRG)
harvester [16,22] to convert the acceleration to harvestable
power. As shown in Fig. 2, in a VDRG harvester a mass
is attached to a frame with a spring. The internal mass is
damped by a force proportional to its velocity. The position
of internal mass related to the external frame is denoted
by 7(t), which is related to the acceleration of the external
frame a(t) by [16]

mi(t) = —kr(t) — Dr(t) — mal(t), (1)

where m is the mass, k is the spring constant, and D is the
proportionality factor between the damping force and the
velocity of the mass. The linear relationship (1) between
a(t) and r(¢) is only valid when the internal mass moves
within the limited range of frame, i.e. |r(t)] < rr. Denoting
the Laplace transforms of a(t) and r(¢t) by A(s) and R(s),
respectively, the transfer function corresponding to (1) is

R(s) _ 1
As) - P Dsi E

which can be easily implemented to convert a(t) to r(t).

The damping force is proportional to the velocity of the
internal mass, i.e. f(t) = —Dr(t). Thus, the harvesting



power is calculated by

p(t)

= —f(t)i(t) = Di*(1).

2.3 Optimization of System Parameters
Clearly, the converted energy and, therefore, the statistical
model depend on the parameters of the VDRG harvester, m,
k and D. Thus, first we attempt to optimize these parame-
ters. In practice, one would like to choose these parameters
such that (average) harvested energy is maximized. Since
different sets of optimal parameters will maximize the aver-
age harvested energy for different subjects, here we aim to
maximize the minimum of the average power across differ-
ent subjects. That is, we choose m, k and D such that the
minimum average power, across the subjects, is maximized.

Since the collision of the mass to the internal wall of the
frame loses energy, and introduces non-linearities, the move-
ment of the mass is kept limited to |r(¢)| < rr. In other
words, the parameters m, k and D are considered to be
valid if the movement of the internal mass satisfies the con-
strain |r(¢)| < rz for all ¢ and all subjects. This is similar
to the approach used in [22].

The mass m and the size constrain rr are usually given
by the configuration of a VDRG system. We consider a
medium-sized configuration for the VDRG acceleration-to-
power generator, which can be manufactured using standard
precision engineering technology [22]. The system parame-
ters of the VDRG configuration are m = 0.5 g and rr, = 1
mm. To summarize, we optimize parameters k and D by
maximizing the smallest average harvesting power of all sub-
jects over the valid set of parameters. Or

(k*,D") = arg max min P,

subject to [rs(t)] < rp

where s is the subject index and Ps is the average power for
subject s.

3. MARKOVIAN MODEL

We divide each two day measurement into two one day seg-
ments. We fit the first day data to a Markovian model, and
verify the goodness of fit by comparing the Markovian model
with the second day data.

3.1 Optimal Quantization

The harvesting power p(t) is quantized into a two-level har-
vesting power py(t). The optimal threshold 7 is obtained by
using a non-uniform Lloyd-Max quantizer [15] which mini-
mizes the mean-square quantization error between p(t) and
po(t). After obtaining the optimal threshold, the binary har-

vesting power is
i) = {

p(t) > 71
p(t)y <7 7’

s
Pm

where
Joiys- P

Pm
fp(t)>7dt
e PO
L N 7
p(t)<t
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Figure 4: Markov chain of modeling the binary sig-
nal b(t)

3.2 Markovian Model

In order to model the harvesting power by a discrete-time
Markov chain, the two-level harvesting power py(t) is con-
verted into a binary signal b[n|, where b[n] = 0 if py(nT) =
pm and b[n] = 1 otherwise. Note that the acceleration data is
recorded with a sampling frequency 75 Hz, thus "= 1/75 s.
Fig. 3 shows an example of a section of the binary signal
b[n]. Inspection of the binary signal b[n], reveals that con-
secutive repetitions of Os (runs of 0s) can clearly be divided
into two distinct sets, one containing long runs of Os and
the other containing short runs of Os, between two adjacent
runs of 1. Therefore, we define the states 0z and Og for the
long and the short runs of 0Os, respectively, as well as the
state 1 for the runs of 1s. The three states, i.e. 0z, Os, and
1, form a Markov chain as shown in Fig. 4. The transition
probability matrix of the Markov chain is

P = s

where s < r.
Let us denote the ith run of 0Os followed by a run of 1s as
follow

1—=00—=01—-—0, —1p—=1 = =1, —0

where n;, m; > 0. The probability of such a cycle occurring
is

Pr(n;,m;|0r) = (1 —s)""s(1 —p—q)™(p+q)
Pr(ni,m;|0s) = (1 —r)""r(1—p—q)™ (p+q).
Thus,
q(1=s)"s(1=p—q)"(p+q)
+p(1—r)"r(l—p—q) ™ (p+q)
[q(1—5)"s+p(l—r)"r]
x(1=p—q)™ (p+q).

Pr(n:,m;)



Assume that the whole binary signal b[n] contains K cycles
of 0s and 1s. Thus, the likelihood that b[n] is an outcome
of this Markov chain becomes [[*, Pr(n;,m;) and the log-
likelihood of b[n] is

K
L lnHPr(m,mi)

i=1

K
Zln Pr(ni,m;)
i=1

K
Zln[q(l —s)"s+p(l—r)"r]

i—1

+Kmn(l —p—q)+ Kln(p+q)
where m = & Zfil m;, is the average run length for 1s.

We therefore design our Markovian model by maximizing
the log-likelihood of the first day data, £1

maximize L1

(2)

PR

subject to 0 <s<r<1
0<p,q
p+qg<L

The optimized transition parameters are denoted by s*, r*,
p*, ¢*, and the resulting maximum of log-likelihood is de-
noted by £7. Using this approach, we fit the first-day em-
pirical data of harvesting power to Markovian models for all
subjects.

To evaluate the performance of the fitted Markovian model,
we use the fitted parameters s*, r*, p*, ¢* to calculate the
log-likelihood L3 of the second day empirical data for all
subjects. Furthermore, the optimal log-likelihood EE is ob-
tained by implementing the optimization problem (2) for
the second day empirical data. We compare £5 and ,Cg by
calculating

_Li-r

A =
E

4. RESULTS

4.1 Harvested Energy

Using the VDRG configuration parameters m = 0.5 g and
rr, = 1 mm, we optimize the system parameters k& and D for
the four body locations (ankle, left wrist, right wrist, and
waist) and the three orthogonal directions, z-axis, y-axis,
z-axis. For each scenario, we use the adaptive simulated
annealing [8] to maximize the minimum average harvesting
power Prin of all sub jects. The resulting optimized param-
eters k* and D* and the resulting Pin are presented in
Table 1.

In general, a vibration harvesting device is only able to har-
vest the energy along one direction [24]. By comparing Pin
over the three directions for each location, it is clear that
the maximum of Py, occurs along the y-axis for all loca-
tions. Therefore, we focus on the Markovian modeling of
the harvesting power measured along the y-axis for all four
locations.
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Table 1: Optimized parameters of the VDRG har-
vester and the resulting minimum average harvested
power.

Location | Axis | k (N/m) | D (Ns/m) | Prin (uW) |
T 7.302 1.140 0.328
Ankle Y 15.90 0.360 0.627
16.63 0.193 0.167
T 5.366 2.120 0.079
Left Wrist Y 6.168 2.355 0.106
z* 16.86 0.976 0.078
T 3.121 2.204 0.097
Right Wrist Yy 13.75 0.878 0.153
7.159 2.141 0.067
T 6.546 0.659 0.074
Waist Y 7.417 0.659 0.099
14.21 0.266 0.031

“For the left wrist along the z-axis, the system parameters
k* and D* are optimized without subject 11. This is due to the
fact that, because of irregularities in this data set, its inclusion

results in the impractical value of k* = 4.848 x 1012

4.2 Markovian Model

Fig. 5 depicts the histograms of p,, and pas for each particu-
lar location. Moreover, the quantized harvesting power is fit-
ted into a Markovian model with the optimized parameters
s*, r*, p*, q*. For each particular location, the histograms of
these optimized transition probabilities are plotted in Fig. 6.
Since there are only 20 subjects we do not have the sta-
tistical significance to fit a probability distribution to these
histograms. Therefore, the optimal quantization parameters
and the optimized transition probabilities are presented by
their means and standard deviations denoted by fip,,, Lpy,
Pos*s fhr s Pop* fhg*; @0 Op,, ; Opyyy Osx, Opxy Opx, Ogr, T€SpeC-
tively. Among all measurements for the ankle, we observe
one outlier, subject 13, whose transition probabilities are
significantly beyond the range of other subjects, as marked
in Fig. 6(a). This outlier is removed from the calculation of
mean and variance for the ankle location. The mean and the
standard deviation of the quantization parameters and the
fitted parameters are calculated and shown in Table 2. The
table also provides A, which is A averaged over all subjects,
as a goodness-of-fit measure.

To use the model, we suggests that the mean values s,
e, Pp, fhgx are used as the transition probabilities of the
Markovian source, and the mean values pp,, and p,,, as the
harvesting powers associated with each state. In cases where
it is desired to capture the variation from subject to subject,
we suggest that the parameters are drawn from uniform dis-
tributions with given means and variances. Furthermore,
since p,, is considerably smaller than pas, it may be approx-
imated with zero to yield an on-off model, where power pyr
is harvested in the on state and no power is harvested in the
off state.
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Figure 6: Histograms of the optimized parameters s*, r*, p*, ¢*.

CONCLUSION

In this paper, for the first time, we have provided a Marko-
vian model for harvested power from human motion. The
model is developed based on empirical measurements of ac-
celeration at 4 body locations from 20 subjects, which is then
converted to power assuming a VDRG harvester. The sim-
ple model provided consists of a “high-power” or “on” states
and two “low-power” or “off” states (with different average
dwelling times). While this simple model may not capture
some details of the characteristics of the source dynamics, it
provides a suitable tool for simulations and analysis.
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