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System Modeling, Characterization, and Design
Considerations for Generators in Commercial
Watches With Application to Energy Harvesting
for Wearables
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Abstract—This paper presents the characterization of
the energy generators embedded in commercial watches
with a focus on the Kinetron microgenerator system. These
motion-powered watches are potential benchmarking sub-
jects for any effort to develop wearable energy harvesters,
and yet have not been systematically characterized. We
have developed a system-level model including both the
kinematics of the rotational proof mass and the dynamics of
the electromechanical transducer for the energy generator
based on a generalized rotational energy harvester model.
Our experimental characterization includes both controlled
bench-top swing arm tests as well as human subject tests.
Multiaxial inertial inputs either constructed or obtained from
real-world measurement serve as the inputs in the simu-
lation. These characterization results not only serve as a
means for model validation but also to provide insight into
the state-of-the-art of commercially available wearable en-
ergy harvesting capabilities. The experimentally validated
model allows us to perform numerical simulations to study
scaling relationships and explore pathways to improved
power output.

Index Terms—Characterization, energy harvesting, mi-
crogenerators, modeling, wearable devices, watches.

|. INTRODUCTION

NERGY harvesting for wearable applications has gained
E significant traction in recent years. It provides apromising
alternative to conventional batteries when energy independence
is preferred or even necessary. Feasible applications include
wearable health monitors and implantable sensors [1]. A mgjor
obstacle to harvesting energy in a wearable fashion is the un-
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predictable nature of the human motion, which is dominated by
nonperiodic and low-frequency excitations. A technique coined
asfrequency up-conversionisoften applied in the research com-
munities to efficiently utilize higher frequency resonant har-
vesters with a low frequency, nonperiodic environmenta in-
put [2]-{4]. Inthe commercia space, however, motion-powered
guartz watches have achi eved effective frequency up-conversion
by different means, often with the involvement of gear trains.
In many cases, reported wearable energy harvesting prototypes
utilize an eccentrically weighted rotational proof mass[3], [5]—
[7] asit can be excited in al directions with no inherent motion
limit. The harvesters often resemble the shape of a wrist-worn
watch.

Motion-powered quartz watches, sometimes also referred to
as automatic quartz, are successful demonstrations of energy
harvesting techniques for commercial wearable applications.
Examples of these include Seiko Kinetic, Citizen Eco-Drive
Duo, and Swatch Autoquartz, which use the microgenerator
system (MGS) made by Kinetron as the energy generation unit.
Although the latter two have been discontinued, the first is still
in production. These motion-powered watches are often over-
looked in the wearable energy harvesting literature largely be-
cause they are developed empirically (i.e., without the use of
predictive modeling) and in the commercial space. Yet they are
ideal candidates against which to benchmark for many research
endeavorsin wearable energy harvesting. Some existing charac-
terization work existsin the literature where the system is often
analyzed inisolation without any rotor kinematics or real-world
input [8], [9]. Seiko only provides vague descriptions for its
power capabilities in the user manual [10], whereas Kinetron
claims 600 mJ per day from the MGS [11]. A reasonable esti-
mate of power output isroughly 5 yW on a daily average basis
for these watches [12]. An 8 h measurement for the Seiko Ki-
netic reports a median power of 0.5 W among subjects [13].
Another full day measurement for the Kinetron MGS reports a
total energy generation of 1.1 J[14]. However, for benchmarking
purposes, thereisalack of knowledge in terms of power output
with respect to specific excitations. In addition, to understand
the potential and limitations of these motion-powered watches
for wearable energy harvesting better, a thorough model-based
characterization is indispensable.
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We have characterized the microgenerator embedded in
the Seiko Kinetic watch in a previous work [15] based on a
generalized rotational harvester model [16]. The Seiko Kinetic
watch employs a sophisticated gear train with a 1:100 ratio
to increase the velocity of the rotating magnetic rotor and
thus the effective electromechanical coupling, which also
ensures an appropriate voltage output for power conditioning.
However, this high gear ratio is aso reflected on the viscous
damping associated with the bearings and reduces the available
maximal energy for harvesting [16]. Given the higher damping
on the rotational mass that results from the high-ratio gear
train, alternative frequency up-conversion techniques might be
required to achieve the improved power output that we seein
the simulation with reduced mechanical damping [15]. Unlike
the Seiko Kinetic, the Kinetron MGS decouples its transducer
from the rotational mass with a spring as an intermediate
energy storage element. To our knowledge, a full model-based
characterization of the Kinetron MGS has never been published
in the literature. The characterization includes both bench-top
and human subject experiments on power generation, which
will shed light on the state-of-the-art in commercial wearable
energy harvesting capabilities. In addition, we will study
the scaling laws with respect to power output and explore
pathways to improved power output in simulation-based
studies.

[I. MODELING
A. Generalized Rotational Energy Harvester Model

The characterization of the Kinetron MGS is based on the
previously developed generalized rotational harvester model
[16]. The model predicts an upper bound on energy generation
given the six-axis motion inputs and system constraints such as
the rotational inertia and the eccentricity of the eccentric proof
mass. An electrical and amechanical rotational viscous damper,
namely, b. and b, , are applied to the rotational proof mass to
represent extracted and lost energy, respectively. This model
is an analogy to the linear velocity damped resonant generator
model [17], [18], making the assumption that the power dis-
sipated through an optimal viscous damper that represents the
electromechanical transducer is the maximum electrical power
that can be extracted from the system. This hypothesis has only
been proven for linear oscillators under periodic base excita-
tions. For rotational architectures with quasiperiodic or even
chaotic excitations such as real-world human motion, we be-
lieve a reasonable estimate of the maximum achievable power
can be derived based on this assumption nonetheless. In theory,
all eccentric-rotor based energy harvesters including both the
Seiko Kinetic and the Kinetron MGS should be limited by the
predicted upper bound on power output.

The three-dimensional model accounts for five-axis inertial
inputs (there is no Z) as the harvester can be excited with lin-
ear excitations, rotational excitations, or both. As illustrated
in Fig. 1, the model can be reduced into two dimensions as
the rotation of the eccentric mass is constrained in the XY-
plane. Applying Newton's second law to this lumped model,

Fig. 1. Generalized eccentric rotor based rotational energy harvester.
we have
m+ =F;, +mg Q)
Iwz = - (bm +be)¢z + (_L) X Fh (2)

where the torques are summed at the rotor center of mass. m, I,
and L are the mass, the moment of inertia, and the eccentricity
vector (itsamplitudeisdenoted L) of therotor, respectively. F',
and g aretheforcesfrom the housing viathe supporting shaft and
the gravitational acceleration, respectively. r and ¢, denote the
absolute linear and angular displacement of the rotor, whereas
¢, denotesitsrelative angular displacement with respect to the
housing. The governing equation of the system [5] isderived as

¢, =
— (by, +be) ¢ +mL [(X — gm) sin ¢, — (Y — gy) cosgbz}
I+ mlL?
— 0. 3)

where X, Y, and 6, arethelinear and rotational accelerationin-
puts to the system. Conveniently, the combination of the linear
accelerations and the negative gravitational accelerations are
usualy the raw accelerometer output, which can be obtained
alongside the rotational velocity from an inertial measurement
unit (IMU). The power output for this viscously damped gener-
aized harvester model is determined by

The full derivation of the model is given in the Appendix.

B. Kinetron MGS Model

Asillustrated in Fig. 2 [11], the Kinetron MGS utilizes the
oscillating weight to capture the inertial energy from human
motion. The bidirectional rotation of the oscillating weight is
converted totheunidirectional winding of aspiral springthrough
a mechanical rectifier, which consists of two ratchet wheels.
The rectifier imposes a backlash deadband of approximately
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Fig. 2. Components of the Kinetron microgenerator system (MGS).
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Fig. 3. Components of the microgenerator MG4.0.

10° when the oscillating weight switches direction and a new
rectificationisinitiated. The upper extremity of the springistied
to the end of the mechanical rectifier and the lower extremity is
fastened to agear that turnsthemicrogenerator at aratioof 1to5.
An exploded view of the microgenerator isshownin Fig. 3[19].
The generator comprises a 14-pole magnet as the generating
rotor and aclaw-pol e stator. Asthe spring restoring torque builds
up, the generating rotor is held by the detent (or cogging) torque
induced by the claw structure of the stator until the restoring
torque surpasses the maximum detent torque. Then a sudden
spring jump occursand turnsthe generating rotor at ahigh speed,
which induces changes of magnetic flux through the coil, and
thus electricity. The spring functions as an intermediate energy
storage el ement and the generator itself ishighly decoupled from
the characteristics of the environmental excitation. However,
under extreme conditions when the oscillating weight moves
sufficiently fast, the spring degenerates to a fixed connection.
The entire MGS can be viewed as an intermittently cou-
pled system between the oscillating weight structure and the
microgenerator depending on the state of the mechanical

rectifier. Hence, we can initially model two subsystems indi-
vidually. When the rectifier operates in the deadband and the
spring is disengaged, the governing equation for the oscillat-
ing weight is identical to (3) with the absence of the electrical
damper (i.e., the microgenerator in this case). It will be shown
later that a hybrid damping mechanism with a Coulomb damp-
ing torque 7T in addition to the viscous damper better represents
thefrictional energy loss associated with the jewel bearings and
the gear transmission, Eqgn. (5) shown at the bottom of this page:

On the other hand, when not operating in the deadband, the
state of the microgenerator is determined by the summation of
the torques applied including the spring restoring torque 7}, the
electromagnetic torque T...,, the viscous damping torque 7%,
and the detent torque 7y:

&= Tk + Tem +Tf + Td
= Igt

where I, isthe moment of inertia of the generating rotor (i.e.,
the 14-pole magnet) and we use « to denote its angular dis-
placement. Accordingly, the flux linkage is determined by the
maximum magnetic flux ®,,,, and the phase of the generating
rotor:

(6)

O (a) = Ppyax cos (pa). 7

In the equation mentioned above, p denotes the number of
pole pairs. The instantaneous el ectromagnetic torque T, isthe
product of the armature current i and the derivative of the flux
linkage with respect to the generator angle:

L ddy 1 ddsdoy
Tw =000 = "RTR d da ®)
where R, and R; are the resistance of the coil and the load,
respectively. Note that for characterization purposes we termi-
nate the coil with aresistive load, whereas in the original MGS
system, the voltage output isrectified and stored in alithium-ion
battery. In addition, the inductance of the coil is neglected. The
restoring torque of the spiral spring is defined by the difference
between the two extremities and the spring stiffness . In ad-
dition, the torque applied to the generator is geared down by a
ratio of n;,:

T =mn2 (B —n200) k. )

Here, we use 3 to denote the lower extremity angle, whichis
the output of the mechanical rectifier. When the rectifier over-
comes the slippage angle and engages the spring, this lower
extremity angle tracks the absolute value of the relative angular
displacement of the oscillating weight ¢. accumulatively and
with agear up ratio of 1. We assign b, asthe viscous damping
coefficient for the generating rotor, and thus obtain the damping
torque as

Ty = —byd. (10)

&z:

—bmq'ﬁz — T.sgn ((;SZ) +mL [(X — gI) sin ¢, — (Y — gy> cos gbz}

I +mIL?
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TABLE |
PARAMETERS FOR THE KINETRON MGS MODEL

Component Parameter Value
Mass m 4.0 x 1073 kg

Oscillating ~ Moment of inertia 2.6 X 1077 kg - m?

weight about center of mass [

Eccentricity L 6.6 X103 m
Moment of inertia 5.5 % 107 kg m?
about center of mass Iy,

Generating  Number of pole pairs p 7

rotor Maximum flux linkage @4 7.0x1073V:s

Maximum detent torque Tp, 1.1X 10> N'm
Coil resistance R, 3.2x10%Q
Oscillating weight 28:45

Gear train 1O spring ratio 1y
Spring to microgenerator ratio 1, 12:60

The detent torque is a well-known phenomenon that exists
in all claw-pole motors that use permanent magnets. It is the
result of a tendency of the rotor to stay in a particular posi-
tion with respect to the claw of the stator where the permeance
of the magnetic circuit is maximized. Although an undesirable
byproduct in most applications, the detent torque is indispens-
able to the functionality of the microgenerator in this case. It
alowsthe spring to accumulate energy and releaseit at a higher
frequency with proper voltage output. In general, electromag-
netic generators suffer from low voltage output when the mass
velocity is slow. It has been shown that an analytical solution
for the detent torque can be derived with the knowledge of the
detailed geometry of the stator [20], in the absence of which,
however, we can approximate its profile asasinusoidal function
with respect to the phase given that the maximum torque can be
experimentally obtained [9]:

Ty = —Tp sin(2pa).
Substitute (8)—11) into (6), we have

(11)

2

2 in?(pa . :
(bgt +W) a+nska+Tp sin (2pa) — Bk
Iy '

G=—
(12)

When the mechanical rectifier operates out of the deadband,
the spring is engaged and its restoring torque is reflected on
the oscillating weight via the associated gear train. As aresult,
the governing equation for the oscillating weight structure is
modified as, Egn. (13) shown at the bottom of this page.

Finally, the power output across aresistive load is given by

1 dop)°
R.+ R, dt '

We implement the Kinetron MGS model using (5)—(13) in
MATLAB with the parameters listed in Table | [9], [11], [19],

p:m( (14)

[21] and carry out the simulation in the time domain using anu-
merical ordinary differential equation (ODE) solver. In order to
obtain an accurate numerical solution, integrations are restarted
at theinstances of discontinuity, primarily dueto the mechanical
rectifier (thisisdone by two ODE events and a switch-case loop
to alternate between (5) and (13) as the governing equation of
the oscillating weight based on the state of rectification). The
inclusion of Coulomb damping escal ates the computational cost
at afixed loca error tolerance.

I1l. DATA COLLECTION

We divided our experimental characterization into two parts:
bench-top and human-subject characterization. On one hand,
controllable and repeatabl e bench-top tests provide convenience
for model corroboration. On the other hand, on-body tests are
essential for any wearable device because they grant insight into
the performance and its variation among the population.

A. Bench-Top Data Collection

In the literature, the bench-top characterization of wearable
energy harvester prototypes was carried out by conventional
linear shaking systems in many cases [3], [22]. Particularly
for rotational architectures, a direct rotational input to the ro-
tor itself was sometimes applied, which decouples the energy
harvester from the inertial dynamics [7], [9]. We adopted a
previously developed driven pendulum test set-up [5], [23] to
carry out the bench-top testsfor the Kinetron MGS. Driven by a
mi crostepping-enabled stepper motor, the pendulum arm shown
in Fig. 4 creates a sinusoidal trgjectory at a variety of frequen-
cies (0.8, 0.91, 1.1, and 1.25 Hz) and amplitudes (12.5°, 18°,
and 25°). We chose these val ues to resemble upper limb motion
in gait profiles ranging from casual to vigorous walking [23].
Thisartificial periodic input roughly resembles ahuman armin
locomotion with the capability to provide rotational excitation
in addition to linear accelerations.

The device under test (DUT) was attached at the end of the
50-cm long auminum arm. The Kinetron MGS was terminated
with aresistive load to extract energy from the system. Due to
the pulsed nature of the energy generation, we experimentally
determine the optimal load by measuring the energy generated
per spring jump with a sweep of the resistive load. The optimal
load was found to be larger than the coil resistance, which is
likely due to the inductive effect and the additional mechani-
cal impedance. However, there was significant inconsistency in
terms of power generation per pulse with the same load resis-
tance. This is possibly due to imbalances or asymmetry as a
result of manufacturing imperfections. (That is, the maximum
detent torque may depend on the resting position of the mag-
netic rotor.) In addition, the impedance of mechanical compo-
nents is nonlinear in nature and dependent on the inertial input
(including inertia conditions). We have identified a range of

~bn¢. — Tisgn (éz) — L

ninz

et [(% =) sino. = (V=g ) ono]

(j;z:

I +mlL?
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Photo of the pendulum arm test set-up.

load resistance from approximately 500 to 1500 2 where the
energy generation per pulse is nearly optimal. On average, the
expectation of power output from a single spring jJump is about
90 pd.

B. Human Subject Data Collection

A total of 30 human subjects including 15 males and 15
females aged between 21 and 45 participated in our data collec-
tion. Among the test subjects, 26 areright-handed. A total of six
degrees of freedom inertial datafrom both wrists and the upper
arm were recorded using a Shimmer3 IMU made by Shimmer
sensing [24] at 50 Hz. These inertial datawill serve asthe input
for model corroboration. AsshowninFig. 5, theIMU wasplaced
directly onthetop of the Kinetron MGS, whichiswrapped tothe
subject’ swrist with an el astic bandage. Dueto thisarrangement,
theinertial datacollected by the IMU are not exactly the same as
experienced by the Kinetron MGS. The power output from the
MGS across aresistive load was recorded simultaneously using
aUSB PC oscilloscope made by Pico Technology at 1 MHz to
surpass the Nyquist frequency. Test subjects wearing the IMU
and the Kinetron MGS were instructed to conduct a series of
activities involving upper limb movement including exercising
on a treadmill, writing on a whiteboard, and office routines.
Details of the tasks are explained in Table Il. The choice of
a treadmill over simply walking or jogging on the ground is
primarily due to its ability to control the velocity for consis-
tency. Although differencesexist, theoverall gait parametersand

Fig. 5.

Photo of the human subject data collection set-up.

TABLE Il
REAL-WORLD CHARACTERIZATION TASKS

Tasks Description

Slow walking
Fast walking
Jogging
Office routines

Velocity set as 2.5 mph, 2 minutes
Velocity set as 3.5 mph, 2 minutes
Velocity set as 5.5 mph, 2 minutes
Filing documents and serving coffee
(repeat with both hands), time varies
Writing the text “The quick brown fox
jumps over the lazy dog” with the
dominant hand, 1 minute

Exercising on
a treadmill

Writing on a whiteboard

kinematic patterns are similar between walking on a treadmill
and the ground [25]. However, we have observed a significant
variation in the overall motion profile from subject to subject
during the data collection process, which manifests as a large
variation in energy availability among the popul ation.

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Transducer Model Validation

First, we characterize the microgenerator embedded in the
Kinetron MGS as astandal one transducer. A no-load simulation
of the electromotive force was presented in [9] to reved its
impulsive nature. Yet no experimental validation was provided
due to a lack of direct access to the electrical output. In this
study, we used MGS samples provided by Kinetron with built-
in accessto the output from the microgenerator. Fig. 6illustrates
a comparison between simulated and measured voltage output
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. Simulated Individual Pulsed Voltage Output

Voltage (V)
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Measured Individual Pulsed Voltage Output
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Fig. 6. Simulated and measured individual pulsed voltage output from
the Kinetron MGS.

. A Sample of Extended Jump in Simulation

Voltage (V)

4 L L L L
0 0.05 0.1 0.15 0.2 0.25

Time (s)

. A Sample of Extended Jump in Measurement
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Fig. 7. Samples of extended jump from the Kinetron MGS in simulation
and measurement.

with aresistiveload of 1200 €2 from anindividual spring release,
which demonstrates good agreement in terms of both frequency
and amplitude. However, the viscous damper assumption for the
microgenerator model is not ableto recreate the nonlinear time-
varying damping pattern that exists in the later decay. A closer
match is possible with a more complex damping model but it
significantly increases the computation cost. This discrepancy
can be neglected nonetheless due to the fact that the overall
power output is dominated by theinitial oscillations.

Inaddition, themodel isableto recreate aphenomenon named
extended jump when the oscill ating mass moves sufficiently fast
that theinitial jump isoverlaid with asecond degenerated jump.
Fig. 7 shows examples of this phenomenon in both simulation
and measurement that resemble each other.

B. Bench-Top Characterization

We arbitrarily chose two resistance values (550 and 1200 2)
toward both ends of the optimal range mentioned earlier as
the load resistances for characterization. As shown in Fig. 8,

Measured Bench-top Swing Arm Power Output

100
80

60

40

20

Average Power Output [UW]

e rTFErREEERTePcyTRYTTRTORAAT A

L T I n
NI

0 - I =

12.5deg, 12.5 deg, 12.5deg, 18 deg, 18 deg, 18deg, 25deg, 25deg, 25deg,
091Hz 1.1Hz 1.25Hz 091Hz 11Hz 1.25Hz 091Hz 11Hz 1.25Hz

= Load resistance: 550 Ohms M Load resistance: 1200 Ohms

Fig. 8.
MGS.

Measured bench-top swing arm power output from the Kinetron

Bench-top Power Output: Simulation vs. Measurement
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=
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z 40 = =
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2 o =

< 18 deg, 18 deg, , 25deg,
0.8Hz 091Hz 1.1Hz 125Hz 0.8Hz 091Hz 1.1Hz 1.25Hz
= Measurement
B Simulation with viscous and Coulomb damper

Simulation with viscous damper only
Fig. 9. Simulated and measured bench-top swing arm power output

from the Kinetron MGS with a 1200 (2 resistive load.

a positive correlation exists between the power output and the
excitation intensity (i.e., both amplitude and frequency). Each
datapoint isobtained from a40-s actuation. By our observation,
0.91 Hz exhibits a borderline case in which an individual pulse
of energy isonly occasionally and inconsistently generated. We
denoted those power outputs as zero. Although the power out-
put with the two load resistances is nearly identical, it appears
that a 1200 (2 resistor extracts slightly more power. However,
thisis not a conclusive observation due to the inconsistent ini-
tial and the terminal conditions (i.e., the unknown amount of
energy stored in the spring). The discrete nature of the power
output profile increases the difficulty of eliminating the effect
of residual spring energy at weak excitations. Nevertheless, the
bench-top swing arm tests provide severa data pointswith good
enough repeatability for usto determinethe damping parameters
for the oscillating weight viatrial-and-error data fitting.

Fig. 9illustrates the parametric fitting result with two damp-
ing models for the case with a 1200 (2 resistive load. For the
purely viscously damped model, the rotational damping coef-
ficient b, is 3e —5 Nm-s, whereas in the hybrid mode, b,, is
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(10 subjects in Group 1 with 550 Q load resistance) (10 subjects in Group 2 with 1200 Q load resistance)
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Fig. 10. Measured and simulated power output from the Kinetron MGS  Fig. 12. Measured and simulated power output from the Kinetron MGS

on the wrist with a 550 (2 resistive load (group 1).

Power Output from the Upper Arm
(5 subjects in Group 1 with 550 Q load resistance)
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Fig.11. Measured and simulated power output from the Kinetron MGS

on the upper arm with a 550 (2 resistive load (group 1).

1.5e—6 Nm-sand the Coulomb torque 7. is 7.5e — 5 Nm. Evi-
dently, the inclusion of a Coulomb damper improves the match
by imposing a static torque that prevents the oscillating weight
from moving at weak excitations. Thus, the Kinetron MGS pro-
duces no power, which isin corroboration of the measured data.
The viscous damper only model creates a linear power scal-
ing with no cutoff frequency, which tends to overpredict power
output at weak excitations.

C. Human Subject Test Results

Similar to the bench-top test, we divided 30 subjects into
2 groups of 15 to equip with either a 550 or a 1200 € load
resistance. Among each group, subjects are sorted into three
equally numbered subgroups for the devices to be worn on
the left wrist, the right wrist, and the upper arm. Figs. 10-13
illustrateall the measured power output along with the simulated
resultsusing the corresponding IMU data. For thewrist datawith
ten subjects, we report the average power output, whereas for
the upper arm data with five subjects, we use the median power
output due to a more dominant effect of outliers in a smaller
sample size. The error bars depict the range of power output
among the subjects.

The different resistive loads do not result in significantly dif-
ferent power outputs. (Statistical significance testsindicate that
there is no significant difference in power output between tests

on the wrist with a 1200 €2 resistive load (group 2).

Power Output from the Upper Arm
(5 subjects in Group 2 with 1200 Q load resistance)
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Fig. 13. Measured and simulated power output from the Kinetron MGS

on the upper arm with a 1200 (2 resistive load (group 2).

performed with 550 and 1200 €2 load resistances for 3.5, 5.5
mph, office routing, or writing. P-valuesfrom t-testsrange from
0.24 t0 0.91.) Jogging at 5.5 mph results in the most consistent
power output, whereas other activities especially walking at 2.5
and 3.5 mph result in significant variation. Thisisin agreement
with the large variability in gait pattern, particularly in walking,
among subjects from our observation. Some subjects walk with
minimal upper limb motion, which generates no power at al.
Thus, the average power output could be dominated by a few
outliers even though the mgjority is zero. Thisisreflected in the
IMU data as well. Quantitatively, the amplitude of linear accel-
erations in X — and Y'-direction (raw accelerometer output) at
the dominant frequency is, in general, below 2 m/s? for walking
at both 2.5 and 3.5 mph with a significant variation (extremities
are 0.2 and 3m/s%). For jogging at 5.5 mph, the acceleration
amplitude can go beyond 10m/s>. Compared to the wrist, the
upper arm location performs equally well in treadmill activities
but generateslower power from the office routine and writing on
awhiteboard due to a relatively still motion profile, especially
inwriting. Thewrist exhibits alarger range of motion that often
goes through a significant change in its orientation with respect
to the gravitational field. But, overall both the wrist and the
upper arm are promising location candidates for inertial energy
extraction to power wearables.

The simulated power output is in good agreement with the
measured data in most cases in terms of both the average and
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Power vs. Deadband Angle
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Fig. 14. Simulated power output using sample treadmill inertial data

as a function of the mechanical rectifier deadband angle.

the variation of power output. However, the predictability dete-
riorates as the input becomes less energetic and irregular, which
resembl e the borderline cases in the bench-top swing arm tests.
Thereissomeerror induced duetothefact that thelMU isplaced
on the top of the Kinetron MGS, and therefore experiences a
slightly different excitation. The elastic bandage could also add
to this inaccuracy. In addition, the model itself lacks some ac-
curacy due to the approximated damping parameters obtained
from a manual data fitting. The nonlinearity and discontinuity
in the model accelerate the error accumulation in the numer-
ica solver as well. Nevertheless, the model appears sufficient
to predict power output on an average basis when the effect of
initial conditionsis eliminated and thus will be used for further
investigation.

V. DESIGN CONSIDERATIONS

An overall impression from the human subject test resultsis
that the Kinetron MGS performsrelatively well injogging with
approximately 500 ;W output on average, whereas in walking
it suffers from zero power output from many subjects. What
happens in those scenarios is that the device is trapped in the
rectification deadband. This is one limiting factor of the de-
sign that imposes an excitation threshold for the microgenerator
to function. Given how much mild activities occupy in a nor-
mal daily routine, this may affect the power capability of the
Kinetron MGS for a less energetic population as a wearable
energy harvester. To illustrate this, we simulate the power out-
put with hypothetical smaller deadband angles using collected
inertial data samples from the wrist. As shown in Fig. 14, there
isatrend of increasing power output for walking at both 2.5 and
3.5 mph with decreasing deadband angles. However, it appears
that the deadband angle has no apparent effect when the input
becomes asvigorousasjogging at 5.5 mph. Under this scenario,
the limiting factor becomes the viscous frictional damping due
to a higher proof mass velocity. Nevertheless, the elimination

Power vs. Scale Factor
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Fig. 15. Simulated power output using sample treadmill inertial data
as a function of scale factor.

of the mechanical rectifier is a potential improvement for the
device, which may require an alternative mechanism to engage
the spring with the oscillating weight.

TheKinetron MGSwasoriginally designed to bein the shape
of a wrist-worn watch. In other applications, with a different
form factor or body location, the geometry of the rotor can be
atered in the alowed design space to fully capture the avail-
ableinertial energy. Thisisanother optimization opportunity. In
Fig. 15, we use least square regression to illustrate the scaling
relationship between the sizing and the power capability with
the same inertial inputs used in Fig. 14. We multiply the radius
of the oscillating weight by a scale factor while maintaining
the same thickness. Note that we keep the same microgenera-
tor parameters for simplicity although there is potential room
for optimization with multiple degrees of freedom for a given
oscillating weight geometry. In general, a larger design space
creates more available power for most activities. The potential
improvement appears to be dependent on the excitation aswell.
Particularly, for walking at 2.5 and 3.5 mph, a 10% increase
in radius doubles the power output. Theoretically, more elec-
tromechanical coupling can be introduced to further increase
the power output when a larger proof mass is available, which
can be either implemented in the design of the microgenerator
itself or the power conditioning circuitry.

VI. CONCLUSION

This paper has presented the characterization of the Kinetron
MGS, one example of the generators used in motion-powered
quartz watches. We derived a system-level model that links the
power output directly to the environmental input with a math-
ematical representation of both the rotor kinematics and the
transducer dynamics. We characterized the Kinetron MGSusing
both repeatable mechanical swing arm tests and human subject
tests. The bench-top results are useful for potential benchmark-
ing and model validation. The real-world performance eval-
uation provides a state-of-art characterization for commercial
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Fig. 16. Schematic of the generalized rotational harvester model in 2D.

wearable energy harvesting capabilities. The model achieves
good predictive capability for long-term average power output,
especially for vigorous activities.

Through numerical simulations, we found potential improve-
ment with a reduced rectification deadband for less vigorous
activities. This, however, may require an alternative design to
link the proof mass rotation to the spiral spring. Furthermore,
we used the model to evaluate the scaling relationship between
the sizing and the power output to investigate the power capa-
bilitiesfor other potentia applications. In general, power scales
with the rotor radius and the scaling are dependent on the input.
In particular, the power output doubles with a 10% increase in
the rotor radius for walking at 2.5 and 3.5 mph.

APPENDIX

In this discussion, the directional subscripts for rotational
variables are dropped since the problem is constrained in the
local X;Y; plane (see Fig. 16). The absolute acceleration of the
rotor can be expressed as

T = Aot +0XL—|—éX (éXL>+20.XUrel+arel (Al)

where ar and aq are the absolute acceleration of housing,
measured from the global inertial frame, and the relative accel-
eration of the rotor with respect to the housing, respectively.
vrg iStherelative velocity of the rotor with respect to the hous-
ing. All the vectorsin (A1) can be expressed with the Cartesian
components along X, Y1, and Z; axesas

6 x L =0 ky x L (cos ¢ig + sin¢j,) (A2)
6 (é « L) =0k x (ékl x L (cos ¢ty +Sin¢j1))
(A3)

20 x vy = 20ky X L (—sin ¢ig + cos ¢j;) (A4)

Ao = (—Ld-)z cos ¢ — Lg.i; sin QS) 21

+ (—L(ﬁz sin ¢ + L cos ¢) Ji- (A9

In addition, acceleration of the housing can be expressed
along X; and Y7 axes, which corresponds to the linear accel-
eration measured by the accelerometer if it is attached to the
housing

Gref = X i1+ V3. (AB)
Substitute (A2)—(A6) into (A1)
7= (X — Lﬁ} sing — L1/12 cos q§) 11
+ (Y — Lpcosd — Ly?sin ¢) 1. (A7)

Similarly, the gravity vector can also be expressed along X
and Y; axesas

g =91+ gyj1~ (A8)

The change of gravitational accelerationisaresult of therota-
tional inputsto the system including thosein = and y directions.

The governing equation (3) can, therefore, be obtained by
substituting (A7) and (A8) into (1) and (2).
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