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Abstract

Purpose—Energy harvesting from cardiac motion is an
attractive means to avoid the use of batteries in
implantable sensors and pacemakers. A single implantable de-
vice would ideally integrate both sensing and self-powering
functionality. Methods—This work describes a novel elec-
tromagnetic system that achieves high sensitivity detection of
the heart rate while simultaneously providing adaptive
energy harvesting capability using a tunable resonance
cantilever mechanism.

Results—Our prototype design exhibits tunability of reso-
nant frequency across the range of physiologic heart rates at
a combination of lengths and angular orientations. Our
initial prototype also produces between 3.0 uW and 20.6 uW
of power at heart rates of 79-243 bpm, respectively.
Conclusions—The prototype device can harvest sufficient
energy to sustain implantable cardiac devices such as a
leadless pacemaker. The system in this paper has the
potential to eliminate batteries in certain implantable cardiac
devices and thereby improve overall patient monitoring and
treatment.

Keywords—Energy harvesting, Resonance, Cardiology, Elec-
tromagnetic induction, Implantable medical devices, Pace-
makers.

INTRODUCTION

Implantable devices that operate inside or near the
heart have direct access to an immense collection of
physiologic signals and therapy delivery methods.
Classical cardiac devices such as pacemakers and
implantable cardioverter defibrillators (ICDs) measure
fundamental diagnostic signals including electrocar-
diogram (ECQG), heart rate, respiration rate, and tho-
racic impedance. However, these devices require
additional power budget to provide their wide func-
tionality, and their continual energy expenditure for
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therapy delivery necessitates regular device explant and
replacement. Therefore, efficient energy harvesting
from the mechanical energy in cardiac motion is a
highly desirable design feature that could eliminate the
need for batteries in both sensing and therapy delivery
devices.

Both the anatomical placement and design archi-
tecture fundamentally dictate the success of a device
intended to capture energy from heart motion. Fig-
ure 1 shows an example of endocardial placement of
our device near the right ventricular apex that would
provide access to useful cardiac signals while also being
ideally placed for direct integration into a right ven-
tricular leadless pacemaker. In addition to proper
placement, an energy harvesting device should be de-
signed to match the frequency content of heart motion,
which is particularly challenging given an excess of
200% variation in heart rate. The design discussed in
this paper utilizes tunable resonance to achieve this
goal.

Several researchers have explored power generation
for biomedical devices and a summary is provided in
Romero et al.*' Most vibrational energy harvesters for
biomedical applications obtain energy from motion of
the extremities. In addition to being distant for cardiac
applications, limb motion is completely absent during
many hours of the day and during sleep. Therefore,
cardiac motion, blood flow, arterial deformation, and
arterial pressure fluctuations hold the best promise of
continuous energy harvesting over a well-defined and
predictable frequency range.

More generally, several devices have been explored
for energy harvesting at all regions of the frequency
spectrum and from a variety of energy input sources. A
useful summary is provided by Khalig er al.'' Within
this broad range of research, electromagnetic systems
(such as the device we propose) have been explored.
For example, von Biiren and Troster?” describe a de-
vice that uses a magnetic generator, yet it uses a flex-
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ural suspension and exhibits a single, fixed resonant
frequency that is higher than what would be required
for cardiac applications. Perhaps most prominent in
the literature are the numerous piezoelectric devices
that have been studied extensively as a method for
harvesting energy. Sodano et al.>* provide an overview
of many existing designs where resonance is a key
operating requirement for optimizing the power output
of a harvesting device. However, harvesting energy
across a band of frequencies, such as the frequency
range of heart rate, requires either a nonlinear mech-
anism (e.g., as in Ref. 12) or a resonant frequency that
can be adjusted to match the excitation frequency.

Far fewer energy harvesting designs exist that utilize
tunable resonance, yet some approaches have been
proposed. For example, Challa et al.> and Hoffman
et al.” utilize a magnetically imposed stiffness to tune
the resonant frequencies of a harvesting system while a
similar effect has been achieved using a compressive
axial preload on a vibrating piezoelectric bimorph.'*
For cantilever-based harvesting systems, such as the
one proposed in this paper, length adjustment has been
explored as a means to tune resonant frequency. For
example, Ref. 15 describes an automatic tuning
mechanism for rotational motion and* describes a
patented length adjustment system. Wu er al.* pro-
pose the use of mass position as an alternative
mechanical method to adjust the resonant frequency of
a cantilever-based system. Purely electrical methods
for achieving tunable resonance have also been
explored.”® Other novel methods use simple ON-OFF
tuning of discrete units within a vibrating strand.?
None of these methods, however, are particularly well
suited to cardiac applications that require miniatur-
ization, encapsulation, and excitation at the relatively
low mechanical frequencies of the heart rate.
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FIGURE 1. Example implant method and site for a dual
sensing and energy harvesting device.

Pfenniger ef al.'® provide a comprehensive summary
of the most prominent results in energy harvesting that
are specific to cardiac motion. Piezoelectric,' electro-
magnetic,’>3' and electrostatic*® approaches have all
been explored for the purpose of cardiac energy har-
vesting. Notably, the nonlinear oscillator design by
Karami and Inman'® predicts a power output of 8 uW,
while the imbalanced mass approach of Zurbuchen
et al.’' produced a power output of 17 uW. At these
levels, conventional CMOS-based pacemakers could
be readily powered. Some of the most complete in vivo
results to date show a somewhat lower maximum
power output of 1.7 uW.** A more hypothetical dis-
cussion of inertial energy harvesting from heart motion
is provided by Deterre ez al.® and other, motion-inde-
pendent, methods have also been employed for energy
harvesting to power cardiac devices.” All of the fore-
going cardiac energy harvesting devices are similar in
that they have fixed dynamic behavior: a fixed resonant
frequency, a fixed nonlinear vibration, or a fixed
mechanical assembly.

Our present work is unique within the literature
given its integration of heart rate sensing and its use of
both gravitational orientation and cantilever length
adjustment as a means to adaptively harvest energy at
the relatively low frequencies of the heart rate. Our
tuning mechanism is also geometrically suited to ca-
theter placement. With this novel functionality and
geometry, the resonant frequency of our device can be
periodically adjusted to match the heart rate, thereby
providing maximum power output across the physio-
logic range of heart rates. Our present work signifi-
cantly extends our previous work in Ref. 23 through a
new resonance tuning mechanism, additional theoret-
ical analysis, and enhanced experimentation.
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FIGURE 2. Schematic representation of the adaptive energy
harvesting system shown in its resonance tuning mode.
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MATERIALS AND METHODS

Design Architecture and Power Budget

The proposed system operates by periodically
alternating between harvesting and resonance adapta-
tion modes. Figure 2 shows a schematic representation
of the system. The resonance adaptation mode is used
to periodically measure heart rate (on the time scale of
substantial heart rate variation) in order to adaptively
tune the resonant frequency to match the heart rate
and maintain maximum energy harvesting output over
time. The process is supervised by a central control
unit that switches between the harvesting and adap-
tation mode. With sufficient energy harvesting per-
formance, additional sensors can be continuously
logging data. Therefore, the device is best described as
a dual harvesting and sensing system.

We model the flow of energy for a general tunable
resonance energy harvesting system as shown in Fig. 3.
The left portion of the figure shows the temporal logic
states denoted by the boolean variables Sy, S7, Ss, and
S; to define when the harvesting, resonance tuning,
sensing, and logic modes are activated, respectively. A
likely mode of operation relates these variables such
that when the device is collecting energy it is also
simultaneously powering on-board sensors. When the
device is tuning its resonant frequency, however, both
the sensing and harvesting functionality are turned off.
On-board logic that governs the switching states must
remain on continuously. Expressed in terms of the
boolean variables, we will assume Sy = —=S7, Sy = Sy,

States at present time

Su Storage
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Time
> T(TT)
Tuning [ o
Sr g o B
i 2
Time 3
2
Es ]
Sg Sensing |« *——o
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Time
E,
S, Logic [«
L Sy = True
—— Ty —i Time

FIGURE 3. Energy flow and timing diagram for an actively
tunable energy harvesting system.
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and S; =1 where — denotes logical negation. The
period of tuning, T, is assumed to be fixed and the
actual tuning process occurs with a duty cycle of
where 0 <7 <1.

We define the power input to the system through the
harvesting mechanism as nEy where Ej is the output
of the harvesting coil and 5 is the efficiency of the
associated harvesting circuitry. Similarly, E7, Eg, and
E; represent the sunk power for tuning, sensing, and
logic, respectively. Note that E; also includes any
quiescent power requirements of the device. With these
definitions, maintaining a viable energy balance (i.e.,
an increase in the energy stored over time) requires
that the following inequality is satisfied by the on-
board logic:

nEp(1 — 1) > tEr+ (1 —0)Es + EL. (1)

The architecture in Fig. 2 and timing in Fig. 3 show
the harvesting and resonance tuning modes as mutu-
ally exclusive. As a numerical example of power bud-
geting in this architecture, we will assume an average
harvested power of approximately nEy = 8 uW given
that this value is within the range of feasible power
values for the prototype device described in this work
(see “Experimental Setup and Results” section). If we
also assume the tuning mechanism power requirement
is E7 ~ 100 mW.° the allocated sensor power budget is
Eg = 0.25 uW, and the continuous power dissipation
budget (for logic and other quiescent supply) is £, =
0.25 uW, then to maintain a viable energy balance, the
maximum possible duty cycle for tuning (i.e., the
maximum fraction of operating time the device is
allowed to tune itself) is 7= 7.5 x 107> as obtained
from (1). If the tuning operation itself takes approxi-
mately 40 ms (assuming an actuator velocity of 5 mm/s
and a typical tuning length of 0.2 mm), then the min-
imum allowable tuning period, 77, is 8.9 min. Viewed
in the context of results in “Results” section and pre-
sently available actuator technology as in Ref. 6, a
power budget with these orders of magnitude is feasi-
ble and will allow for a device that can track sustained
physiological changes in heart rate. Moreover, strate-
gic variation of the tuning period (e.g., tuning only
during active hours) would allow for significantly more
frequent tuning.

Specific Design Concept

We explored the design concept space with three
specific physical considerations in mind:

1. Low mechanical resonant frequencies require
large mass, small stiffness, or both;
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2. Tuning resonance requires modulation of
mass, stiffness, or both; and

3. Physical motions that adjust resonant fre-
quency should themselves require minimal en-
ergy and zero holding power.

Our original work in Ref. 23 produced resonant
frequencies above the physiologic range of heart rates.
Therefore, in this work, we have modified our
approach to utilize a variable length cantilever to
satisfy these three considerations at lower resonant
frequencies. Figure 4 shows the cross sectional view of
the specific device design concept. The salient features
of the device concept include the oscillating magnet tip
mass and an electromechanical beam length adjust-
ment mechanism. The oscillating tip magnet travels
into the pickup coils whose voltage will either be used
in heart rate sensing or applied across an energy
harvesting circuit. The generated coil voltage arises
from Faraday’s law, a principle which serves as an
alternative to a rechargeable battery in some commer-
cialized devices."’

We address the first of the three considerations (low
resonant frequencies) through small stiffness behavior
arising from the elastic deformation of a thin can-
tilever. For a cantilever of length L, its stiffness is
strongly dependent upon its length (going as ﬁ), and,
with sufficient elongation, can thereby provide the low
required stiffness for a given moving magnet mass. We
address the second consideration (tunable resonance)
through the adjustable length mechanism shown in
Figs. 4 and 5 and the use of gravitational orientation.
We address the third and final design consideration
(low power tuning) through the use of a linear piezo-
electric motor (also shown in Figs. 4 and 5). Off-the-
shelf technologies exist for this purpose that univer-
sally exhibit non-backdriveability and zero holding
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FIGURE 4. Cross sectional view showing the device design
and associated components.

power.® These traits make piezoelectric linear motors
ideally suited to low-energy, accurate cantilever length
adjustments.

Design Operation

The two device configuration extremes are shown in
Figs. 5a and 5b. Figure S5a shows the maximum length
configuration. This provides the lowest effective stiff-
ness and lowest resonant frequency. Figure 5b shows
the minimum length configuration. At this extreme of
operation, the system exhibits the highest effective
stiffness and highest resonant frequency. Periodic
tuning to operate between these extremes provides the
opportunity for mechanical resonance across the entire
range of physiologic heart rates as discussed in the next
sub-section.

Heart Rate Variation Considerations

There are two primary time scales of interest in the
design of a tunable resonance device for cardiac sens-
ing and energy harvesting. The first time scale is the
time scale of the heart rate itself (1-3 Hz) over which
the device must provide high-quality (i.e., narrow
band) mechanical resonance. Although some fre-
quency content near 25 Hz exists in the heart chamber
accelerations, prior analysis showed that available
power at this frequency is nearly ten times lower than
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FIGURE 5. Device operation for (a) minimum resonant
frequency and (b) maximum resonant frequency.
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that in the frequency range of the heart rate.® The
second time scale is the slower time scale of heart rate
variation over which the device must adapt its resonant
frequency to match the current heart rate. Together
these time scales are crucial design inputs.

With regard to the slower time scales of heart rate
variation, standard methods exist for quantifying spec-
tral content in various frequency ranges.' The design
goal for this work is to allow for heart rate tracking on
the order of the ultra-low and very-low frequency ranges
of 0.0033-0.04 Hz or, equivalently, periods ranging
from 25 to 300 s. A device that could periodically tune its
resonant frequency at these time scales, without undue
energy expenditure, could provide sufficiently fast
adaptation to heart rate variation in response to activity
level, stress, and body temperature. Furthermore, the
resonance modulation frequency itself can be logged by
the device and used as a prognostic signal.’

Theoretical Model Development

One of the goals of this work is to establish a rig-
orous, analytically insightful, theoretical model for use
in device design, scaling, and refinement. This section
describes the dynamics of device operation using an
Euler—Bernoulli and Rayleigh framework that captures
the lowest natural frequency of the cantilever beam
system. The dynamic model accounts for both the
energy harvesting and heart rate sensing modes of
operation. The model also encompasses the various
possibilities for device orientation. Orientation of the
device axis with respect to gravity is an important
consideration for the device performance. The case of

Front Side

M

h(t) h(t)

FIGURE 6. Cantilever beam kinematics and geometric
definitions as viewed in the gravitationally aligned
configuration.
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gravitational alignment and gravitational orthogonal-
ity are treated as separate, bounding cases for the dy-
namic model.

Gravitationally Aligned Model

Figure 6 shows a beam of adjustable length L
(measured from the origin O) with a tip mass M whose
x-axis is parallel to the direction of gravity. The beam
has a bending moment of inertia, /(x), that is lowest
about z-axis. Given this deliberate asymmetry in the
flexural rigidity, the beam will maintain planar spatial
kinematics in the lateral displacement variable #(x, ¢)
as shown in the front view in Fig. 6.

Our model includes the bending strain energy V5,
gravitational potential energy V,, work done by the
axial inertial forces V,, and translational kinetic energy
T. The supplied displacement from the heart wall, /(¢), is
measured with respect to an inertial frame. This may be
viewed as the heart wall displacement except in cases
when the patient is undergoing true inertial accelera-
tions of comparable magnitude to those imposed by the
heart wall motion. In all but the trivial case of unper-
turbed orthogonality, the heart wall motion will supply
energy to the lateral deflection modes of the cantilever.
This energy channeling to lateral deflection is facilitated
particularly well when periodic motions of the heart wall
displacement are near the fundamental resonant fre-
quency of the same stationary cantilever in the absence
of such axial excitation. Our approach is based on this
dynamic principle.

Following an approach similar to Lee," the total
kinetic energy, T, of the beam and tip mass is given by

_l 8’7(1‘71) ? 2
T—le(iat ) +h

Lt o 0\* | o

+2/0 A(x)[( T ) +h

where A(x) is the linear mass density of the beam. For a

constant material density p, constant thickness 7, and

varying width w(x), this can be written as
Ax) = ptw(x).

In the gravitationally aligned cantilever, deflections
of the tip mass will result in a non-negligible change in
the gravitational potential energy. The vertical motion
of the mass is approximated using the effective radius

yL (y<1) shown in left portion of Fig. 6. Taking the
on(L,1)
ox

dx

tip angle with respect to vertical as 6 = , we ob-
tain the following gravitational potential energy:

Ve = MgyL(cos0 — 1) (3)

The bending strain energy expression is invariant
under gravitational orientation and is given by
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V= % /0 ’ EI(x) (W) 2dx (4)

Finally, potential energy associated with axial inertial
forces is also invariant under orientation and is given
by

Y- Mﬂ (%)%lx (5)

The electromagnetic transduction coil is assumed to
be attached in series with a constant and matched
resistance, R;, during harvesting and attached to a
high input impedance circuit when sensing. Therefore,
the dynamics of energy harvesting require inclusion of
this dissipative effect, while the dynamics of sensing do
not. This will be reflected through the use of the
Boolean variable Sy where

s —{0
=01

The electromagnetic coupling constant of the coil,
K,, arises from Faraday’s law and is most reliably
obtained experimentally. Although this constant
would be expected to change with the position of the
magnet within the coil, we will assume a mean value
across the range of magnet motion for the purpose of
model development.. The non-conservative force, F.,
acting at the tip of the cantilever will be K,i where i is
the current flowing through both the harvesting resis-
tance, R;, and the coil resistance, R.. Because the

Harvesting inactive

(6)

Harvesting activated

motion of the magnet induces a voltage of K, d” L Ul , the
overall force can then be expressed as

K2 (on(L,t)
= 7
Fu R.+ Ry, ( ot ( )

In preparation for the use of Rayleigh’s method, we
will assume a single mode oscillation prescribed by
separable spatial and time functions:
n(x,t) = ¢(x)y(r). The Lagrangian for the system is
L=T-V,—Vs—V, To account for the non-con-
servative force imposed from the energy harvesting
process, we define the Rayleigh dissipation function as

1 (K2p(L)1) -
_ _ v ( ) ¢2 (8)
2\ R+ Ry
Prior to executing Lagrange’s equation,
( ) +d—F—w =0, we recognize that practical de-

signs will require a magnet mass that is significantly
greater  than  the  cantilever mass  (i.e.,
fOL A(x)dx < < M). Therefore, we neglect the contribu-
tion of the thin cantilever to the energy storage in the

system. This assumption retains only the first term in
(2) and the second integrand in (5). The resulting
equation of motion for the gravitationally aligned
configuration shown in Fig. 6 is then

M(L) + Su (K2¢<L)>w+[ /0 1(x)(8")dx

R.+ Ry
M /
©)

where ¢', ¢”, , and  denote first and second
derivatives in position and time, respectively.

We invoke Rayleigh’s method and assume that the
mode shape ¢(x) can be well approximated by the
statically deflected shape of a tip loaded cantilever with
a maximum tip deflection §,;, (the exact value of which
is inconsequential):

_ Oup xX\2 /x\3
o) =7 (3(2) -(7) ) (10)
Substitution of (10) into (9) and further assuming

that /(x) is constant along the beam length yields the
following Mathieu-type differential equation:

. K2 . [3EI 6M\  9Mgy|
M¢+SH(RC+R;1)¢+ {?_1(5L> T4 }w_o
(11)

The dynamics of sensor operation are identical to
(11), yet with the dissipation term neglected since
Sy =0.

)dx — MgyL(¢/ <L))2} Y=0

Stability Analysis of the Gravitationally Aligned
Cantilever

The stability of the cantilever system is established
by the sign of the rightmost bracketed term of (11). In
this term, the beam tip stiffness is used to scale the
remaining terms yielding the following dimensionless
stiffness:

- DMKL?>  3MgyL?
o1 2MIET 3Mgy (12)
SEI 4EI
We now let y = LZ‘" where x, is the point along the

x-axis treated as the center of rotation for the beam tip
motion (see Fig. 6). This point is taken to reside at the
intersection of the line tangent to the point (L, r) with
the x-axis. For the assumed mode shape in (10), y = %
The second term in (12) is often small in relation to
unity whereas the third term can be of order unity. The
ratio of the second and third terms in (12) yields %ﬁ"

which will be small during the expected device usage.

BIOMEDICAL
ENGINEERING
SOCIETY



386 T.W. SEcorD AND M.C. Aubi

. . . . 2
Dropping the second term in (12) and using y =3
yields a convenient stability criterion. Namely, the
gravitationally aligned vibrational motion is

stable when k>0, or
2EI
13
L<,] . (13)

This constraint on the length reflects the length be-
yond which ddez(Vg—i- V) <0 and the vertically ori-

ented cantilever becomes an unstable equilibrium. For
small perturbations of cantilever designs that exceed
this length, the tip mass continues to fall downward by
overcoming the ability of the bending stiffness to re-
turn the tip mass to its vertical equilibrium. This will be
referred to as the cantilever droop failure mode. The
droop failure mode is more restrictive than the buck-

. . . il
ling from tip mass, which occurs when L> 7, /4%

Gravitationally Orthogonal Model

All gravitationally orthogonal orientations have the
same governing differential equation because the
gravitational potential energy derivative becomes zero
in Lagrange’s equation. Therefore, for the gravita-
tionally orthogonal model, there is no dependence
upon rotation about the beam’s longitudinal axis
provided that the axis itself is orthogonal to gravity. As
described in the stability analysis above, the accelera-
tion term in (12) is also small. Given these simplifica-
tions, the modified form of (11) for the gravitationally
orthogonal configurations is

L)¢+<3_El>l/,:0 (14)

i
i//'i‘SH(RC_i_Rh IE

Design for Cardiac Excitation

Equations (11) and (14) are the basis for useful de-
sign exploration in the space of resonant frequency as
function of beam flexural rigidity and length. Both the
scale of the system and the natural frequency must be
well matched to the heart. In the gravitationally
aligned case, the natural frequency, f,, is extracted

from (11):
1 /3EI 3g
Ina 2n V ML3 2L (13)

In the case of orthogonal orientation with respect to
gravity, the natural frequency is extracted from (14):

1 J3E (16)
2n V ML3
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fn.,a =

The natural frequency relationships in (15) and (16)
are best explored graphically under realistic design
constraints. Specifically, we consider the design sce-
nario in which flexural rigidity of the cantilever, EI,
and cantilever length, L, can be varied as the primary
design parameters following selection of a desired
magnet whose mass, M, is known. This approach most
accurately captures the discrete nature of commercially
available magnets and the continuous nature of the
fabricated cantilever dimensions.

To illustrate the design procedure and provide a
proof-of-principle prototype, we selected a readily
available neodymium magnet mass M of 0.75 g. The
corresponding design surfaces are shown in Figs. 7a
and 7b for the gravitationally aligned and gravita-
tionally orthogonal cases, respectively. The flexural
rigidity range was chosen to represent typical poly-
meric cantilevers with sub-millimeter thickness and
widths on the order of millimeters. Similarly, the
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FIGURE 7. Cantilever design space for a tip mass of M =

0.75 g. (a) Gravitationally aligned natural frequency contours.
(b) Gravitationally orthogonal natural frequency contours.
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length scale was chosen to represent lengths on the
order of tens of millimeters. These design scales
allowed for fabrication of a proof-of-principle proto-
type as described in “Results” section.

Figure 7a highlights the required length adjustment
range to achieve resonant frequencies in the physio-
logic heart rate range when the device is operating in a
gravitationally aligned state. The lighter shaded con-
tours represent high frequencies that require a shorter
cantilever length while the darker shaded contours
show the low frequencies achieved at longer cantilever
lengths. Our prototype design uses a flexural rigidity of
1.9 N-mm?, which requires the beam length to be ad-
justed between 18 and 23 mm to achieve resonant
frequencies between 200 and 60 bpm, respectively. As
the beam is elongated, the design approaches the droop
failure mode, but the final design prevents cantilever
droop from occurring in practice because the cantilever
housing will maintain the cantilever in a predomi-
nantly upright position. The cantilever can then re-
initiate oscillation following simple algorithmic length
adjustment during operation.

Figure 7b presents the gravitationally orthogonal
resonant frequency surface contours. As in Fig. 7a, the
lighter shaded contours represent higher frequencies
that require shorter cantilever length to achieve, while

the darker shaded contours show the low frequencies
achieved at longer cantilever lengths. In the initial
prototype, the required beam length now must be
varied between 26 and 60 mm in order to achieve
physiologic resonant frequencies. In this case, the
droop and buckling failure modes are no longer pre-
sent. The selected flexural rigidity and tip mass are
suitable for a design operating near 25 mm because the
gravitationally orthogonal orientation is analyzed as a
bounding case for device operation. If the device is
implanted to remain as gravitationally aligned as
possible during both upright and prone or supine
postures, then physiological natural frequencies can be
achieved with the adjustable cantilever mechanism.

Figure 7a illustrates that the resonant frequency
contours compress significantly at smaller scales lead-
ing to minimal variation in length to achieve the de-
sired frequency tuning range. This suggests that small
scale devices could be designed around the gravita-
tionally orthogonal case where sensitivity to length is
considerably lower as evidenced by the broader and
more vertical contours in Fig. 7b. Tuning resonant
frequency over the physiologic range will be possible in
the aligned case using shorter overall lengths yet will
require a length adjustment mechanism with sufficient
motion resolution and precision.

(a
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FIGURE 8. Prototype assembly and experimental apparatus for demonstrating tunable resonance energy harvesting performance
in multiple gravitational orientations. (a) Construction of a closed-loop voice coil system capable of precisely controlling input
excitation displacement. (b) Prototype construction using two coils and a manual length adjustment mechanism. (c) Prototype

attached to the mounting pedestal and fixture.
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RESULTS

Prototype Description

Our initial prototype was designed using the flexural
rigidity and length dimensions provided in the theo-
retical modeling discussion of “Design for Cardiac
Excitation” section. The prototype assembly is shown
in Figs. 8b and 8c with the inner magnet and cantilever
structure shown in Fig. 9c. The prototype allows for
continuous length adjustment between 23 and 13 mm
as controlled by a length adjustment carriage shown in
the initial concept figures (Figs. 4 and 5). To maintain
a focus on the tunable resonance concept, rather than
hardware design, the prototype length adjustment
mechanism uses a manual adjustment lead screw and a
3D printed housing. The cantilever is made from a
polyester strip (E =~ 4.2 GPa) with a constant cross
section (2.5 mm wide by 0.13 mm thick). The proto-
type is rigidly attached to a mounting plate undergoing
axial excitation at an adjustable angle with respect to
gravity. Additional details of the experimental setup
are provided in “Experimental Setup and Results”
section. To provide the spatially oscillating magnetic
field, we symmetrically secured two neodymium mag-
nets (3.2 mm diameter by 6.4 mm length) to the can-
tilever tip as shown in Fig. 9c. The combined mass of
the magnets is 0.75 g. The prototype also contains two
serially-connected coils, each having a length of 6.4
mm, a mean diameter of 7.6 mm, and 400 turns of 0.13
mm magnet wire. The resulting voltage gain of the coil
and magnet combination is approximately 300 ul s
mm~! with each coil having an individual resistance of
13.8 Q. The overall inner construction of the device
reflects the layout shown in Fig. 4.

Using the dimensions and parameters described
above, (15) predicts a gravitationally aligned resonant
frequency of 0.5 Hz (30 bpm) using the achieved
maximum length of 23 mm, while (16) predicts a
gravitationally orthogonal resonant frequency of 4.1
Hz (246 bpm) at this length. By reducing the length by
1-22 mm, the new gravitationally aligned resonant
frequency is predicted to be 1.2 Hz (69.1 bpm) and the

new gravitationally orthogonal resonant frequency is
predicted to be 4.3 Hz (257 bpm). We experimentally
explored these length conditions at various gravita-
tional orientations.

Experimental Setup and Results

We tested the energy harvesting prototype at three
different gravitational angles (0°, 45°, 90°) as shown in
Fig. 9. At each angle, the resonant frequency was
established at a cantilever length of 22 and 23 mm. In
the experimental setup shown in Fig. 8a, the prototype
was placed onto a 24 cm pedestal extension in order to
sufficiently isolate the harvesting coil and cantilever
magnet from the magnetic field of the driving voice coil
actuator. The voice coil was driven using a pulse width
modulation (PWM) amplifier in a position control
loop with a 4 mm peak-to-peak sinusoidal displace-
ment command waveform and a feedback displace-
ment signal from a Micro Epsilon ILD1420-25 laser
displacement sensor. The excitation displacement is
modest with respect to the motion of possible harvester
placement sites discussed in Zurbuchen er al.’' The
frequency of the input waveform was swept continu-
ously from 48 and 180 bpm (0.8-3 Hz) for the 0° and
45° conditions and was extended to span 48-300 bpm
(0.8-5 Hz) for the 90° case given its higher resonant
frequencies. The output of the harvesting coil was
applied across a harvesting resistance of R, = 27.6 Q
(matched to the series connection of the two coils). The
voltage of the resulting output across the harvesting
resistance was amplified and filtered in analog cir-
cuitry, and then sampled using a National Instruments
PCle-6343 data acquisition board. The measured
voltage across the harvesting resistance, V,,(f), was
then converted to instantaneous power as V(,m(t)2 /Ry

Performance data for the harvester are shown in
Fig. 10 for the three different gravitational angles.
Within each angle condition, we tested for resonant
frequency change using a 1 mm length reduction from
the maximum length of 23 mm. In all cases, we used a 4

(a (b)

00

-
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FIGURE 9. Prototype mechanism shown at the three tested angles (a) 0°, (b) 45°, and (c) 90°.
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FIGURE 10. Power output as a function of sinusoidal excitation frequency for a 1 mm cantilever length adjustment at three
different angle configurations: (a) 0°, (b) 45°, (c) 90°. All plots reflect a 4 mm peak-to-peak axial displacement input.

mm peak-to-peak sinusoid as the dynamic excitation
when making power measurements.

The lowest resonant frequencies occur when the
device is gravitationally aligned. Figure 10a shows the
data obtained when the device is oriented at 0° with
respect to gravity as shown in Fig. 9a. In this orien-
tation, the prototype device produces 3.0 uW of power
when operating at its lowest resonant frequency of 79
bpm (1.3 Hz). This resonant frequency exceeded the
theoretical resonant frequency of 30 bpm, but remains
near the lower end of the physiologic range of heart
rates. Although the prototype shows a minimum res-
onant frequency of 79 bpm, it can maintain power
output above 1 uW down to 60 bpm. The device can
also readily produce higher power at higher excitation
frequencies when the cantilever length is reduced. For
example, the | mm length reduction allowed the device

to produce 11.3 uW when operating at the new reso-
nance of 113 bpm (1.9 Hz).

Resonant frequency increases when the device is
rotated with respect to gravity. Figure 10b shows the
device performance when it is oriented at a 45° angle
with respect to gravity as shown in Fig. 9b. The max-
imum length condition produces a peak power output
of 7.0 uW when operating at its resonant frequency of
143 bpm (2.4 Hz) and 9.8 uW following a 1 mm length
reduction that shifts the resonant frequency to 155
bpm. Figure 10c shows the device performance when it
is oriented at a 90° angle with respect to gravity as
shown in Fig. 9c. The maximum length condition
produces a peak power output of 9.3 yW when oper-
ating at its resonant frequency of 249 bpm (4.2 Hz) and
20.6 uW following a | mm length reduction that pro-
duces a new resonant frequency at 243 bpm (4.1 Hz).
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DISCUSSION

Figure 11 shows the comparison between the
experimental and the theoretical resonant frequency
predictions. The upper solid line and lower dashed
lines represent the predicted resonant frequencies as a
function of length for the gravitationally orthogonal
and gravitationally aligned cases, respectively. For
these calculations, we used the physical parameters
listed in ““Prototype Description’ section. Within the
model, the dominant uncertainty arises from the flex-
ural rigidity. Therefore, the plot also shows the bands
of resonant frequency curves represented by £ 10%
variation in the EI model parameter. These bands re-
veal that the gravitationally aligned resonant fre-
quency prediction is the most sensitive to variations in
this parameter. For example, if the flexural rigidity is
reduced by 10% from its nominal value, the model
predicts a zero resonant frequency (i.e., a transition to
the droop failure mode) near 22.1 mm. Because there
was no failure mode at this length, our data suggest
that the actual prototype is operating with a nominal
or above-nominal flexural rigidity. The data points
shown in Fig. 11 represent the resonant frequencies
shown in Fig. 10, and include error bars for the esti-
mated £ 0.2 mm cantilever length measurement
uncertainty. The theoretical and experimental results,
when accounting for the attendant uncertainties, show
reasonable agreement as discussed below.

The data illustrate the same trends that are pre-
dicted theoretically. For a fixed angular orientation, a
reduced cantilever length produces an increase in res-
onant frequency. The exception in our data comes
from the gravitationally orthogonal case (Fig. 10c)
wherein the resonant power curves show significant

450 l .

overlap. In this case, the resonant frequency of the
maximum length condition slightly exceeded the mea-
sured resonant frequency of the reduced length con-
dition. This is not a severe theoretical contradiction
and is likely attributable to the small inherent reso-
nance sensitivity, the broad, flat peak of the experi-
mental power curves, and length adjustment
repeatability in the manual mechanism.

The theoretical analysis also predicts that the reso-
nant frequency for cantilever motion increases as the
device transitions from a gravitationally aligned con-
dition to a gravitationally orthogonal condition. This
trend is shown unambiguously in the progression
between 0° in Fig. 10a to the 90° case in Fig. 10c where
the resonant frequencies shift higher in each case.
Figure 11 also clearly shows this trend. Additionally,
the theoretical analysis predicts a reduction in sensi-
tivity to length adjustments when transitioning from
the gravitationally aligned (0°) orientation to the
gravitationally orthogonal (90°) orientation. This re-
duced sensitivity is manifested experimentally given the
nearly identical resonant frequencies measured in the
gravitationally orthogonal configuration and the
highest sensitivity measured in the gravitationally
aligned configuration. We conclude that there is sig-
nificant value in the theoretical model given its ability
to guide the construction of a prototype and predict
the key trends in the resonant frequency shifts arising
from both angular orientation and length adjustment.

Our experimental results also illustrate the viability
of the tunable resonance concept for powering
implantable medical devices such as a leadless pace-
maker. The device power output at conditions of res-
onance ranged between 3 and 11.3 uW inside of the

350
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FIGURE 11. Comparison of experimental and theoretical results including theoretical uncertainty bands resulting from =10%
variation in beam flexural rigidity (E/) and a constant value of M = 0.75.
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physiologic range. In conditions of gravitational
orthogonality, the peak power became 20.6 uW, al-
though the frequency of excitation must be hyper-
physiologic (243 bpm) to achieve this output in the
present prototype. The output power values signifi-
cantly exceed the requirements of a typical leadless
pacemaker. For example, a typical leadless pacemaker
would require approximately 0.9 pJ to deliver one beat
of pacing therapy.” At a heart rate of 70 bpm, pow-
ering the Micra transcatheter pacemaker system
(Medtronic) then requires an average of 1 uW. Addi-
tional data suggest that 1 W may be an overestimate
for the Micra system.'” When therapy delivery features
(e.g. pacing) are removed from such devices, the power
requirements for simple sensing functionality can also
be significantly less than the 1 yW benchmark. For
example, 8-bit analog-to-digital CMOS converters
have been constructed with power as low as 27 nW.%
Because our prototype exceeds the 1 uW threshold by
more than a factor of three in all of the tested condi-
tions, we conclude that the current prototype will
achieve the requisite power for the latest
implantable cardiac therapeutic and monitoring de-
vices.

The theoretical model and data also suggest that the
implant orientation should be selected such that the
device remains in gravitational alignment as much as
possible during periods of low activity and low heart
rate (e.g., sleep) and maintain a shallow, yet necessarily
tilted, angle with respect to gravity during periods of
greater activity (e.g., locomotion during the day) when
the heart rate is elevated. This strategy would allow the
natural variation in gravitational orientation of the
patient to coincide with a favorable shift in resonant
frequency in the device. Any additional adjustment
within the physiologic range would then be achieved
through powered cantilever length adjustment.

The collection of power data with our device di-
rectly confirms the viability of heart rate sensing using
the frequency content of the coil voltage. When the
device is used in the high impedance heart rate sensing
configuration (see Fig. 2), the signal to noise ratio is
also maximized at the given heart rate if the device is in
resonance. Sensing the heart rate in this way forms the
basis for the device adaptation and length adjustment
feedback.

The volume formed by the inner surface of the
prototype’s enclosure geometry (i.e., subtracting the
large wall thickness required for 3D printing fabrica-
tion) is approximately 3.3 cm?. In the context of right
ventricular volume, this prototype scale comprises
between 2 and 6% of the blood volume in end diastole
and end systole, respectively.'® Given the surplus of
power at our modest excitation displacements, our

prototype shows promise for further size reduction
while continuing to meet the 1 uW threshold.

With a total mass of approximately 7 g, the proto-
type mass is on the same order as the leadless pace-
maker benchmark device,'”** whose entire mass (2 g)
moves with the apex of the right ventricle during the
cardiac cycle. As described in Ref. 31, heart function
may not be adversely affected by small harvesting de-
vices given that deposits of surplus epicardial fat can
exceed the mass of our device.?® Therefore, our device
is not expected to impart undue metabolic demand on
the heart.

Our device relies upon tunable resonance as an
essential feature. By adjoining the maxima of the var-
ious power curves at different resonant frequencies, the
device performance characteristics are significantly
enhanced over the case of operating within only one of
the power curves. Operating within a single power
curve is a constraint of any fixed resonance device. In
our case, if we had selected a fixed cantilever length of
22 mm for the device, then the gravitationally aligned
device (Fig. 10a) would not be operating optimally
unless it were in the narrow neighborhood of heart
rates near 113 bpm coincident with the resonance.
Furthermore, it would not exceed the 1 uW threshold
if the heart rate fell below 89 bpm or exceeded 150 bpm
unless the displacement amplitude were increased
above our test condition. The tunability of resonant
frequency through length adjustment overcomes this
limitation, yet use of this feature must be done is such a
way as to provide a net positive power budget as dis-
cussed in “Design Architecture and Power Bud-
get” section.

CONCLUSIONS

This paper describes a device that utilizes a single
magneto-electro-mechanical mechanism intended for
both sensing heart rate and adaptively maximizing
energy harvesting output through resonant frequency
adjustment to match the heart rate. The harvested
mechanical energy can then be deployed for myriad
purposes including self-sustaining pacing therapy,
sensor operation, data logging, or periodic telemetry.
A device with the ability to tune resonance to match
the heart rate over time endows high signal to noise
ratios for heart rate sensing and enhanced energy
harvesting output regardless of physiologic state. The
design of our device also allows for robustness to
external orientation disturbances to the natural fre-
quency by compensating with a commensurate change
in length. The need for such compensation, however, is
minimized by orienting the implanted device at a
suitable angle with respect to gravity.
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Our prototype demonstrates resonant frequency
tunability across the physiologic range provided that
the orientation of the device remains within approxi-
mately 45° of the gravitational direction. Estimated
power outputs for a 4 mm peak-to-peak displacement
were as high as 11.3 pW within the physiologic range
of operation. Our conservative displacement test level
still shows sufficient power for current benchmark
medical devices such as leadless pacemakers. Although
the current prototype is larger than a typical leadless
pacemaker (e.g., 0.8 cm?® Ref. 20), epicardial placement
may also be a viable alternative even at the scale of our
current prototype (3.3 cm?®). Additional design refine-
ment and smaller scale fabrication capabilities will al-
low us to target the reduced size and catheter
deployment shown in Fig. 1.

Our future work is directed toward a fully-inte-
grated, reduced-scale prototype with the attendant
sensing and harvesting circuitry. At present, the tun-
able resonance system performance shows the poten-
tial to eliminate the need for batteries in
implantable cardiac devices and can provide continu-
ous or near-continuous diagnostic data streams to
improve overall patient monitoring and treatment
outcomes.
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