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Abstract

While synthetic biology has traditionally focused on creating biological systems often
through genetic engineering, emerging technologies, for example, implantable pacemakers
with integrated piezo-electric and tribo-electric materials are beginning to enlarge the
classical domain into what we call symbiotic synthetic biology. These devices are perma-
nently attached to a body, although non-living or genetically unaltered, and closely mimic
biological behavior by harvesting biomechanical energy and providing functions, such as
autonomous heart pacing. They form active interfaces with human tissues and operate as
hybrid systems, similar to synthetic organs. In this context, the present paper first presents
a short summary of previous in vivo studies on piezo-electric composites in relation to their
deployment as battery-less pacemakers. This is then followed by a summary of a recent
theoretical work using a damped harmonic resonance model, which is being extended
to mimic the functioning of such devices. We then extend the theoretical study further
to include new solutions and obtain a sum rule for the power output per cycle in such
systems. In closing, we present our quantitative understanding to explore the modulation
of the quantum vacuum energy (Casimir effect) by periodic body movements to power
pacemakers. Taken together, the present work provides the scientific foundation of the next
generation bio-integrated intelligent implementation.

Keywords: symbiotic; synthetic biology; battery-less pacemaker; damped simple harmonic
oscillator; piezo-electric materials; power output and dissipation; Casimir energy; periodic
body energy

1. Introduction
One of the recent innovations in the field of bioelectronic medicine is the use of

implantable devices with the capability of harvesting biomechanical energy from cardiac
motion. Such self-powered devices are expected to facilitate cardiovascular functionality in
patients with compromised hearts. While such development requires the integration of the
concepts of bio-electronic medicine principles with cardiovascular physiology, it is equally
important to develop our quantitative predictability of the functioning of such bioelectronic
devices [1–4]. From a broader systems perspective, particularly within the realms of bio-
hybrid and cybernetic biology, such devices can be seen as part of an expanding synthetic
biology landscape that we have dubbed symbiotic synthetic biological systems. Especially
when equipped with bio-sensing capabilities and real-time feedback control, they represent
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a new class of engineered systems that not only coexist with the body, but also actively
participate in physiological regulation. In this sense, while not synthetic biology in the
classical sense, they embody its forward-looking principles, blending synthetic components
with biological function in a seamless, integrated manner [5].

Cardiovascular diseases remain the primary contributor to global morbidity, with my-
ocardial infarction, a condition triggered by restricted oxygen and nutrient delivery to
cardiac tissue frequently culminating in heart attacks due to coronary artery blockages.
Synthetic biology offers an emerging avenue to address this, where engineered biolog-
ical systems can be harnessed to develop smart, tissue-integrating constructs or living
therapeutic implants that actively sense, respond, and promote regeneration within the
infarcted myocardium, offering a programmable alternative to conventional stents or static
biomaterial implants [6–10].

A major limitation of implantable bioelectronic devices lies in the finite lifespan of
their onboard batteries, which are prone to self-discharge and require periodic replacement.
Synthetic biology offers a transformative approach by enabling the design of living or
bio-hybrid systems, capable of autonomously generating energy in situ. By integrating
engineered biological circuits with energy-harvesting modules, such systems can convert
physiological processes such as cardiac rhythms, muscular movement, glucose metabolism,
or ion gradients like the endo-cochlear potential into usable electrical energy [11–14].

These bioengineered platforms exploit electromechanical transduction strategies, such
as piezoelectric and tribo-electric effects, to sustain long-term device functionality with-
out reliance on conventional power sources [15]. Synthetic biology provides a powerful
platform for reimagining energy solutions in bioelectronic systems, by designing living or
semi-living systems capable of harvesting energy from within the body. Instead of relying
on conventional electrochemical batteries, which are constrained by limited lifespans and
require periodic recharging or replacement, engineered biological systems can be pro-
grammed to convert endogenous bio-mechanical cues such as motion, strain, or metabolic
activity into electrical energy [16–18]. When integrated with next-generation wearable or
implantable devices and connected through the Internet of Things (IoT), these bio-hybrid
constructs enable a new class of self-sustaining, adaptive healthcare technologies that
operate in harmony with the body’s natural rhythms and resources [19].

With the rise of bio-integrated technologies, piezoelectric nano-generators (PENGs)
have gained significant attention for their ability to convert even minimal mechanical
inputs into electrical signals with good efficiency. Their responsiveness to subtle strains
and compatibility with miniaturized designs make them particularly suitable for next-
generation biomedical devices. When combined with synthetic biology, PENG-based
systems can be embedded within engineered tissues or cellular environments to create
autonomous, self-powered platforms [20–22]. These hybrid constructs hold immense
promise for powering implantable and wearable devices such as biosensors, pacemakers,
neural stimulators, drug delivery modules, and regenerative scaffolds offering a shift from
static electronics toward dynamic, biologically interactive systems [23–26].

In this context, our study delves into the expanding domain of symbiotic synthetic bi-
ology by investigating the potential of self-sustaining cardiac implants that operate without
traditional batteries. Specifically, we focus on the design and integration of self-powered
pacemakers that harness bio-mechanical energy, generated naturally through bodily func-
tions, such as heartbeats to produce sufficient electrical output for device operation. To pro-
vide a comprehensive foundation, we begin by reviewing a series of in vivo studies that
have demonstrated the effectiveness of piezoelectric and tribo-electric nano-generators in
enabling battery-less pacing. Building upon this, we present experimental results from our
own research group, where we developed PVDF-based composite materials incorporating
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BaTiO3 and K0.5Na0.5NbO3 ceramics, tailored to enhance electromechanical response under
physiological conditions. These materials are evaluated for their applicability in PENGs
capable of supporting cardiac functions. To complement our experimental insights, we
extend a theoretical model based on a forced, damped harmonic oscillator to quantitatively
analyze the dynamic energy output per cardiac cycle under realistic physiological forces.
Finally, we propose an exploratory concept involving the modulation of Casimir vacuum
energy through periodic body motion, highlighting a radical but theoretically grounded
approach to power future implantable devices. Collectively, these efforts aim to establish
a robust framework for the next generation of intelligent, bio-integrated implants that
exemplify the principles of symbiotic synthetic biology.

2. Results and Discussion
2.1. Electrical Response Results from Our Research Group’s Piezo-Electric Composite Materials

As stated earlier, self-powered pacemakers represent a groundbreaking development
in biomedical technology, designed to eliminate reliance on traditional batteries by utilizing
the body’s inherent mechanical movements as a source of energy. A key innovation driving
this progress is the PENG, which converts bio-mechanical motions into electrical energy
through the piezo-electric effect. When incorporated into implantable cardiac devices,
PENGs provide a reliable and long-lasting power supply, potentially minimizing the need
for repeated surgical interventions due to battery exhaustion.

Piezo-electric biomaterials produce electrical charges, when subjected to mechanical
stress. In the context of pacemakers, this stress is naturally induced by bodily activities such
as the rhythmic beating of the heart. Widely used piezo-electric materials include BaTiO3

(BT), and more environmentally friendly options like K0.5Na0.5NbO3 (KNN) and polyvinyli-
dene fluoride (PVDF)-based composites. These materials are favored for their strong
piezo-electric response, mechanical flexibility, and compatibility with biological tissues.

On behalf of the above, we have developed self-powered PENGs using PVDF and its
composites (PVDF-10 wt%BT, PVDF-10 wt%KNN) to analyze their electrical characteristics
in terms of voltage for their applicability in self-powered pacemakers, which require around
3 V for their operation [27]. The experimental results are presented below very briefly.

The BT ceramic was synthesized via a conventional solid-state reaction route. Precisely
weighed stoichiometric amounts of BaCO3 and TiO2 were ball-milled in ethanol for 6 h,
followed by drying and calcination at 1100 ◦C for 8 h. Similarly, the KNN ceramic was
prepared using Na2CO3, K2CO3, and Nb2O5 as starting materials.

These precursors were accurately proportioned, mixed, and subjected to ball milling
in ethanol for 24 h, after which the powder was calcined at 910 ◦C for 10 h.

PVDF (SOLEF 6008; Mw = 2.7 × 105, density = 1.98 g/cm3) was dissolved in dimethyl
formamide (DMF, SRL) by stirring at 80 ◦C, until a clear solution was formed. Separately,
10 wt% of BT and 10 wt% of KNN were each dispersed in DMF, stirred at 60 ◦C, and then
ultrasonicated to obtain uniform dispersions. These ceramic dispersions were gradually
added to the PVDF solution and stirred at 80 ◦C until a homogenous mixture was achieved.
The resulting solution was cast into a petri dish and dried overnight at 60 ◦C in a vacuum
oven. The dried films were then processed using hot compression molding to obtain thin
films with a thickness of approximately 100 µm. The biomaterials of PVDF, PVDF-10BT,
and PVDF-10KNN were cut into square pieces measuring (1.1 cm)2. A conductive silver
coating was applied to both surfaces of each sample, and silver foil was affixed to facilitate
charge collection. Wires were then connected to the electrodes. The entire assembly was
encapsulated using poly(dimethylsiloxane) (PDMS), prepared by mixing the elastomer
base and curing agent in a 10:1 (v/v) ratio. The encapsulated devices were then placed in a
vacuum oven and cured at 55 ◦C for 2 h.
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The voltage of the prepared devices was measured under arm bending, normal bend-
ing, and flexing motions using a digital oscilloscope [Attenuation ratio 100:1]. The max-
imum peak-to-peak voltage produced by PVDF was 34 V (arm bending), 23 V (normal
bending), and 28 V (flexing). The maximum peak-to-peak voltage produced by PVDF-10BT
was 40 V (arm bending), 26 V (normal bending), and 43 V (flexing). The maximum peak-to-
peak voltage produced by PVDF-10KNN was 58 V (arm bending), 27 V (normal bending),
and 45 V (flexing motions) [Figure 1].

 

Figure 1. Voltage pattern of piezo-electric nano-generators under (a) arm bending, (b) normal
bending, and (c) flexing motions. [Attenuation ratio: 100:1].

2.2. Previous Analytic Work on a Forced, Damped Resonant Model for Self-Energy
Harvesting Pacemakers

In this subsection, we first summarize our previous theoretical model for a pacemaker
and discuss salient results obtained therein [28].

A normal resting adult heart performs (60–100) beats per minute. This translates
into a 4-part cardiac cycle time period T = (0.6–1) s per beat and thus, a beat frequency
ν = (1/T) = (1–1.67) per second. The angular frequency, sometimes also called the
natural frequency of the heart, is defined as ωo = (2πν), which normally lies between
(6.28–10.47) radians/s. Of course, there is an external force Fext(t) acting on the heart
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(provided by blood impinging upon it). We idealized our pacemaker dynamics to follow
that of a forced harmonic oscillator in steps of increasing complexity.

The equation of motion for the displacement x(t)—from its equilibrium position—of
an externally forced (ideal) harmonic oscillator with mass M and force constant k can be
derived through the Lagrangian L(x; ẋ; t):

L(x; ẋ; t) =
1
2

Mẋ2 − 1
2

kx2 − xFext(t);

force constant k = Mω2
o ;

d
dt

(∂L
∂ẋ

)
−

(∂L
∂x

)
= 0;

Eqn. of motion : M[
d2x
dt2 − ω2

o x] = Fext(t); (1)

The above would be true in a vacuum that is devoid of a medium. Such is obviously not
the case here. For example, the viscosity of circulating blood in the system makes the
system dissipative (non-conservative). This is theoretically described by augmenting the
above Lagrangian with a Raleigh function FR(ẋ), that is quadratic in the velocity (ẋ): (See,
for example, references [29,30]).

Eqn. of motion of a forced damped harmonic oscillator :
d
dt

(∂L
∂ẋ

)
−

(∂L
∂x

)
= − ∂

dẋ
FR(ẋ);

Let : FR(ẋ) = MΓẋ2;

M[
d2

dt2 + 2Γ
d
dt

+ ω2
o ]x(t) = Fext(t); (2)

In reference [28], we considered the dynamics described by the above linear differential
equation for the explicit case of the external force being limited to a sum of sinusoidal force
terms with various frequencies Fi(t).

Dx ≡ M[
d2

dt2 + 2Γ
d
dt

+ ω2
o ]x(t) = Fext(t) =

n

∑
i=1

Fi(t);

x(t) =
n

∑
i=1

xi(t);Dxi(t) = Fi(t); for all i; (3)

Here xi(t) is the displacement from the equilibrium position and Fi(t) is the corresponding
external force acting on the ith coordinate; M is the effective mass of the pacemaker; Γ
is the effective resistance -in inverse time units- physically produced by blood impacting
the system.

Since the differential equation is linear in xi(t), we can solve it in the complex form
(and then take the real part). Now, as a function of time t, consider the canonical time
dependence Fi(t) = Fie−iωit. So that, for complex xi(t), the equation reads as,

M[
d2

dt2 + 2Γ
d
dt

+ ω2
o ]xi(t) = Fie−iωit; (4)

and we seek steady state solutions for xi(t) that have the same time dependence as does
the force term, apart from it being phase-shifted by ϕi
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Let : xi(t) ≡ Aie−i(ωit+ϕi); (with Ai real)

Ai[(−ω2
i + ω2

o)− 2iΓωi]e−iϕi =
Fi
M

;

Ai = (
Fi
M

)
eiϕi

[(ω2
o − ω2

i )− 2iΓωi]
;

Ai = (
Fi
M

)
eiϕi [(ω2

o − ω2
i ) + 2iΓωi]

[(ω2
o − ω2

i )
2 + (2Γωi)2]

; (5)

Since Ai is by hypothesis real, we have

Ai = (
Fi
M

)
[(ω2

o − ω2
i )cosϕi − 2Γωisinϕi]

D2
i

;

D2
i = [(ω2

o − ω2
i )

2 + (2Γωi)
2];

tanϕi =
2Γωi

(ω2
i − ω2

o)
(6)

So that

Ai = −(
Fi

MDi
);

ℜe xi(t) = −(
Fi

MDi
)cos(ωit + ϕi) (7)

The mean or average displacement ∆x (over 1-cycle) is defined as

(∆x) =
√
< x2

i (t) >1cycle =
|Ai|√

2
, (8)

is independent of the phase ϕi. Otherwise said, the mean displacement does not depend
upon the boundary condition, i.e., the choice of x(0).

In [28], the behavior of the mean displacement as a function of the ratio (Γ/ωo) can
be found. Also, studied is the change in the mean displacement and the energetics of the
system as the mass parameter M is varied.

2.3. Power Dissipation per Cycle

Now, let us summarize the energy and power considerations and a sum rule for the
mean power per cycle over all frequencies.

In steady motion, for displacements of the system obeying Equation (7), the energy of
the system is conserved. The energy is continually being absorbed by the system from the
source of the external force and then is dissipated by the system: vedi page 79, Section 26
of [29].

Consider one degree of freedom and write the energy function E(x, ẋ) and relate
its energy loss per unit time to the Raleigh dissipation function FR(ẋ). For our choice
FR = MΓẋ2, the damped harmonic oscillator equation of motion is as given in Equation (3).
The power dissipated dE/dt is calculated through the generalized force equations:

d
dt
(

∂L
∂ẋ

) =
∂L
∂x

− ∂FR
∂ẋ

;

dE
dt

= ẋ
[ d

dt
(

∂L
∂ẋ

)− ∂L
∂x

]
= −ẋ

∂FR
∂ẋ

= −2MΓẋ2;

Thus :
dE
dt

= −2FR; (9)
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Thus, the power loss is twice the Raleigh dissipative function (which is why FR > 0). In par-
ticular, using Equation (7), we have for the power dissipated at the external frequency (ωi)

dEi
dt

= −(
2F2

i
M

)× (
Γω2

i cos2(ωit + ϕi)

D2
i

); (10)

The mean power absorbed per cycle at the frequency ωi

I(ωo, ωi, Γ) =< −dEi
dt

>1cycle= (
F2

i
M

)× (
Γω2

i
D2

i
). (11)

To exhibit the Lorentzian power distribution near the resonance, as usual, we expand
ωi = ωo + ϵ:

I(ωo, ϵ, Γ) ≈ (
F2

M
)
[ Γω2

o
ϵ2(4ω2

o) + 4Γ2ω2
o

]
;

I(ωo, ϵ, Γ) = (
F2

4M
)
[ Γ

ϵ2 + Γ2

]
; (12)

The maximum of this mean power is at ϵ = 0 and is proportional to (1/Γ):

Imax(ωo; Γ) = I(ωo, ϵ = o, Γ) = (
F2

4MΓ
); (i);( I(ωo, ϵ, Γ)

Imax(ωo; Γ)

)
=

Γ2

ϵ2 + Γ2 ; (ii) (13)

The full width of this bell-shaped curve (as a function of ϵ) is (2Γ); that is the ratio
Equation (13)(ii) is half its maximum value (=1) as ϵ = −Γ to ϵ = Γ [vedi Figure 31 in [29]].

As the maximum of the mean power (per cycle) at a given external frequency (ωi) is
inversely proportional to (Γ), whereas its width is proportional to (Γ), the integral of the
mean power over external frequencies is independent of (Γ). Explicitly,

J(ωo; Γ) =
∫ ∞

o
(dωi)I(ωo, ωi, Γ);

J(ωo; Γ) = (
F2

4M
)
∫ ∞

−ωo
(dϵ)

( Γ
ϵ2 + Γ2

)
; (14)

If we extend the lower limit to −∞,

J(ωo; Γ) ≈ (
F2

4M
)
∫ ∞

−∞
(dϵ)

( Γ
ϵ2 + Γ2

)
= π(

F2

4M
), (15)

The solution of Equation (15) is independent of (ωo) as well as (Γ). This is a sum rule on all
external frequencies, which in its Fourier transform space (that is, time), basically probes
the system at t → 0. This implies that the system has not had enough time for either the
natural frequency ωo or the dissipative frequency Γ to play any role. The only parameters
that enter the sum rule are the force F at t = 0 and the inertial mass (M) [30].

Now we can estimate analytically the fractional contribution to the total dissipated
power per cycle as given in Equation (14) for various ratios of ωo versus Γ. Fortunately,
J(ωo; Γ) is only a function of the scaled dimensionless variable y = ωo/Γ (of course, after all
the various approximations along the way), and we have, see Figure 2
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J(y) = (
F2

4M
)
∫ ∞

−y
(dz)(

1
z2 + 1

);

J(y) = (
F2

4M
)[

π

2
+ tan−1(y)]; (i);

Hence, for Γ << ωo : J(y → ∞) = π(
F2

4M
); (ii);

And, for Γ = ωo : J(y = 1) = (
F2

4M
)[

π

2
+ tan−1(1)];

J(y = 1) = (
3π

4
)(

F2

4M
); (iii); (16)

Thus, we were able to show that the power integrated (over all external frequencies) per
cycle for Γ = ωo is not infinitesimal but quite substantial. This result is in sharp contrast to
the conclusions derived from a naive perusal of the variations of the mean displacement.
In it, there is no hint of a bell-shaped curve for ωo = Γ:

∆x(Γ = ωo; ωi) =
|Fi|√

2M(ω2
o + ω2

i )
, (17)

and we see that the mean displacement is a monotonically decreasing function of ωi and ωo.
In fact, the true behavior of mean dissipated power is quite different as it depends

upon the Raleigh function, thus, upon the squares of velocities as discussed above.
Our result may appear non-intuitive for a very good reason. If one sets Γ ≡ 0 at the

outset, namely a resonance with no friction at all, one has the unphysical result that the
mean displacement is infinite for ωi → ωo. Also, the phase lag ϕ jumps discontinuously
from π to zero. Hence, for physically sensible results near resonance, one needs the Raleigh
term with Γ > 0. This makes the power finite and the phase continuous, but then the limit
Γ → 0 must be taken with care. It is formally coded in a Dirac delta function. Explicitly, we
have the standard result.

lim
Γ→0

Γ
ϵ2 + Γ2 = πδ(ϵ). (18)

Insufficient care in handling this peculiarity can lead to errors.
As we shall see in a later subsection, a particular ratio yQRS = (ωo/Γ) = 2.08 is of

interest in a model by Bahramali et al. [31] that focuses on self-regulation (of the contraction
part) of the heart based on an analysis of the QRS sequence in ECG. We find the integrated
power for this case, using Equation (16), to be

J(yQRS = 2.08) = 0.85 Jmax (19)

2.4. Further Studies of Power Outputs per Cycle and Extension of the Previous Theoretical Model

In the previous Section 2.3, we limited our analysis of the power output per cycle
(as well as our derivation a sum rule for the integrated power over all frequencies) to be
constrained by the “Lorentzian” approximation, see Equation (12) et sec, that is rigorously
valid for small Γ << ωo. However, as we need to employ Γ ≥ (1/3 ÷ 1/2)ωo, to approxi-
mately take into account the viscosity of blood, we need to generalize these previous results
to be valid in the larger interval of Γ. Let us rewrite the exact Equation (11), calling ωi → ω

and Fi → F, for notational simplicity:

I(ωo; ω; Γ) =
F2Γω2

M[(ω2
o − ω2)2 + (2Γω)2]

; (20)
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and the maximum power (per cycle) given by

Imax(ωo; Γ) = I(ω = ωo; Γ) = (
F2

4M
)(

1
Γ
); (21)

that is (i) independent of ωo, and (ii) inversely proportional to Γ, just as in the Lorentzian
approximation. Thus, we have

R(ωo; ω; Γ) ≡ I(ωo; ω; Γ)
Imax(ωo; Γ)

=
Γ2

[(ω2
o − ω2

2ω )2 + Γ2]
(22)

R in Equation (22) being dimensionless, depends on two variables only (rather than three),
which we shall choose to be r = ω/ωo and ζ = Γ/ωo, so that

R(r; ζ) =
ζ2

[( 1−r2

2r )2 + ζ2]
; R(r = 1; ζ) = 1; (23)

We next compute the full width at half maximum, i.e., the values (r±) at which
R(r±; ζ) = 1/2. Using Equation (23), it is readily established that that

r∓ =
√

1 + ζ2 ∓ 1;

so that : ω± ≡ r± ωo =
√
(ω2

o + Γ2)± Γ;

Hence : full width at half maximum = ω+ − ω− = 2Γ; (24)

exactly as was found earlier in the Lorentzian approximation in Section 2.3. Thus, the power
per cycle R normalized to its maximum value 1 indeed goes down to half its value for
(∆ω) = 2Γ. It is interesting to observe that while both (ω±) have order Γ2 corrections, their
difference (∆ω) retains its pristine Lorentzian value (2Γ).

2.5. EM Oscillators in the Body

With electrical signals propagating in the body through narrow orifices, it is not a bad
approximation to model them as LRC circuits written (in SI units) as

[L
d2

dt2 + R
d
dt

+
1
C
]Q(t) = Vext(t), (25)

where Q is the charge and Vext is the external applied voltage; L, R, C are constant induc-
tance, resistance and capacitance, respectively. I(t) = Q̇(t) is the instantaneous current in
the circuit. If we divide Equation (25) by L and compare it to Equation (1) divided by M,
we have the following correspondence:

[
d2

dt2 + (R/L)
d
dt

+ (
1

LC
)]Q(t) = [Vext(t)/L]; (i);

{ d2

dt2 + 2Γ
d
dt

+ ω2
o}x(t) = [Fext(t)/M]; (ii); (26)

so that we have the dictionary

(i) x → Q; (ii) (V/L) → (F/M);

(iii) 2Γ → (R/L); (iv) ω2
o → (

1
LC

). (27)

through which we can freely transcribe all the results derived earlier in Section 2.3. For ex-
ample, we can calculate the mean charge displaced per cycle (< ∆Q >), defined as usual as
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the rms charge displacement. For an initial sinusoidal external voltage Vext(t) = Vo cos(ωt),
with mean voltage (V), it is given by (vedi, Equations (8) and (27):

< ∆Q >=
V

L[(ω2
o − ω2)2 + (Rω/L)2]1/2 ;

Otherwise said : < ∆Q >=
V

ω|Z(ω)| ;

where the modulus of the impedance :

|Z(ω)| =
√
[R2 + (1/(Cω)− (Lω))2]; (28)

Similarly, the mean current per cycle I can be shown to be given by

I =
V

|Z(ω)| ; (29)

and the mean power per cycle P to be

P =
V2R

|Z(ω)|2 . (30)

For completeness, we also quote the integrated power over all frequencies

J(R; L : C) ≡
∫ ∞

o
(dω)P = π(

V2

4L
); (31)

reinforcing the interpretation that the inductance L plays a role in (stable oscillating) EM
circuits quite similar to that of mass M for a (stable oscillating) mechanical system. When
L → 0, there are no dynamical EM waves; there are simply (charging or discharging) static
electrical systems. Idem for a mechanical system in the formal limit as the mass M → 0.

Of course, on a practical basis, there is a huge fundamental difference between a
dynamical EM system and a mechanical system. It is much easier to vary EM parameters,
the effective (R, L, C), by designing appropriate circuits and even miniaturizing them; much
harder to do with mechanical circuits. Nature uses both in a variety of ways. For example,
the heart itself can be considered an (excellent) periodic material oscillator, whereas the
progenitors of the heart’s activity are fine electrical pulses of much smaller time periods.
Also, there are mixed forms arising from naturally occurring (or man-made) piezo-electric
and visco-electric materials. Some of these are of direct concern in this paper.

Figure 2. Plot of F(y) vs. y where F(y) = (J(y)/Jmax). See, Equation (14) (et sec).
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2.6. Self-Regulationof the Heart

Before embarking upon the logistics of battery-less devices for the heart, let us briefly
note what is known about nature’s way of self-regulating the heart that can reach an
accuracy of about one part in a billion (not missing a beat in a lifetime). Luckily, an artificial
pacemaker’s job is not the well-nigh impossible task of reproducing the entire gamut of
natural self-regulation of the heart. Rather, it is limited to modulating some misbehaving
heartbeats (hopefully requiring corrections only sporadically).

The quality of self-regulation of the heart is externally monitored through electronic
recordings provided by various devices (ECG, EKG) through appropriately placed surface
electrodes on the body of a subject. A study of the pattern of deviations from standard P, Q,
R, S, T . . . signals informs a clinician about the nature and the extent of lacuna in electrical
free flow. Time span of these signals ranges roughly between (0.05 ÷ 0.1 s), which is much
shorter than a heartbeat (0.6 ÷ 1 s). Translated into the frequency domain, the observed
electrical signals are at much higher frequencies than the beat frequency. To study the finer
details of the electrical signals, a certain splicing of the QRS signal, which covers the time
period while the heart is contracting, was made in reference [31]. They argued that their
chosen segment (QRRSR) can be considered to be a solitary wave and thereafter showed
that its characteristics could be matched to those of an underdamped harmonic oscillator.
As it is closely related to the subject matter at hand, let us consider its harmonic oscillator
aspect in some detail.

In our notation, the mean response (over a cycle), for example for the mean displace-
ment (∆x) of a damped harmonic oscillator with a resistance term Γ and a natural frequency
ωo, when probed at an external frequency ω, is described through Equations (6) and (7)
to be

∆x(ωo; Γ; ω) =
F/M√

2[(ω2
o − ω2)2 + (2Γω)2]

(32)

For a constant time-independent force F (that is, formally the response at zero exter-
nal frequency ω = 0), ∆x(ω = 0) = F/(

√
2Mω2

o), so that we have the following
input-output relation:

∆x(ωo; Γ; ω) ≡ T (ωo; Γ; ω)∆x(ωo; ω = 0); (i);

T (ωo; Γ; ω) =
ω2

o√
[(ω2

o − ω2)2 + (2Γω)2]
; (ii); (33)

In Feedback Control theory parlance, T is the transfer function [32], pertinent to our case
of a driven, damped harmonic oscillator. Notice that it is normalized so that when the
external force is a constant (or, very nearly a constant in the time period of observation)
so that the limit ω → 0 can be applied, the transfer function identically becomes unity,
independent of the natural frequency ωo as well as the frictional frequency Γ.

Our transfer function T (r; ζ) only depends on two variables [r = (ω/ωo) and
ζ = (Γ/ωo)] and is independent of the overall scale, ωo. For a fixed non-zero zeta (ζ > 0),
T has a maximum at r = r̄ =

√
(1 − 2ζ2). [There is no inconsistency that the power

function I(r; ζ) in Equations (20) and (21) has a maximum at r = 1, whereas the transfer
function T (r; ζ) in Equation (33) has a maximum at a different place r = r̄ =

√
(1 − 2ζ2),

because they are quite different functions].
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Let : r = (ω/ωo) & ζ = (Γ/ωo); (i) :

T (r; ζ) =
1√

[(1 − r2)2 + (2ζr)2]
; (ii);

Tmax =
1

2ζ
√
(1 − ζ2)

; when r = r̄ =
√
(1 − 2ζ2); (iii); (34)

For our problem, the Bode diagram (in decibels) is similarly defined [31,32]:

B(r; ζ) = −20 log10

(√
[(1 − r2)2 + (2ζr)2]

)
; (i);

B(r = 0; ζ) = 0; (ii); (35)

As stated earlier, an extremely intriguing connection has been discovered in refer-
ence [31] between an empirical transfer function TQRS(r; ζ) and an empirical Bode diagram
BQRS(r; ζ), both constructed by them after a cleverly spliced (QRRSR) segment and com-
paring it to that of a driven, damped harmonic oscillator as given in Equations (34) and (35).
Matching the empirical data with the theoretical, see their Figures 8 and 9 in reference [31]
they obtained the following values for the oscillator parameters:

ζ = 0.48; fr = 7.34 Hz; fo = 10.7 Hz;(i);

ωr = 46.12 radians/s; ωo = 60.23 radians/s;(ii);

Γ = 0.48 × 60.23 rad/s. = 28.91 rad/s;(iii); (36)

The lifetime of such an underdamped oscillator is traditionally considered to be given by
the inverse of the full width at half maximum of the resonance peak. If we accept this
interpretation, then we might conclude that for our considered subsystem:

Approximate life time =
1

2Γ
≈ 0.017 s; (37)

2.7. More on Damped Oscillators with Transients and Various Harmonic Inputs

With an eye towards exploiting the periodic pressure pulses as the engine for running
our battery-less pacemaker, let us complete our treatment of the damped harmonic oscillator
in three respects. As we need to follow the system from the inception of the cycle to its end,
we need to include the homogeneous (or, as commonly called transient solutions) as well as
obtain explicit solutions that include a large number of harmonics to realistically portray the
somewhat complicated spectrum of pressure pulses, along with imposing proper boundary
conditions. If we consider a uniform cylindrical cavity of radius r through which our fluid
flows, then the pressure p(t) can be related to the overall force F(t)

F(t) = (πr2)p(t) (38)

and we shall model p(t) in terms of a large (but finite number of harmonic) components,
with the boundary condition that p(t = 0) = po

p(t) = po +
N

∑
j=1

(ajcos(ωjt) + bjsin(ωjt));

N

∑
j=1

aj = 0. (39)
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In ref. [33], N = 12 is used; but by contrast, we shall not be employing magnets whose
lever arm displacements will endow the needed power to a pacemaker. Thus, our equation
of motion reads

[
d2

dt2 + 2Γ
d
dt

+ ω2
o ]x(t) = K(t);

K(t) = (
πr2

M
)p(t); (40)

The general solution for the spatial displacement x(t) satisfying Equation (40) reads

x(t) = xtrans(t) + xext(t);

xtrans(t) = e−Γt[x1cos(ωRt) + x2sin(ωRt)];

The resonant frequency : ωR =
√
(ω2

o − Γ2). (41)

Expanding the inhomogeneous displacement xext(t) in terms of the harmonics ωj, the
solution reads

xext(t) = (
πr2 po

Mω2
o
) +

N

∑
j=1

[sext,je
−iωjt + s∗ext,je

+iωjt];

sext,j = |sext,j|eiχj ; |sext,j| =
|cj|
Dj

;

χj = δj + ϕj; tanϕj =
2Γωj

(ω2
o − ω2

j )
;

cj = |cj|eiδj ; |cj| =
(πr2)

M

√
(a2

j + b2
j ); tanδj = (

bj

aj
);

Dj =
√
[(ω2

o − ω2
j )

2 + (2Γωj)2]; (42)

The boundary conditions that both the initial displacement and the initial velocity are zero:
x(0) = 0 and x

′
(0) = 0 fix the coefficients x1,2:

x1 = −xext(0); x2 = −(
x
′
ext(0)
ωR

). (43)

2.8. Can a Pacemaker Be Powered by Modulating the Casimir Vacuum Energy via Motions of
the Heart?

In this section, we would like to direct the attention of our readers that with the
advent of synthetic nanopores [of radii (1-5) nanometers] and a radius 0.5 nm for carbon
nanotubes, a novel perspective is opening in biology: we can exploit the energy of the
quantum vacuum (the Casimir effect) by modulating it through the motion of the heart (or
movement of any other organ in principle).

Similar ideas had been explored in earlier papers [34,35], and were employed to
explain that despite red blood cells carrying negative charges, under certain conditions they
stick together to form cylindrical stacks, or rouleaux [36]. This is a practical example of what
would later be called stiction in microelectromechanical systems (MEMS). In reference [37],
an anharmonic Casimir oscillator (ACO) device was proposed for a MEMS system. Their
idea for a MEMS device was to attach a spring to one side of a movable plate and find
bistability of the plate through the competing dynamics of elastic energy versus the Casimir
energy provided by a fixed nearby plate placed on the other side.

However, it is the advance from micro to nano manufacturing that the true potential
of the quantum vacuum in biology emerges. We show below that the magnitude of
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energy/area, as well as the power that may be generated, is in the range of what is needed
to run self-harvesting devices such as a pacemaker, and apparently, it can be modulated
and thus harnessed.

The (attractive) Casimir energy (UCasimir, of the quantum vacuum) between the
two parallel (ideal) capacitor plates each of cross-sectional area (Σ) and a distance (d)
apart, filled with a dielectric (ϵ) fluid in between reads [34,35]

UCasimir = −(
π2

720
√

ϵ
)(

h̄c
d3 )Σ;

The Casimir energy/area : uCas = −(
π2

720
√

ϵ
)(

h̄c
d3 );

= −
√
(

2
ϵ
)× (

nm
d

)3 × (
31.02 µJoules

cm2 );

(1 nm = 1 nanometer); (44)

It is worthy of note that while the Casimir energy (per unit area) arises from the quantum
electro-dynamics (QED) vacuum, it is independent of the charge. We could have used
dimensional analysis to obtain it to be proportional to (h̄c/d3). What is surprising is that
(i) it is finite that (ii) we can compute its sign and it is attractive (for this geometry), and that
(iii) we can compute its exact magnitude: Casimir’s tour de force.

Of course, for a fixed distance (d) between the capacitor plates, the Casimir energy is
static and does not do anything; a movement (∆d) is necessary to make a resulting change in
energy (∆U) that can be made measurable (and hopefully, if substantial, even useful).

(∆u)Cas =

√
(

2
ϵ
)× (

nm
d

)3 × (
∆d
d
)× (

93.06 µJoules
cm2 ); (45)

If the positional change (∆d) has been triggered by the movement of the heart with a
natural frequency (ω), we can infer that the resulting Casimir power density (PCas) would
be given by

PCas =

√
(

2
ϵ
)× (

nm
d

)3 × (ω)× (
93.06 µJoules

cm2 );

≈ 930 µWatts/cm2; for ϵ = 2; d = 1 nm; ω = 10/s; (46)

more than two orders of magnitude larger than the power/area of a typical pacemaker.
Of course, the (1/d)4 dependence makes the Casimir power very sensitive to d. For exam-
ple, for d = 5 nm, its value reduces to about (15 µWatts/cm2), only twice the power density
of a standard pacemaker.

We can also compute the Casimir pressure (defined as ∂u/∂d) for our capacitor

The Casimir Pressure : PCas(d) = (
π2

240
√

ϵ
)× (

h̄c
d4 );

PCas(d) =

√
(

2
ϵ
)× (

1 nm
d

)4 × (9.2 × 108) Pascals; (47)

that is quite large, about 1 GigaPascal, for a 1 nm plate separation. On the other hand, given
its (1/d4) decrease, by the time d = 20 nm, it is down to about half the level of the diastolic
arterial pressure pulse (80 mmHg):
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PCas(d) =

√
(

2
ϵ
)× (

20 nm
d

)4 × (0.575 × 104)Pascals;

PCas(d) =

√
(

2
ϵ
)× (

20 nm
d

)4 × (43.12 nmHg); (48)

So far, we have only considered charge-neutral nanopores. On the other hand, in practice,
nanopores typically have a surface charge of the order of 10 milliCoulombs/m2. This is not
an accident, as we shall see in the following. Endowing our nanopore with a surface charge
density (n2), our earlier Casimir energy density Equation (44) becomes supplemented by
the repulsive Coulomb energy density given by

UCoulomb =
[ (Ze)2

ϵ(Σ/4πd)

]
;

(Ze)2 = (n2Σ)2e2 = (n2Σ)2(h̄cα);

the fine structure constant : α ≡ (
e2

h̄c
) ∼ (

1
137

);

Thus repulsive Coulomb : urC = +
4π(h̄cα) (n2

2d)
ϵ

; (49)

Hence, the total energy density for the repulsive case reads:

uT
rep(n2; d; ϵ) = uCas + urC;

uT
rep(n2; d; ϵ) = (

4πh̄cα

ϵd3 )
[
(n2d2)2 − (

π
√

ϵ

2880α
)
]
; (50)

and the system will be bound (uT
rep < 0) only for small d given by

(
d

nm
) < (

π
√

ϵ

2880α
)1/4 × (

1
n2 nm2 )

1/2 (51)

To obtain a feeling for the order of magnitudes, let us consider (i) our nanopore filled with
water, ϵ = 80, and (ii) an expected charge density < n2 > = 10 mC/m2. Normalizing to
these values, we find

d < (3.98 nm)× (
ϵ

80
)1/8 × (

10 milliCoulomb/m2

n2
)1/2; (52)

Given the very weak dependence on (ϵ) [typically ϵpore ≈ 2; On the other hand, common
synthetic pores made of silicon dioxide have (ϵpore ≈ 4) or silicon nitride (ϵpore ≈ 7.5).
See, ref. [38] and decreasing as 1/

√
n2, it is reasonable to infer that most such structures

with a transverse size d ≤ (1 ÷ 5) nm would stay bound, due to the quantum vacuum energy
fluctuations. Finally, we may write Equation (50) as

uT
rep = uCas

[
1 −

√
(

80
ϵ
)×

( n2

10mC/m2

)2
×

( d
3.98 nm

)4]
; (53)

Having established the needed order of magnitudes (proof of concept ) for energies and
power required to propel self-sustaining devices, we shall postpone to future work the
design of a prototype based on the Casimir energy modulations discussed here.

As Equations (50) and (53) show, the smaller the transverse size (d) becomes [for
fixed charge density (n2) and the permeability (ϵ)], the more bound the system since
the (attractive) Casimir contribution increases. However, transcending applications of
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Casimir energy devices for self-harvesting purposes, there is a general notion of stability
of (charged) nanopores and other similar devices, brought about by the vacuum energy
(and pressure) that needs to be investigated. As the vacuum pressure, on dimensional
grounds, goes as [(1/d)4], for sufficiently small (d and ϵ), it may become large enough to
jeopardize the stability of the system (Instability in preparations of lipid membranes is well
documented [39]).

From the point of view of what is being proposed here, evidence from (i) negatively
charged blood cells forming rouleaux; (ii) common occurrence of stiction in MEMS devices
and (iii) instability in preparations of lipid membranes are all precursors of even larger
(vacuum) Casimir effects on systems as the physical dimensions of the devices become
even smaller.

3. Materials and Methods
In Vivo Animal Studies of Battery-Less Pacemakers

Self-powered pacemakers represent an advanced class of implantable devices that
generate their own energy by converting natural bodily movements, like heartbeats, breath-
ing, or blood circulation into electricity. They use piezo-electric or tribo-electric nano-
generators to achieve this energy conversion, allowing them to operate without exter-
nal power sources [40–47]. This approach reduces the need for battery replacements,
lowers surgical risks, and ensures reliable, long-term cardiac support [28,48,49]. In the
following, we summarize various attempts towards self-harvesting pacemakers that we
found promising.

For example, Li et al. [50] developed a piezo-electric energy-harvesting system, based
on (72%) Pb(Mg1/3 Nb2/3)O3 and (28%) PbTiO3 (PMN-PT), capable of directly powering a
full-function cardiac pacemaker using heartbeat energy. The device achieved high outputs
up to about 20 V and 8 µA in series mode and about 12 V and 15 µA in parallel mode,
exceeding previous reports. It successfully drove a commercial pacemaker, and it offers
adjustable output, making it suitable for various implantable devices. In another study,
a multi-beam cardiac energy harvester was designed using PDMS (Polydimethylsiloxane)
filled microporous P(VDF-TrFE) (poly(vinylidene fluoride-trifluoroethylene)) composite
films, enhanced with 30% ZnO and 0.1% MWCNTs (Multi-walled carbon nanotubes),
achieving 46 times higher voltage output than the pure polymer. Incorporating PDMS
further boosted output by 105%. A compact cylindrical device was developed to mount on
pacemaker leads, capturing energy from their motion by Xu et al. [51]. Single-crystalline
(1 − x)Pb(Mg1/3Nb2/3)O3 and (x)Pb(Zr,Ti)O3 (PMN-PZT) harvested energy from porcine
heartbeats, producing an open-circuit voltage of 17.8 V and a short-circuit current 1.74 µA.
Its excellent biocompatibility supports its potential use in biomedical devices and wireless
healthcare systems, Kim et al. [52]. In another study, a flexible, implantable energy harvester
using highly piezo-electric single-crystal Pb(In1/2Nb1/2)O3 and Pb(Mg1/3Nb2/3)O3-PbTiO3

(PIN-PMN-PT) has been developed. The device generated a high in vivo current of 20 µA
(3.08 µA/mm3) from porcine heart motion, enabled by the material’s strong piezo-electric
properties, a Ni-assisted exfoliation process, and a metal-insulator-metal (MIM) struc-
ture. It also functioned as a self-powered cardiac sensor, detecting heart rate changes
due to drug administration. Biocompatibility tests confirmed no cytotoxic effects, high-
lighting its promise as a reliable power source for implantable biomedical electronics [53].
Ouyang et al. [54] developed a fully implanted symbiotic pacemaker powered by an im-
plantable tribo-electric nano-generator, based on polytetrafluroethylene (PTFE), capable
of both energy-harvesting and storage. The system effectively corrected sinus arrhythmia
in a large-animal model. The nano-generator produced an open-circuit voltage of 65.2 V
and harvested 0.495 µJ of energy per heartbeat, exceeding the endocardial pacing thresh-
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old of 0.377 µJ, demonstrating its potential for self-sustained cardiac pacing. A flexible
piezo-electric nano-generator using PVDF nanofibers embedded with ZnO and reduced
graphene oxide (rGO) implanted near the left ventricle, harvested 0.487 µ per heartbeat,
exceeding the energy required for cardiac pacing, highlighting its potential for self-powered
pacemakers [55]. Hwang et al. [27] developed a high-performance flexible energy harvester
using single-crystal Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) thin films, transferred onto a
polyethylene terephthalate (PET) substrate through a mechanical Ni exfoliation process.
The device converted biomechanical motion into electrical energy, producing up to 0.223 µA
and 8.2 V. Finite element analysis (FEA) confirmed energy generation from stress-induced
bending. When implanted in a rat heart, the flexible PMN-PT harvester enabled real-
time functional electrical stimulation, showing promise as a sustainable power source for
recharging batteries and powering artificial cardiac pacemakers. Zhang et al. [56] developed
a self-powered pacemaker using an all-in-one piezo-electric nano-generator (A-PENG) that
harvests cardiac biomechanical energy to enable effective pacing of the myocardium and
conduction system. The A-PENG features strong stretchability, waterproofing, and biocom-
patibility, with enhanced electrical output achieved by optimizing piezo-electric particle
distribution. In a canine model, it successfully stimulated the right atrium, left ventricle,
and His bundle, highlighting its potential as a multifunctional, self-powered cardiac ther-
apy device. Xie et al. [57] designed and tested a self-powered cardiac pacemaker based on
PMN-PT that harnesses piezo-electric vibration energy from the heart’s natural motion.
The system uses an implanted piezo-electric energy collector to convert kinetic energy into
electricity, which then drives the pacemaker to deliver epicardial stimulation. In vivo tests
on rats showed a peak output current of 54 nA and a voltage of 3.2 mV immediately after
implantation, with stable operation over 12 weeks. Although output gradually decreased
over time, it remained sufficient for pacing.

Energy-harvesting through arterial wall deformation using appropriately inserted
magnets that cause magneto-hydrodynamic (MHD) effects during pressure variations
in contraction and expansion phases has been exploited by the Bern/Zurich group [33].
The cyclic expansion and contraction of the arteries is used to move a highly electrically
conductive fluid in a compartment outside an artery. MHD energy is harvested both in
the systole and the diastole part of the pressure cycle, and their setup is reminiscent of a
hydraulic piston as the fluid moves back and forth in the channels, an alternate current
and voltage is set up. One of the theoretical tools used to model their results is a damped
harmonic oscillator that is the motivation of our paper. The power output per cycle obtained
through this model reaches 65 µWatts.

A rather different approach has been followed by Haeberlin et al., who claim to
have invented and successfully operated the first battery-less solar-powered cardiac
pacemaker [58]. To overcome the low power output afflicting other attempts at battery-less
pacemaker designs, the Bern group used a 4.6 cm2 energy-gathering solar module. The
energy was stored in a 100 µ F capacitor. The group used the good skin penetrance of
infrared light to harness a significant fraction of incident light by a subcutaneous solar
module even indoors. They also developed an energy buffer to be used during darkness.

In their acute animal study, the pacemaker prototype was installed at a depth of
2.4 mm in the right lateral neck of a 60 kg female domestic pig (under anesthesia). Dur-
ing irradiation (mimicking full direct sunlight) of the module-covering skin layer, they
measured an output power of 6747 µW/cm2, to be compared with a typical pacemaker
power of about 8 µW/cm2. For further studies with different shades of sunlight and other
technical details, see [58].
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We have already described electrical response results obtained by our experi-
mental group from piezo-electric composites constructed for self-harvesting devices
(called PENG).

4. Conclusions
After a brief survey of some previous attempts at self-harvesting devices, primarily

to gather information about the level of energy density reached in each proposal, we
presented a description of our own piezo-electric composite materials for future PENG
devices. Then, we devoted the main body of the paper to refining theoretical results for the
mean values of displacement, velocity, and power per cycle for a generic damped harmonic
oscillator used for modeling the mechanical system. As mentioned in the Introduction, it is
important to develop a quantitative predictability of the functioning of any proposed self
harvesting device.

Similarly, the electrical activity (in thin arteries, for example) can be considered in a
lumped circuit (R, L, C) model through which we can not only describe electric pulses but
also superpositions of periodic electrical motions quite satisfactorily. The model allows
one to include magnetic field effects as well as thus justifying the nomenclature of an
electro-magnetic (EM) theory. Moreover, the dynamics of the lumped RLC circuit model
can be mapped into the dynamics of the mechanical damped harmonic oscillator model,
both possessing similar resonant behaviors. In particular, the complex EM impedance (Z)
has an exact analogue in the mechanical impedance function denoted by D in Section 2.2 et
sec. and through which mechanical and electrical powers are computed. This allowed us
to exhibit a sum rule (by integrating over the external frequency) for the mechanical and
the electrical power and therefore deduce a direct correspondence between the mechanical
mass parameter (M) and the EM inductance parameter (L).

We also briefly touched upon the issue of the natural self-regulation of the heart
in Section 2.6, as manifested by the electrical ECG signals, for example. We find that a
previously constructed gold standard ECG signal by Bahramali et al. [31] finds its natural
habitat in our formulation.

In Section 2.8, we presented arguments about quantum vacuum energy fluctuations
(the Casimir effect) becoming sizable, for example, for nanopores of dimensions (1 ÷ 5)
nm and of low electric permeability ϵ ∼ (2 ÷ 8). The level of energy densities and power
outputs from modulations of the Casimir energy through body rhythms seems encouraging
for their use in replacing batteries in future pacemakers, for example.

However, much work remains to be done towards understanding fundamental sta-
bility issues before arriving at designing a prototype of a vacuum self-energy-harvesting
pacemaker that would herald a quintessential example of symbiotic synthetic biology.
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