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H I G H L I G H T S

• Monte-Carlo simulations are used to calculate power of subdermal solar cells.

• Subcutaneous solar cells may replace batteries in implantable electronic devices.

• A cardiac pacemaker can be supplied by less than 10 min midday solar irradiation.

• Simulations revealed that the low wavelength range is strongly absorbed by skin.

• The subdermal fluence spectrum differs strongly from natural solar irradiance.

• Solar cell properties must be adapted for spectral subdermal fluence.

A R T I C L E I N F O

Keywords:
Cardiac pacing
Subdermal implant
Solar cell characteristics
Quantum dot solar cells
Implant power supply
Battery replacement

A B S T R A C T

Subdermal solar harvesting has the potential to obviate the need for the periodic battery replacements as re-
quired in patients with cardiac pacemakers. The achievable power output of the subdermal solar module de-
pends on implantation depth, optical skin properties and to an important part on solar cell characteristics. Monte
Carlo simulations of light distribution in human skin were used to estimate the power output of subdermal solar
cells under midday sunlight exposure in geographical mid-latitudes as a function of implantation depth and solar
panel size. For the darkest skin type, the daily energy demand of a modern cardiac pacemaker (0.864 J at a
power demand of 10 μW) can be provided by a 2 cm2 solar cell implanted subdermally at a depth of 3 mm when
exposed to just 11 min of midday, clear sky irradiance. Our study reveals that solar harvesting with relatively
small solar cells if optimized for the spectral subdermal fluence has the potential to power cardiac pacemakers in
all skin types within reasonable irradiation exposure times. Solar energy harvesting is very promising to power
electronic implants.

1. Introduction

Active electronic implants are widely used to treat medical diseases.
A prime example is the cardiac pacemaker (PM) for the treatment of
bradyarrhythmias (diseases leading to an abnormal and slow heart-
beat). PMs operate by activating the heart by electrical stimulation and
are the most widely used active medical devices with more than one
million implanted devices per year worldwide [1]. The power

requirement of a modern single chamber PM is below 10 μW, which
currently is supplied by primary batteries. An extensive study revealed
that the batteries of PMs last on average for 7.2 years [2]. The median
survival time for patients with a PM, however, was reported to be
8.5 years [3], which is longer than the average lifetime of the PM’s
battery. This discrepancy strongly contributes to the high PM replace-
ment rate of approximately 25% according to a worldwide survey [1].
This number might even increase with the increasing life expectancy.
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Furthermore, the increasing treatment possibilities with electronic im-
plants raise the need for intracorporeal energy harvesting.

Energy harvesting within the human body aims to improve the
battery longevity of an electronic implant in order to lower the number
of surgeries for battery replacements. This strategy allows for the
minimum battery capacity to be reduced, and with it the overall volume
of the device. Energy harvesters can use kinetic energy from low fre-
quency movements [4,5] such as movements [6,7] or vibrations [8,9]
of the heart. Other techniques harvest energy from blood pressure
variations [10] or blood flow in the heart [11,12] or in large arteries
[13]. Most biomedical energy harvesting mechanisms are based on
electromagnetic induction, the triboelectric or piezoelectric effect. Ro-
mero et al. [14] analysed different potential implantation sites for ki-
netic energy harvesting and Tan et al. [15] presented a review on
electromagnetic vibration harvesters. Each of the afore mentioned de-
vices relies on moving parts or deformation, which leads to mechanical
wear and potential replacement. Moreover, currrently implemented
devices are mostly implanted deep within the body, requiring more
invasive surgeries and implicating potential for severe complications at
implantation sites such as the heart or large vessels. Thermal radiation
could be used by thermoelectric generators. They are however limited
to wearable applications due to the necessary temperature gradient
across the device. A new approach to harvest thermal radiation from a
human body uses special photovoltaic cells based on quantum dots that
are able to absorb human heat radiation and convert it into electricity
[16]. Subdermal solar cells offer a minimally invasive strategy for
electrical energy generation within the body by utilizing the absorbed
light, as illustrated in Fig. 1. They do not rely on moving parts or de-
formation, with the current state-of-the-art achieving a mean de-
gradation rate of only 0.8% per year resulting in lifetimes of >25 years
[17]. Initial work has shown that subdermal solar cells can power
electronic implants in vitro under porcine skin [18,19], in mice [20], in
pigs [21,22] and with wearable devices containing solar cells covered
by optical filters mimicking Caucasian skin properties [23]. Based on
such a wearable device in a human case study, Bereuter et al. [24]
reported that the energy output of a 3.6 cm2 subdermal solar cell is
sufficient to drive a modern pacemaker. However, a detailed under-
standing is needed to identify the critical parameters affect the energy
output of subdermal solar cells in different implantation scenarios. In
this study, we will thoroughly evaluate the possibilities of subdermal
solar harvesting for different skin types and implantation depths to
provide the necessary information such as spectral range and skin
transmittance needed for optimizing subdermal solar cells and for tar-
geted planing of in vivo studies.

2. Methods

Monte Carlo (MC) methods were used to simulate the light fluence
and the fraction of light absorbed in the solar cell at different subdermal
depths. The MC simulations are based on optical skin properties such as
the absorption coefficient μa

−[cm ]1 , reduced scattering coefficient ′μs
−[cm ]1 , refractive index n and the anisotropy factor g. The goal is to

provide a measure for calculating the maximum expected power output
of any subdermal solar cell.

2.1. Optical properties of human skin

Human skin essentially consists of three main layers: a thin epi-
dermal layer, the dermis, and the subdermis. The subdermis contains a
variable amount of subcutaneous fat separating skin from muscle or
bone. The skin’s primary optical properties are the absorption coeffi-
cient μa, the reduced scattering coefficient ′μs , the index of refraction n,
and the anisotropy factor g. Each of the three layers has distinct optical
properties, and all are wavelength-dependent. Dermal optical proper-
ties have been described by various groups in literature [25–29]. The
human skin can be divided into its components according to their vo-
lume fractions (VF). Table 1 summarizes the VFs used to calculate μa of
the different skin layers. The epidermis is bloodless and has a varying
melanosome VF for different skin types, whereas dermis and sub-
cutaneous tissue do contain blood vessels. The ‘Other VF’ represents all
the skin components not accounted for separately and was calculated
by subtracting the sum of all known VFs from unity.

Human skin color can be classified into 6 different types [30].

Nomenclature

Acronyms

PM cardiac pacemaker
MC Monte Carlo
VF volume fraction
UV ultraviolet
λ wavelength [nm]
μa absorption coefficient [ −cm 1]

′μs reduced scattering coefficient [ −cm 1]
g anisotropy factor
n index of refraction
ζ fraction of light absorbed by the subdermal solar cell
scd solar cell implantation depth [mm]
Nabs number of absorbed photons in the solar cell
Ntot number of launched photons
Asc top surface area of the solar cell [cm2]

Asurf top surface area of the model [cm2]
ASTMG173 standard for global irradiance at midday under clear sky

in geographical mid-latitudes
ϕ photon flux − −[#photons s m ]1 2

EQE External Quantum Efficiency
VOC open circuit voltage [V]
ISC short circuit current [A]
q elementary charge [C]
FF fill factor of a solar cell
Pout power output of the subdermal solar cell [μW]
Preq power required by a modern pacemaker [μW]
Eout energy output of the subdermal solar cell [J]
Ereq energy requirement of a modern pacemaker for 24 h of

cardiac pacing [J]
texp exposure time of the solar cell to a certain illumination

[min]
η efficiency

Fig. 1. Illustration of a solar cardiac pacemaker implanted subdermally in the
neck. The pacing lead is inserted into the heart via the internal jugular and
superior caval vein.
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Classification criteria include skin color, tanning characteristics and
sensitivity to sunburning by UV radiation. Skin color ranges from a very
light Type I (which is very likely to burn) to very dark Type VI (which
usually does not burn). The melanosome VF of the epidermis for skin
type VI are given in literature and represent the highest μa. However,
the published VFs for the dermis and subcutaneous tissue result in es-
timated absorption coefficients that are lower than the ones experi-
mentally determined [26–28,31]. Therefore, we adjusted the VFs of the
skin constituents (in particular the melanosome VF) to obtain slightly
higher absorption coefficients than all measured values found in lit-
erature. This assured we calculated the worst case scenario.

Brenner and Hearing [32] stated that the differences in skin color
are not caused by a difference in the number of melanocytes but rather
by their melanogenic activity. This results in larger size and number of
melanosomes for darker skin types, which is reflected in melanosome
volume fractions that are two [33] to five times [34] higher in dark skin
(Type VI) compared to light skin (Type I). The darkest skin type (VI)
was modelled with the according epidermal melanosome volume frac-
tions given in literature.

2.1.1. Absorption coefficient μa
The absorption coefficient μa of a typical cutaneous melanosome

was calculated according to Eq. (1) [29].

= ⎛
⎝

⎞
⎠

−
μ λ λ( ) 519

500a melanosome,

3

(1)

The absorption coefficients of water [37], blood [38] and fat [39]
are given in literature (see Fig. 2). Since μa values for fat are found only
for the wavelength range between 434 nm and 1098 nm we extra-
polated the values as being constant in the λ-ranges 400–434 nm and
1098–1200 nm.

The skin layer’s individual absorption coefficients were calculated
by summing up the contributions of each constituent’s μa according to

the respective VF within the layer (Table 1, Eq. (2)).

∑=μ VF μa i a i, (2)

Fig. 3 compares the calculated μa and literature values for epidermis
(top), dermis (middle) and subcutaneous tissues (bottom). The calcu-
lated absorption values are plotted as red lines. Generally, all calculated
μa values were slightly higher than the literature values. This yields to
overestimated absorption within the skin to investigate the worst case
scenario in terms of the fraction of light absorbed by the subdermal
solar cell.

2.1.2. Reduced scattering coefficient ′μs
The equation for the reduced scattering coefficient ′μs of skin and

subcutaneous tissue is given by Jacques [29]:

′ = ⎛
⎝

⎞
⎠

−
μ a λ

500s

b

(3)

The coefficient a scales ′μs and coefficient b - named the ‘scattering
power’ - adjusts the λ-dependence of ′μs . Both coefficients were adjusted
to achieve a resulting ′μs that is slightly higher than literature values for
all wavelengths and skin layers, again to examine the worst case in our
MC simulations. The final coefficients are summarized in Table 2.

Fig. 4 shows calculated reduced scattering coefficient ′μs as red lines
for the skin layers epidermis (top), dermis (middle) and subcutaneous
tissues (bottom) compared to literature data [40].

2.1.3. Anisotropy and refractive indices
The anisotropy factor g was set to 0.9 for all tissues. The refractive

indices were measured by Tearny et al. [41] as 1.34 for epidermis and
1.41 for dermis and subcutaneous fat.

2.2. Monte Carlo simulation

2.2.1. Monte Carlo method
An established and verified Monte Carlo code [42–44] was used to

perform simulations using the calculated optical properties of human
skin and a tissue model to simulate the light fluence and the fraction of
light absorbed in the cell at different depths within the tissue model.
The number of simulated photons was set to n = 107 based on a con-
vergence study. The simulations were repeated for wavelengths be-
tween 400 nm and 1200 nm in 50 nm steps.

Table 1
Volume fractions (VF) of the skin’s constituents within the three layers used as
MC input. Melanosome is abbreviated by ‘Melan.’.

Tissue Blood VF Water VF Fat VF Melan. VF Other VF

Epidermis (type
VI)

0 [35] 0.65 [35] 0.1 [35] 0.0165 [33] 0.2335 [36]

Dermis 0.02 0.75 0.2 0.01 0.02
Subcutaneous

tissue
0.08 0.7 0.2 0.0095 0.105

Fig. 2. Absorption coefficients μ λ( )a [ −cm 1] of the skin’s constituents given in literature.
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2.2.2. Tissue model geometry
The tissue model geometry is illustrated in Fig. 5. The model geo-

metry was designed to minimize the fraction of photons escaping
through the model boundaries. It consists of a cuboid shape with side
lengths of 50 mm and a depth of 30 mm. Although skin is built up by a
complex and heterogeneous structure in which the spatial concentra-
tion distribution of absorbing chromophores and blood is strongly
depth dependent, it can be approximated by a multi-layered medium
with layers characterized by constant optical properties [36,45]. This
was realized by discretizing the model with 1000*1000*600 voxels and
vertically dividing it into 4 layers: air, epidermis, dermis, and sub-
cutaneous tissue. The air layer allowed to calculate the reflection of the
incoming light at the air/epidermis interface. The irradiance was as-
sumed to be normal and homogenous across the skin surface. The
epidermis layer was 0.1 mm thick. The dermis layer had a thickness of
1.4 mm, which is a conservative assumption of the thickness in the
anterior neck region, an intended site for device implantation [46,47].
The subcutaneous tissue layer filled the remaining model, except for a
highly absorbing (μa = 10’000 −cm 1), index matched solar cell in the
center of the model with side lengths of 2 cm and a thickness of 0.5
mm. During MC simulations, the solar cell’s implantation depths scd
[mm] was varied between 1.5 mm and 4.5 mm.

2.2.3. Fraction of light absorbed by the solar cell
The outcome of interest is the fraction of light absorbed by the solar

cell (ζ ) as a function of wavelength and implantation depth. ζ was

calculated according to Eq. (4).

=ζ λ scd N A
N A

( , ) /
/

abs sc

tot surf (4)

Nabs is the number of absorbed photons within the solar cell volume and
Ntot is the total number of photons launched. Asc and Asurf are the top
surface areas of the solar cell and the model surface respectively.

2.3. Expected power output calculation

The expected clear sky, spectral irradiance for geographical mid
latitudes and midday at sea level was defined by the global standard
spectrum ASTMG173 [48]. ASTMG173 describes the global irradiance
on a surface that is tilted by 37° from the horizon at air mass 1.5. The
total irradiance of ASTMG173 is 1000 −Wm 2. The subdermal irradiance
absorbed by the cell can be calculated by multiplying the spectral ir-
radiance with ζ λ scd( , ). The photon flux ϕ − −[#photons s m ]1 2 can be
calculated by dividing the irradiance by the photon energy at the re-
spective wavelength.

Each solar cell has its own individual External Quantum Efficiency
(EQE). This characteristic describes the number of electrons collected at
the cell’s contacts per incident photon. It is λ-dependent and reveals the
spectrum where the solar cell exhibits optimum performance (approx.
400–1000 nm for monocrystalline silicon solar cells). Moreover, each
solar cell is characterized by an irradiance dependent open circuit
voltage VOC. The combination of EQE and the VOC determines the the-
oretical power output of the solar cell. The solar cell’s short circuit
current ISC

−[Am ]2 at depth scd is calculated according to Eq. (5), where
q [C] is the elementary charge.

∫=
=

I λ scd ϕ λ ζ λ scd EQE λ q dλ( , ) ( ) ( , ) ( )SC λ nm

nm

400

1200

(5)

The open circuit voltage VOC [V] is also determined by the subdermal
irradiance. Usually, solar cells are connected to an electronic circuit
that maximizes the power ouput Pout [W] of the solar cells. One common

Fig. 3. Comparison of literature values and calculated absorption coefficients μa of human skin layers: epidermis (top), dermis (middle) and subcutaneous tissues
(bottom).

Table 2
Coefficients a and b of Eq. (3), describing the skin layers’ ′μs .

Tissue a b

Epidermis (VI) 80 1.15
Dermis 60 1.4

Subcutaneous tissue 40 1
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practice is to connect maximum power point trackers to solar cells
which adjust their input impedance to reach the optimal efficiency of
the cell. Pout of the solar cell with area ASC [m ]2 is defined by Eq. (6). The
fill factor FF is a characteristic of solar cells associated to the maximum
power output. For highly-efficient monocrystalline silicon cells FF is
typically around 0.8 [49].

=P FF V I Aout OC SC SC (6)

Modern cardiac pacemakers have an average power requirement Preq
of approximately 10 μW. The required energy Ereq to operate a PM for
an exemplary time of 24 h results to be 0.24 mWh or 0.864 J.

3. Results

MC simulations were used to calculate the light fluence and the
fraction of light absorbed in the solar cell for different wavelengths and

depths within the tissue model. Fig. 6 shows the light fluence normal-
ized to the maximum value of each wavelengths along the central z-axis
of the model for skin type VI without a solar cell. At a depth of 6 mm,
almost all light is absorbed. The light penetration depth strongly de-
creases for shorter wavelengths, especially for λ < 900 nm. The fact that
the fluence just below the surface is larger than the irradiance at the
surface is due to backscattering and the small value of μa with respect to

′μs .

3.1. Fraction of light absorbed in the cell at different depths

Fig. 7 shows the simulated fraction of light absorbed in the solar cell
(ζ ) at different wavelengths and solar cell implantation depths for the
darkest skin (type VI). Generally, ζ decreases towards shorter wave-
lengths. The fraction of light absorbed in the cell is close to zero at λ <
550 nm, especially for deeper implantation depths. Overall, ζ decreases

Fig. 4. Comparison of literature values and calculated reduced scattering coefficients ′μs of human skin layers: epidermis (top), dermis (middle) and subcutaneous
tissues (bottom).

Fig. 5. Partial cross-sectional view of the skin model
geometry. The whole model is cut along the diagonal
except for the central solar cell (black) placed at
varying implantation depths scd. The 4 different
layers are colored (air, epidermis, dermis and sub-
cutaneous tissue from top to bottom). The uniform
irradiance (number of photons: n = 107) strikes the
entire surface of the model and is illustrated by black
arrows. The dashed lines show the outline of the cut
geometry. The grid and the layer thicknesses are not
a true to scale representation.
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logarithmically with scd along the same wavelength.
The fraction of the total solar power absorbed by the cell at different

implantation depths is summarized in Table 3. It is calculated by in-
tegrating reference and subdermal irradiance on the solar cell at dif-
ferent depths over wavelength and dividing the subdermal power by
the reference power. At a realistic implantation depth of 3 mm, the
overall power of the irradiance is reduced to 3.51% of the initial re-
ference irradiance for our skin model with conservative assumptions for
absorption and scattering values.

3.2. Energy output of subdermal solar cells

The simulated fraction of light absorbed by the solar cell (ζ ) is used
to calculate the expected power output of the subdermal solar cell Pout.
Fig. 8 shows the standard sea level global solar irradiance for solar

system testing (ASTMG173, black) and the subdermal solar irradiance
at an implantation depth of 3 mm (green). The skin’s ζ at an im-
plantation depth of 3 mm is shown in blue and the EQE of a high-

Fig. 6. Exponential decrease of the normalized light fluence along the central z-axis of the model for skin type VI without a solar cell.

Fig. 7. 3D-plot of the skin type VI’s fraction of light absorbed in the cell (ζ ) in dependence of wavelength (λ) and the solar cell implantation depth (scd).

Table 3
Fraction of absorbed solar power by a subdermal (human skin type VI) cell at
different implantation depth for wavelengths 400–1200 nm.

Skin tissue depth [mm] Fraction of absorbed solar power [%]

1.5 13.66
2 8.64
2.5 5.47
3 3.51
3.5 2.27
4 1.50
4.5 0.97

M.V. Tholl, et al. Applied Energy 269 (2020) 114948
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performance monocrystalline silicon solar cell (IXOLARTM, IXYS Cor-
poration, Milpitas, California, USA) with a rated efficiency η of 22% is
plotted in red. The perfect overlap of the solar irradiance intensity and
the EQE reveals that monocrystalline silicon solar cells are well opti-
mized for direct illumination. However, the subdermal fluence shows a
different spectral distribution of which strongly increases for wave-
lengths above 550 nm. The light at λ < 550 nm is absorbed in the first 3
mm of skin tissue. The subdermal fluence is highest when the EQE of
the monocrystalline solar cell starts to decrease.

The expected power output Pout is calculated according to Eqs. (5)
and (6), assuming a solar cell area of 2 cm2. Pout is evaluated at different
implantation depths scd and for varying exposure times texp, resulting in
an energy output Eout (illustrated in Fig. 9). Eout is linearly increasing

with increasing texp within one implantation depth. The slope of the
E t( )out exp is decreasing for increasing implantation depth, resulting in
less energy output at deeper implantation sites. The red line in Fig. 9
connects the points for which the energy requirement (Ereq = 0.864 J)
to run a cardiac pacemaker for 24 h without illumination is met. This
line has been projected to the base xy-plane to improve readability of
the required texp. The red projected, dashed line shows the minimum
irradiation time necessary to provide enough energy to power a modern
PM for 24 h. The calculation assumes a solar cell area of 2 cm2, midday,
clear sky irradiation in western latitudes and 100% efficiency in energy
storage. At an implantation depth of 3 mm (within the subcutaneous
tissue), the required texp results in 11 min. At the deepest evaluated
implantation depth of 4.5 mm, the required texp increases to 45.5 min.

Fig. 8. The standard sea level global solar irradiance for solar system testing ASTMG173 is shown in black. The fraction of light absorbed by the solar cell (ζ , blue)
results in a subdermal fluence absorbed by the cell at an implantation depth (scd) of 3 mm (green). An exemplary external quantum efficiency EQE (red) shows the
characteristic of a monocrystalline silicon solar cell. All plots share the same x-axis but have their individual y-axis with ticks in the same color as the graph.

Fig. 9. 3D-plot of the expected energy output of the solar cell in dependence of exposure time (texp) and the solar cell implantation depth (scd) under skin type VI. The
red horizontal line connects the points where the minimum energy requirement is met for running a modern, single-chamber pacemaker during 24 h. It is projected to
the base xy-plane (red dashed line). The blue dashed lines indicate an exemplary readout of the necessary texp at =scd 3 mm.
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4. Discussion

The goal of our study was to determine under which conditions
subdermal solar harvesting is feasible and to elaborate on its limita-
tions. In all cases, we performed all our calculations based on a worst
case scenario in terms of the fraction of light absorbed by the subdermal
solar cell. This was done using optical absorption and scattering values
that are slightly higher than published experimentally determined va-
lues for our MC simulations and assuming the darkest skin type VI (see
Fig. 3 and 4). In addition, we assumed a full skin thickness of 1.5 mm,
which is also slightly thicker than published values [46,47].

4.1. Solar cell

Enlarging the area of the solar cell increases the power production
for a given irradiance. For a subdermal application however, this con-
tradicts patient comfort and leads to a more invasive implantation.
Moreover, since the cell will be visible through the skin, its area should
be minimized to comply with the aesthetic interest of the patients.
Therefore, the energy output was evaluated for a solar cell with an
active area of 2 cm2, which is significantly smaller than the footprint of
a modern cardiac pacemaker and is a compromise between sufficient
power output on one side and acceptable invasiveness and aesthetics on
the other side.

The power output was evaluated for a highly efficient mono-
crystalline silicon solar cell, which is well optimized for direct irra-
diance with its maximum EQE around 500–700 nm (compare Fig. 8).
The subdermal fluence however shows the highest values at λ from 800
nm to 1100 nm. A solar cell with an EQE comparable to monocrystal-
line silicon solar cells but an optical sensitivity expanding into the near
IR-range (around 1200 nm) would strongly increase the harvested en-
ergy, allowing either a reduction in cell area or a decrease in illumi-
nation time. This could be achieved by using solar cells with multiple
pn-junctions of different semiconductor materials. These materials ab-
sorb photons at distinct λ-bands and are generally more efficient than
monocrystalline silicon solar cells. The individual layers of a multi-
junction cell are usually connected in series [50]. Therefore, the layer
with the lowest current limits the overall current of the stacked cell.
The measured efficiencies of these multi-junction cells refer to solar
irradiation on earth. However, they will change if the subdermal flu-
ence is considered. Because of the skin’s high absorption in the near-UV
range, one layer of the multi-junction cell might generate a very low
current, which in turn limits the other layers of the cell. This can
drastically reduce the power output of a multi-junction solar cell within
the body. Peraca et al. [51] analyzed the EQE frequency response of a
GaInP/GaAs/GaInNAs multi-junction solar cell. They showed that the
EQE response is high for GaInP at 400–600 nm, for GaAs at 650–900 nm
and for GaInNAs at 900–1200 nm. Therefore, a double junction solar
cell with GaAs and GaInNAs layers can reach a higher efficiency than
monocrystalline solar cells under subdermal irradiation. A solar cell
with GaAs and GaInNAs layers would reduce texp by 27% (8 min instead
of 11 min) compared to a standard monocrystalline silicon cell.

Recent studies have shown that quantum dots photovoltaic cells can
be tuned to match the spectral distribution of solar or any irradiation
spectrum. This is done by changing size, shape and composition of the
quantum dots. In addition, quantum dot based solar cells have the
potential to boost solar power efficiency from about 20% (standard
crystalline solar cells) to about 66% [52]. For example, Ghomian et al.
[16] presented a new approach to biomedical energy harvesting by
pushing the spectral sensitivity into the mid-IR range (1–14 μm) using a
lead sulfide colloidal quantum dot photovoltaic cell. Quantum dot cells
have the potential to harvest energy from human body thermal radia-
tion to drive low power devices such as cardiac pacemakers. Assuming
an optimized solar cell having a constant external quantum efficiency of
95% over the whole spectral range from 400 nm to 1200 nm, which
could be realized by a quantum dot photovoltaic cell, would further

reduce texp by 10% to an irradiation time of only seven minutes.

4.2. Light propagation through skin tissue

Previous work [22] obtained a median power output of 1963
μW/cm2 from a 4.6 cm2 monocrystalline silicon solar cell covered by an
explanted pig skin flap with a thickness of 4.8 mm. The irradiance on
the skin was 842 W/m2 under global solar irradiation, which means that
2.33% of the initial irradiance was converted to electrical energy. The
diffuse solar irradiance in the shade was 120 W/m2 and resulted in a
power output of the solar cell of 206 μW/cm2. This corresponds to a
total fraction of light absorbed in the cell and power conversion of
1.72%. Indoors irradiance was measured at 4 W/m2 and resulted in a
power output of 4 μW/cm2 for the subdermal solar cell. Therefore, the
total fraction of light absorbed in the cell and conversion of indoors
irradiance was about 1%.

The differences in fraction of light absorbed in the cell and power
conversion depending on the type of irradiance can be explained by the
different spectral distributions of direct sunlight, shade (diffuse light)
and indoors irradiance. The fraction of light absorbed by the solar cell
as simulated in this study was only 0.97% for outdoor irradiation at an
implantation depth of 4.5 mm. Assuming an efficiency of 0.2 for an
exemplary solar cell, the expected power conversion of the subdermal
solar cell is 0.19%, which is more than an order of magnitude lower
than the experimental results published by Haeberlin et al. [22].

The big difference in the results can be explained by the fact that pig
skin, although it is considered as the most accurate skin animal model
compared to humans in terms of physiology, cellular composition and
anatomy [53], differs strongly from the human skin simulated in this
study in terms of optical properties, having a much lower pigmentation.
Moreover, the abovementioned pig skin was explanted post-mortem
and bloodless. Our simulations were based on a worst case scenario
assuming a very high pigmentation corresponding to skin type VI. In
addition, we overestimated the skin’s scattering characteristics, leading
to smaller fractions of absorbed light in the solar cell.

Adjusting the optical properties to the measured Caucasian skin
values increases the fraction of light absorbed by the solar cell sig-
nificantly and leads to a reduction of necessary texp to less than 5 min
compared to the 11 min in our worst case scenario.

4.3. Energy storage

The energy output of the subdermal cell would be stored in e.g. a
rechargeable battery with sufficient capacity to overcome periods of
darkness or lower irradiance. The energy storage’s capacity could be
reduced from about 7 years (primary batteries) to about 1 year (re-
chargeable battery), which is the usual check-up period for pacemaker
patients. The capacity could be reduced even further considering the
option of charging using artificial light. The energy storage solution
should tolerate short and high cycles of loading and unloading.

4.4. Implantation site

Ideally, the subdermal solar cell will be implanted at a sun-exposed
and hairless site as for example the neck. The implantation requires a
surgery - causing scar formation and encapsulation of the solar cell. The
scar tissue and encapsulation consist mainly of collagen [54]. Since
collagen has lower absorption and reduced scattering coefficients than
the dermis [55], scar formation and encapsulation was not considered
in our simulations. First animal trials in- and ex-vivo generated re-
ference data, however the differences in physiology and - in the case of
ex-vivo measurements - perfusion are not negligible. Future in vivo
human trials are necessary to study the effects of wound healing and of
perfusion and to validate our simulations.
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4.5. Artificial illumination

All our simulations assumed sea level global solar irradiance mea-
sured at clear sky conditions at midday for geographical mid latitudes.
Depending on the weather conditions, season, and time of day, the ir-
radiance might be considerably lower and spectrally shifted. Moreover,
the location and altitude changes the irradiance as well, especially at
different latitudes. Increasing altitude decreases the pathlength of light
through the atmosphere and therefore increases irradiance. Haeberlin
et al. [22] measured that the diffuse irradiance in the shade is reduced
by a factor of 7 when compared to direct clear sky irradiance at a sun
elevation of 65°. Indoor office irradiance was measured to be 210 times
lower.

Indoor lighting can generate significant power [24]. Artificial light
sources in buildings have emission spectra that vary with the tech-
nology used to emit light. LED lights usually provide narrow spectral
irradiance bands between 400 and 700 nm depending on their color.
Halogen lamps emit a broad spectral irradiance from 400 to>1100 nm
and are therefore more beneficial for the power output of a subdermal
solar cell [56].

Our presented method aims towards autonomous implants that will
be charged using the daily available natural and indoor light. However,
an optimized artificial light source could also be used to efficiently
charge the implant. This optimized light source (near-IR) could reach
deeper implantation depths than natural light, without burning the
skin. The possibility to charge the implant in greater depths would solve
the problem of the cell’s visibility. Charging through artificial light
could also be considered as a backup solution for people with very low
light exposure. A halogen lamp (250 W) in 0.5 m distance to the im-
planted solar cell produces an irradiance with less than 10% of the
midday’s solar power in the wavelength range between 400 and 1200
nm. Such artificial illumination would generate sufficient energy to run
a solar pacemaker for 24 h operation in darkness within 150 min, which
could however drastically be reduced using a light source emitting light
in a spectral region perfectly adapted to the skin’s transmission and to
the wavelength sensitivity of the implanted solar cell.

5. Conclusion

We present an adjustable model to estimate the power output of a
subdermal solar energy harvester for electronic implants. Subdermal
energy harvesting can be used for many different applications and is not
restricted to cardiac pacing. Other applications may include implanted
sensors to more accurately measure blood pressure, or acceleration
sensors to detect falls or accidents for the elderly. The presented Monte
Carlo methodology allows to estimate a subdermal solar cell’s energy
output for different exposure times, implantation depths, skin types and
cell sizes, making it applicable for implants with different power de-
mands. Our simulation revealed the need for developing special solar
cells optimized for near-infrared radiation in order to minimize the ir-
radiation time requested for an efficient applicability of subdermal
solar harvesting for medical power devices for all skin types. Our study
shows promising results and suggests applicability of subdermal solar
harvesting for medical low power devices for all skin types. The sub-
dermal solar harvester could increase the lifetime of the implant,
which, in turn, reduces the number of required implant replacements
and the overall implant volume, increasing the comfort of the patient.

6. Data availability

All data used in this study is available upon request to the corre-
sponding author.
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