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Abstract

As the world's population ages, the incidence of chronic disorders is on the rise. Active Implantable
Medical Devices are therefore evolving to meet the challenge. As the size of these devices decreases
to facilitate implantation, the challenge of providing stable, continuous power becomes significant.
Lithium batteries provide reliable, stable power to implants, however, their miniaturization leads to
a reduction in the stored energy capacity, total lifespan and overall capability. Consequently, there is
need for on-body energy harvesting alternatives. This study utilizes literature data on abiotic glucose
fuel cells to feed into a Finite Element model incorporating both diffusion and reaction aspects to
investigate how the 3D macro architecture of the fuel cell device can be used to optimize the energy
output. Accordingly, optimal 3D architectures are determined to enable power outputs ranging from
several tens to one hundred microwatts from an implantable package.. This will help with the 3D
architecture design of future similar abiotic fuel cell units and speed up the process of figuring out
the best settings for key parameters (like shape, size, and separation).

Keywords: abiotic; implantable; fuel cell; glucose

1. Introduction

Owing to their capacity to manage chronic conditions, mitigate acute medical events, and
enhance patients’ quality of life, the prevalence and clinical significance of Active Implantable
Medical Devices (AIMDs) continue to increase[88]. This is particularly the case as the world
population ages, thus increasing the rate of chronic ailments. The basic principle of these devices is
to use electrical currents to stimulate nerves [1], nerve bundles [2], or muscle tissue [3]. Some devices
integrate sensors [4] and/or have drug-release systems [5]. Although the field has been in mature
clinical use for decades, bioelectronic medicine continues to evolve thanks to technological advances
in multiple disciplines.

Current applications are varied and include pacemakers [6], cochlear implants [7], deep brain
stimulators [8], and functional neural modulators such as bladder control [9]. A further application
variant is the emerging field of bioelectronic medicine, which aims to stimulate the peripheral
nervous system and provide therapeutic benefits to those with chronic disorders such as
neuroinflammatory disease and diabetes [10,11].

All these applications are continuously evolving. However, a historic challenge for all
implantable devices has been power provision. The average (i.e., pulsed power divided by total time)
power requirements for these applications vary from around 10uW for cardiac pacemakers [21] to
milliwatts for sensory prosthetics [22], as per Table 1 below and illustrated in Figure 1.
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Figure 1. The concept of power provision for Active Implantable Medical Devices. Left: how a conceptual fuel
cell could replace the battery section of an existing implant. Right: The range of power requirements for different

types of implants.

Table 1. Range of power consumption for different medical implants.

Implant Power Lifetime when Lifetime when Lifetime when Ref
range powered by al0 poweredbyal powered by a 50
mL battery mL battery uL battery
Bioelectronic <10 >118 years >11 years >7 months [19,20]
medicine uw
Pacemaker ~10-100 pW  ~11-118years ~1-11 years ~21days- [21]
7months
Neurostimulat ~100-400 ~3-11 years ~108 days -1 ~5-21days [22]
or uWw year
Sensory >10 mW Wireless power ~ Wireless Wireless power [31]
prosthetics power

Batteries commonly used in cardiac pacemakers generally have a life expectancy of 7-10 years
[33,34]. Once the battery starts to run out, the patient has to undergo surgery for replacement. This
poses risks to the patients while increasing the costs to the healthcare systems. Rechargeable medical
batteries tend to have a 3x lower per volume capacity than non-rechargeable ones [35]. This means
the lifetime of a rechargeable battery is much less than a non-rechargeable battery of the same
volume. Furthermore, as part of the medical device risk assessment, a key question is: “What if the
patient/clinician forgets to recharge the battery?”

Current implantable electronic medical devices utilize non-rechargeable batteries with volumes
between tens of mm? (uL) to tens of cm? (mL) and a capacity of ~1041 Wh 1! (Li/I> battery system)
[32]. However, commercially available implantable and medical-grade batteries typically have a
lower capacity of approximately 750 Wh 1" [71]. Also, there is an edge effect, as the battery needs to
be encapsulated in its pressure chamber, which increases the volume.

To provide a comparison, Table 1 summarises different power use cases from less than 10uW to
great than 10mW with different battery volumes to explore the impact on lifetime.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Various alternatives to lithium batteries have been explored and/or utilized to address the
energy demands of bioelectronics: thermal and mechanical energy scavenging from the human body,
fuel cells [23][26], Nuclear Batteries [27-29] or direct power transfer [30]), yielding power in the nW
- uW range and using local energy storage for when the person is sleeping (no motion, darkness).
Amongst these options, biological fuel cells are particularly attractive. For these systems, key fuel
sources explored are urea [38] and glucose [26].

In the human body, glucose undergoes a cascade of biocatalytic reactions, until complete
oxidation to carbon dioxide and water, releasing a total of 24 electrons. To harvest energy, glucose
fuel cells grab a portion of the electrons released from these oxidation reactions with an electrode (the
anode) connected through an electrical circuit to a counter electrode (the cathode), as shown in Figure
2. For implantable applications, fuel cells can either use enzymes (enzymatic fuel cells), inorganic
catalysts (abiotic fuel cells) or a mix of both (hybrid fuel cells).

CeH1,06 CeH1,0;  H,0 H,0

Anode Cathode

‘_________

Load

Figure 2. The chemical reaction facilitating the fuel cell.

Typically a partial oxidation occurs with the release of two electrons at the anode.

Anode: C4H 1,04 + H,0 - CoH 50, + 2HT + 2e~ (1)
1
Cathode:EOZ +2H* 4+ 2e” - H,0 )
1
Overall: C6H1206 + E 02 4 C6H1207 (3)

With regard to enzymatic and hybrid systems, few in vivo tests of have been reported, including
implantation in a living organism such as lobsters [47], clam[46], mice [84] and a female Blaberus [45].
Nonetheless, the instability and short lifespan of enzymes, seriously challenges the use of enzymatic
fuel cells in implantable applications, and confine their use to short-term applications, e.g., disposable
sensor patches.

On the other hand, the use of an abiotic catalyst can enable longer and stable lifetimes.

In this case, the catalytic activity is a function of the 3D nanostructure of the electrode, which
maximises the exposed catalytic active sites per unit area. Typical nanostructures used in abiotic
glucose fuel cells, include metals such as Au [62], Pt [60], Pd [61] (pure or combined), carbon-based
materials and composite materials including conductive polymers[86]. Particularly effective is the
use of gold nanostructures. In 2020, Gonzalez-Solino et al. [40] used porous gold as the anode and a
platinum-gold alloy as the cathode in acute experiments, achieving a maximum power output of 143
nW mm<? (800 nW whole-cell) at a glucose concentration of 6 mmol L-! in-vitro.

The first in vivo testing of an abiotic glucose fuel cell is dated as back as the 1970s, when Drake
et al. [42] successfully operated the fuel cell structure for several weeks in adult dogs. The structure
consisted of a noble metal alloy on a Pt screen as the anode and Pt black on a Pt screen as the cathode.
Its output power was 22 nW mm of power (5,720nW whole-cell). In 2011, Sharma et al. [43] reported
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acute testing of an abiotic glucose fuel cell implanted into the right ventricle of a pig. The fuel cell,
implementing a platinum thin-film anode and graphene cathode, generated a peak power output up
to 100 nW mm2(5000nW whole-cell).

Figure 3 compares the power density recently reported with both enzyme-based (blue) and
abiotic (red) fuel cells(These data include both in vivo and in vitro), however an exhaustive discussion
of the literature is beyond the scope of this article.

data are grouped according to the range of power generated : (1) high, 200 nW mm; (2) Medium,
20 nW mm (3) Low 2 nW mm=2. As shown, enzymatic fuel cells generate the highest power, given
the high specificity of enzymes On the other hand, several studies refer to unpractical glucose
concentrations that are up to two orders of magnitude higher than the typical levels in physiological

fluids, such as blood.
Human blood glucose [49],(2018)
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Figure 3. Comparison of power density of glucose enzymatic and abiotic fuel cells. Three scenarios were
established corresponding to three base response rates. Scenario 1 refers to a past research paper that did not
involve in vivo experimentation and is therefore considered the ideal result. [40], Scenario 2 is the hypothetical
real-world result, i.e., 10 per cent of Scenario 1, and Scenario 3 is the worst possible result, i.e., 1 per cent of

Scenario 1.

Based on the power densities of the three scenarios, finite element modelling will be conducted
to evaluate the effects of electrode geometry and design on power output in abiotic glucose fuel cells.
A “finger-crossed” configuration will be employed to enhance substance transfer between the anode
and cathode, thereby improving power generation efficiency. To increase voltage output within
thermodynamic constraints, multiple units will be electrically connected in a stacked arrangement.
This study will therefore focus on determining the optimal 3D arrangement of such units. The
resulting easy-to-manufacture model will also facilitate the optimisation of key design parameters of
future similar models, including unit shape, size, with or without hole, and unit separation.

2. Methodology

Simulation Set Up

In this study, COMSOL finite element modelling (FEM) will be used to optimize the design of
an abiotic glucose fuel cell unit and the creation of 3D stacks. Our ultimate objective is to determine
how different architectures generate different power levels.

The design of the fuel cell unit will consist of shape, electrode dimensions, electrode distance,
unit dimensions, and unit center hole dimensions. The specific design will be considered as per

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4a-c. In this design process, only parameters such as unit dimensions and hole dimensions
will be adjusted within the specified range. In the simulations, the anode will consist of a film of
highly porous gold onto gold-plated electrodes on a printed circuit board (PCB) and the cathode of
Pt sputtered onto gold plated electrodes on a PCB, as per Figure 4d [40].

(a) Harvester (b)
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Figure 4. The structure of an abiotic fuel cell. (a) The global 3D architecture with multipanels, and the basis of
this work. (b) The topology of a single panel (c) The surface structure of individual fuel cell electrodes (d) The

fuel cell electrode nanostructure.

The simulation will then consider the arrangement of these fuel cell units into 3D structures as
shown in Figure 4a. Factors such as, number of units, separation between units.

In the modelling, the Surface reaction rates are set considering the groups in Figure 5. In the
separation between units, the concentrations of glucose and oxygen are determined by the interaction
between surface reactions and diffusion. Surface reactions consume concentrations, while diffusion
replenishes them, as shown in Figure 5(c).

Alepunog uonesjuasuo)

E Y

From the 2D viewpoint

Figure 5. Schematic of a 4-unit abiotic fuel cell system with hole. b. Schematic of a 4-unit abiotic fuel cell system

without hole. c. 3D and 2D demonstration of diffusion and surface reactions in separation in COMSOL.

COMSOL V6.0 was used for the modelling with the Transport of Diluted Species toolbox, with
the equation used summarized in Table 2. The following hypotheses were used in the modelling:

1. The simulation surface boundaries were defined with fixed concentrations of glucose (fuel) and
oxygen (oxidant), following typical interstitial fluid values: glucose 5 mMol L™ and oxygen 4.5
mMol L1

2. Since fuel cells operate in vascularized interstitial spaces, a 25-30% loss of glucose and oxygen
is assumed. [75-77]).

3.  the fuel cells are operated at body temperature, 310.15k.

4. The mesh grid was set to extremely fine.

5. The central holes do not act as sources of glucose or oxygen but serve solely as diffusion
pathways.

6. Surface reaction rate (RR)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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As shown in Figure 5(a, b), the 3D structure is assumed to have a single-sided reaction
surface.The reaction rate (RR) can then be modeled as a function of glucose and oxygen
concentrations, as described in Eq. 4.

RR = K - [Glu] - [0,]2 @

[Glu] and [0,] are the ratios of the real-time concentrations of glucose and oxygen to their initial
concentrations. At the cathode, 0, and H, combine to form H,O as per the abiotic anode-cathode
equations in Eq.2. As only 0.5 x 0, molecules are required per glucose molecule, in conjunction with
Rate Law (for the basic reaction in which the re[75-77action order is equal to its stoichiometric
number), then [0,]%/? is defined in the rate equation.

And K can be extrapolated backwards from the current or energy density to Eq 5(K is the reaction
constant), which has units of (mol) s'm-=2

k=21 5
TV 2eA, ®)

From Eq 7 above, it is possible to calculate K for each scenario (S): [S1, S2, S3] = [2,20,200] nW mm-
2. Thus, [K1,K2,K3]=[2.5%x10%,2.5x107,2.5%x1078] (mol s7'm2) are calculated and inserted into Table 2.
7. Diffusion

At the boundaries of the simulation model, the concentrations of oxygen and glucose are assumed
to be fixed at physiological levels.However, as the surface reactions occur on reaction surface, glucose
and oxygen will be consumed, setting up a concentration gradient. This gradient can be modelled as
a vector diffusion flu x J (mol s1.m?) flowing over a unit area per unit time interval, and defined
mathematically by Fick's first law [63], as per Eq.6.

4

J=-Dx=> (6)

Where d¢ (for an ideal mixture) is the concentration gradient between mesh nodes, and dx is the
distance between the nodes. D is the diffusion coefficient. The diffusion coefficients were obtained
from research papers by Wei Xing et al [65] and Alexey N Bashkatov et al [66] as: D(glucose) = 0.96x10-
® m?/s (=0.96x10> mm?/s), and D(oxygen) = 3x10° m?/s (= 3x10> mm?/s). These values have been

provided in Table 2.

Table 2. Chemical parameters used in the model.

Module parameters Value Unit
Diffusion coefficient Glucose:0.9 x 107 m?2 s
Oxygen: 3 x 10°

Boundary glucose concentration 5 mMol L

Boundary oxygen concentration 45 mMol L1
2.5x10%

Basic surface reaction rate 2.5x 107 (mol) s'm=
25x10%;

8. Matlab

COMSOL simulation takes into account reaction equations, concentration, and diffusion,
ultimately leading to the distribution of glucose and oxygen concentrations and thus the distribution
of reaction rates. These distributions are used to calculate the total current in Matlab according to Eq

7.
Current =2-q - Av ff RR(x,y)dxdy (7)
Where q is the charge constant (1.602 x 10-? C), Av is Avogadro's constant (6.02 x 1023 mol-1).
Power = Current - Voltage 8

Finally, Eq. 8 was used to calculate the power. For the voltage, a value of approximately 0.4 V
was referenced from a previous study that employed nanoporous gold as the electrode material in
an abiotic glucose fuel cell [85].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Structural Model

The initial niche for implantable fuel cells is expected to be in small, potentially injectable devices
where traditional medical batteries may face limitations.

Four medical and veterinary domains can be considered to inform the dimensions for injectable
devices. The first is the diameter range of commonly used intravenous catheters. These range from
0.6 mm diameter (26 gauge) to 2 mm diameter (14 gauge) [78]. Increasing in size are laparoscopic
tools, which range from 2mm to 12mm diameter (&) [79]. Animal radio frequency communication
(RFC) tags, which are regularly injected into animals, can also be considered. These range from 1.25
mm & x 7 mm long to 3 mm & x 16.5 mm long [80]. Additionally, the dimensions of mini catheter-
delivered cardiac pacemakers, such as the Abbott Nanostim (6 mm & x 42 mm long) and the
Medtronic Micra (6.7 mm & x 25.9 mm long) [81], can be taken into account. These have been
summarised in Figure 6.

Reaction i

surface Back side

(f) (8)

Figure 6. (a). A dog radio frequency identification (RFID) tag. (b). Typical 12-16 guage RFID insertion syringe.
(c). A catheter-delivered cardiac pacemaker unit (Medtronic Micra). (d). The Neuralink control unit. (e). 3D
rendering of pill-shaped and coin-shaped implantable fuel cell used for simulation. The key parameter is the
separation (S) between units. (f, g). Schematic diagrams of individual unit of coin-shaped and pill-shaped fuel

cells used for simulation. Their key parameters are unit size and hole size.

Additionally, flat disc- or coin-shaped devices, such as those used for subcutaneous operations,
can also be considered. For example, the Neuralink control unit is 23mm & x 8mm thick [82]. The
Neuralink device consumes relatively high power. However, ultra-low-power applications that
could utilize glucose energy scavenging could include drug release and passive biosensing (e.g.,
glucose and urea sensing).

These two cases are considered as shown in Figure 6 and Table 3. To constrain the range of
possibilities, unit areas between 30 and 240 mm? were selected, corresponding to the smallest and
largest cases described above. The device length/thickness was fixed at 8 mm to match typical
dimensions of disc-shaped devices and injectable tags. For the injectable case, the width was limited

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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to 6 mm, aligning with the smallest and largest laparoscopic diameters. This approach compresses
the simulation space while maintaining realistic dimensions.

The next consideration is the optimization of the implant volume. More units packed into the
volume would increase total surface area and thus power. However, it would also reduce the distance
between units and thus reduce diffusion of glucose and oxygen. As such, each unit is assumed to be
0.1 mm thick, corresponding to the thickness of a typical thin Si wafer while providing sufficient
rigidity. Scenarios with unit separations between 0.01 mm and 7.9 mm are then considered.

The final consideration was whether a central hole in the middle of a stack of units would be
beneficial in the trade-off of diffusion vs surface area. As such, both coin- and pill-shaped cases with
holes occupying 5%, 15%, 25%, and 35% of the total area were considered. These dimensions are
illustrated in Figure 6 and detailed in Table 3.

Table 3. Physical parameters of the models.

Parameter Values Unit
Thickness T 0.1 mm
Separation S 0.01,0.06,0.1,0.3,0.9,1.23,1.9,3.9,7.9 mm
Cylinder
Outer diameter D, 6.18, 8.74,12.36,17.48 mm
Area A 30, 60,120,240 mm?
Block without hole
Width w 6 mm
Length L 1.5,3,6,10,15 mm
Area A 9,18,36,60,90 mm?
Cylinder with hole

Outer diameter D, 8.74 mm
Inner diameter ), 1.994, 3.384, 4.37, 5.17 mm
(hole)

Area A 57, 51,45, 39, mm?

Block with hole

Outer length Lo 10 mm
Inner length

(ol & L 3,6,7.5,7 mm
Outer width W, 6 mm
Inner width

(hole) W; 1,1.52,3 mm
Area A 57,51,45, 39 mm?

3.Results

The experimental process of this study involved repeated testing under different scenarios,

including the size and shape of the unit, the separation between units, and hole sizes, in order to
assess their impact on unit energy and stack energy. The data obtained was organised into heat maps
and line graphs, as shown in Figure 7 (right). The highlighted areas in the heat map represent more
power. The results of this study will identify the optimal parameter combination for the model, which
will be easy to manufacture.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. The simulation method. The concentration gradient of glucose is calculated across the surface of the
different structures. The power generation is then calculated and integrated for different parameters of area and

separation. .

a. Individual Units Devices

Figures 8 and 9 (top) show the heat maps of output power vs unit area and separation distance
for different reaction rates: [2.5 x 107, 2.5 x 1077, 2.5 x 1078] (mol) s'm? in left, center and right
hand sides respectively. (bottom) shows the line graphs for the same data.

As would be expected, the greater the separation and the unit area, the greater the power.
Similarly, increasing reaction rate also leads to increased output powers.

As can be seen from the line graphs, the separation area of the generator unit, and power are not
linearly related. For higher reaction rates, the benefits of increasing area are sublinear due to diffusion
limitations. This is more clearly the case when separation is small as diffusion becomes more
challenging.
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Figure 8. From left to right are the power on cylinder model single power unit when the reaction rate is 2.5x10-

6, 2.5x107, 2.5x10¥(mol) s'm?2 The line graphs below clearly show the trend of single unit Power at different

areas with different separations.
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Figure 9. From left to right are the power on rectangular unit model single power unit when the reaction rate is

2.5x10%, 2.5x107, 2.5x10%(mol) s'm=2 The line graphs below clearly show the trend of single unit Power at

different areas with different separations.
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b. Multistack units Without Holes

Figures 10 and 11 (top) show the heat maps of output power vs unit area and separation distance
for different reaction rates: [2.5 % 107¢, 2.5 x 1077,2.5 X 1078](mol) s'm?Zin left, centre and right
hand sides respectively. (bottom) shows the line graphs of the same data. More area gives more
power, but separation now has a maximum as there is a tradeoff between increased area with more
units and decreased diffusion.

From the line graphs in Figures 10 and 11, it can be found that when the separation reaches
approximately 60 um, the total power of the stack reaches the maximum value, which will require
50 units. (An individual unit thickness is assumed 100 um is assumed.). Obviously, this will be a
challenge during the manufacturing and assembly stages. Assembly difficulty, total electrode area,
and diffusion supply need to be balanced. In order to control manufacturing and assembly difficulties
and ensure sufficient total power, setting the unit limit to 8 pieces (with 0.9 mm separation) is
acceptable.

Figure 11 presents the data in terms of power vs length/diameter for different unit separations.
The disc shaped device provides more power as the total area can be much larger.

Multiple power generation panels
Number of plates

Realistic RR=2.5% 1077 (mol)/s.m? Worst RR=2.5% 10~%(mol)/s.m?
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Figure 10. From left to right are the total power of the cylinder model when the reaction rate is 2.5x10, 2.5x107,
2.5x10-%(mol) s'm. The line graphs below clearly show the trend of multiunit Power at different areas with

different separations. The maximum power is when the separation is close to 60 pm.
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Figure 11. From left to right are the total power of the rectangular unit model when the reaction rate is 2.5x10,

2.5x107, 2.5x108(mol) s'm2. The red arrow points to the maximum power. The line graphs below clearly show

the trend of multiunit Power at different areas with different separations. The maximum power is when the

separation is close to 60 pm.
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Relationship between Total power and Size of generation panel
Area(mm?)
2?0

Power (uw)

Length(mm) . Diameter(mm)

Figure 12. Shows the relationship between total energy and size when the reaction rate is 2.5x107 (mol) s'm-
2,with the pill-type generator unit without hole on the left and the coin-type generator unit without hole on the

right. It is found that the total power and size are not linearly related.

3. The Effect of Adding Central Diffusion Holes

Figures 18 and 19 13 (top) show the heat maps of output power vs unit area and separation
distance for both disc and pill shaped devices. (bottom) provide the line graphs for the same data.
All data is shown for a reaction rate of 2.5x107(mol) s'm2. The prescence of small holes in the middle
allows unreacted glucose and oxygen from the upper unit to diffuse to the inner units, increasing the
concentration of glucose and oxygen at the inner reactions surfaces. However, the difference is found
to be relatively small ~ 2.5% , but positive. This indicates that the inner centres of the units don’t have
as frequent reactions due to concentration limitations. For smaller reaction rates, and larger
separations, the differences is less, as diffusion becomes less of an issue. As such, this structure might
not be worth considering if it significantly complicates the fabrication engineering. However, in this
study, the holes function solely as diffusion pathways; if they also acted as additional concentration
sources, the results would differ substantially.
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Figure 13. Shows the power generated by a single generating unit and multiple generating units when the base

rate is 2.5x107, (mol) s'm2. The red arrows show the maximum power at each separation. The line graphs below
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clearly show the trend of single unit and multiple units Power at different areas with different separations. Below
the red line(1uW) is can’t work, between the red and green lines is may work, and above the green line(10uW)

is working.

4. Discussion

In the unit's design, ideally the surface reaction rate should be as large as possible, but this
depends on the quality of the electrode nanostructure. Accordingly, three scenarios were considered
based on the current literature. A highly optimistic scenario, in which advances in the surface nano-
and microstructure of fuel cells yield an effective reaction rate significantly higher than that simulated
in Scenario 1, is not ruled out. Even in such a case, the main principles proposed herein would remain
valid.

Another consideration is that, while the cathode-anode exchange area should be maximized,
electron leakage due to direct electron transfer through tissue fluid must be prevented when the
anode and cathode are in close proximity. That will need to be considered at the engineering and
circuit loading stage. Individual fuel cell units can be placed in parallel or in series as per Figure 15
(a), (b), giving more current or more voltage respectively. Given that each unit gives ~0.4V, this is
challenging for power management electronics to boost. So putting units in series could help improve
the voltage. But conversely increased voltage could increase leakage and possibly electrolytic
degradation. As such, a configuration as per Figure 15 (c) is probably optimal.

A further consideration is manufacturability. Separation spaces were simulated down to 0.01
mm, with an optimum identified at approximately 0.1 mm, balancing the surface area of multiple
fuel cell units with diffusion. However, achieving this configuration could require several tens of
units, posing short-term manufacturing challenges. Increased structural complexity also raises the
probability of failure. When the inclusion of a central hole for enhanced diffusion was evaluated, the
performance difference compared with a more complex structure was found to be negligible.
Therefore, a more constrained configuration of up to eight flat units was explored. Within this range,
power outputs of up to ~116 pW for coin-type devices and ~57 uW for pill-shaped devices were
achieved (Figure 14, Table 4).

Table 4. Parameters of final model.

Module parameters Value Unit

Separation 0.9 mm

Thickness of generator unit 0.1 mm
Number of generation units 8

Basic surface reaction rate 2.5 107%  (mol) s'm?

Pill shaped device
Length 1.5-15 mm
Width 6 mm
Area 9-90 mm?
Total Power (range) ~9-57 uWw

Disc shaped device

Diameter 6.18-17.48 mm
Area 30-240 mm?
Total Power range ~28-116 uw

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Cathode(Pt)

holder

Power range: ~9-57uW Power range: ~28-116yW

Figure 14. is a manufacturable ideal model. It represents the broad pill-shaped unit’s size is 1.5-15x6mm(with
power ~ 9 - 57 uW), and the coin-shaped unit’s diameter is 6.18-17.48mm(with power ~ 28 -116 uW), and there

are 8 power-generating units. Their anode material is gold and their cathode material is platinum.

(a) (c)

Fuel Fuel

V, 0 Cell Cell
Y,
(b) i %7 Fuel Fuel

Cell Cell

peo

peo

)
_/
)
NI
N
peo

Figure 15. a. is to view the fuel cell as a series connection of Thevenin equivalent circuit, i.e., a voltage source,
with higher voltage but lower current , Zr is Thevenin impedance; b. is to view the fuel cell as a parallel
connection of Norton equivalent circuit, i.e., a current source, with higher current but lower voltage, Zx is Norton

impedance; and c. is a combination of the two, which is probably the best choice.

Lithium Dbatteries are stable and have a long regulatory history in medical implants[88]. It is
difficult for any novel technology to displace incumbents. As such, it is important to define the niche
to which implantable fuel cells could fit and thus provide context to the results. We, therefore, took
data from the Contego range of implantable batteries (Data provided by Resonetics Inc) and plotted
them into Figure 16. The x-axis was set to represent device volume, and the y-axis was set to represent
battery lifetime. The black lines describe non-rechargeable batteries, and the red lines are
rechargeable. The diagonal lines represent different power consumption domains for the batteries.
The gap is clearly in the top left-hand corner of this graph.

Assuming biofouling is not a limiting factor, abiotic glucose fuel cells can theoretically operate
indefinitely. Using the same bottom x-axis to represent volume, the top x-axis was defined in terms
of power, as the simulation data indicated that power output scales with volume. Based on these
simulations, a general yellow region was highlighted to represent the operational niche of fuel cells,
partially overlapping with that of existing batteries. In summary, sustained operation is achievable
at current levels of several tens of microamps—potentially up to 100 uA or less. It should be noted

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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here that average power is not continous power — it is the average over multiple sleep and power
phases. Usually deep sleep phases are ~100nA and operation is perhaps 1-10 mA. Biofouling remains
the biggest challenge for implantable fuel cells. Without protection, tissue proteins or cells can quickly
coat the device, hindering catalysis. Anti-biofouling membranes—often made from
superhydrophobic materials like PEG, glycosylated, or amphoteric polymers—are being explored.
Developing stable, long-lasting anti-biofouling coatings remains a major hurdle. [83].

----@ Rechargable — @non-Rechargable
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Figure 16. Comparison of an abiotic glucose fuel cell with existing medical implantable batteries: the red and
black points indicate the lifetimes of existing batteries, calculated based on varying power consumption and
curve fitting. Given the long projected lifetime of an abiotic glucose fuel cell, the yellow region of the graph
represents the area considered advantageous. In addition, size will be limited due to the presence of factors such

as encapsulation.

5. Conclusions

With the development of small electronic medical implants, a long-lasting and stable energy
supply module for medical implants becomes more and more important. This study presents a
detailed finite element simulation to optimize the 3D structure of abiotic glucose fuel cell for
implantable medical devices. By modelling various structural configurations, the effects of surface
area, separation, and reaction rate on overall power generation are investigated. The results show
that limiting the number of power generating units to 8 with a spacing of about 0.9 mm balances
manufacturability and optimal performance when it is practically easy to fabricate.

While introducing central holes can marginally improve diffusion and enhance power output,
the gain is minimal and outweighed by the reduction in active electrode area and increased
complexity. Simulations show that coin-shaped designs can generate up to ~100 uW, whereas
compact, rectangular (pill-shaped) units can achieve ~40 uW —both sufficient for many low-power
and ultra-low-power medical applications.

These results support the feasibility of using abiotic glucose fuel cells in subcutaneous or
catheter-delivered implants. Future work will address real-world challenges such as biofouling and
integration with energy management electronics. Overall, this modeling framework lays the
foundation for fabricating practical, long-lasting, and miniaturized power sources for next-
generation biomedical implants.
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